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ACID DEHYDRATASES 

by James Humphrey Youell 

5-Aminolaevulinic acid dehydratase catalyses the dimerisation of two molecules of 5-
aminolaevulinc acid to form the pyrrole, porphobilinogen. This is the first common step in 
the biosynthesis of haems, chlorophylls, corrins and other tetrapyrroles. A recombinant 
form of 5-aminolaevulinic acid dehydratase from P. sativum, that lacks the TV-terminal 
chloroplast transit peptide, has been overexpressed in Escherichia coli and isolated by the 
use of a novel purification technique. This has yielded milligram amounts of enzyme that 
have enabled the characterisation and crystallisation of the enzyme to be accomplished. 
Experiments indicate the possibility of alternative quaternary forms of the enzyme that may 
be modulated by pH, temperature and enzyme concentration. Quantitative investigations 
into the nature of the chemical dimerisation of the substrate 5-aminolaevulinic acid to the 
dihydropyrazine have also been investigated under different buffer conditions and the 
influence on the activity of P. sativum, human and E. coli 5-aminolaevulinic acid 
dehydratases have been compared. 

Purified P. sativum 5-aminolaevulinic acid dehydratase yielded crystals that diffract to 
2.9A and an adapted selenomethionine growth and purification protocol has yielded a 
selenomethionine form of the enzyme. Despite extensive attempts, using a variety of 
programmes, a crystal structure has not yet been solved and studies are continuing. 

The structure of human recombinant erythrocyte 5-aminolaevulinic acid dehydratase has 
been solved and compared to that of the native species. The presence of a putative 
intermediate that is tightly bound at the active site has given further insight into the enzyme 
mechanism. 
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Chapter One: Introduction 

1.1 Tetrapyrroles 

Tetrapyrroles are natural, coloured molecules essential for vital processes such as 

respiration and photosynthesis. Natural tetrapyrroles can either be linear or cyclic; linear 

tetrapyrroles include the bilins and cyclic tetrapyrroles include haem, chlorophyll and 

corrins(Leeper 1989). 

Tetrapyrroles are only biosynthesised in small quantities, the pathways are well regulated 

and biosynthetic intermediates never accumulate in large amounts since many of them are 

photoreactive. In the past, this has led to difficulty in the study of the enzymes in the 

tetrapyrrole pathway, however, molecular biology techniques and the availability of cloned 

genes or cDNAs now allows the production of milligram amounts of the enzymes, thus 

enabling detailed structural investigations to be carried out. 

1.2 The production of uroporphyrinogen III 

The tetrapyrrole biosynthetic pathway is broadly homologous in every living organism, 

with 5-aminolaevulinic acid (ALA) being an essential precursor. In three enzyme catalysed 

stages, eight molecules of ALA form uroporphyrinogen III from which all other 

tetrapyrroles are derived(Battersby et al., 1980; Jordan, 1994). Figure 1.1 depicts the early 

reactions in the haem biosynthesis pathway, up to the synthesis of uroporphyrinogen III. 

This early part of the pathway is similar for many organisms. The uroporphyrinogen III 

molecule is often referred to as the common precursor molecule for tetrapyrroles, since 

uroporphyrinogen III can have several possible destinations due to branching of the 

biosynthetic pathway. For instance, it can be converted into protoporphyrin IX for the 

production of haem, chlorophylls and bacteriochlorophylls or methylated to embark on the 

sirohaem, vitamin B u or factor F 4 3 0 pathways. All of these pathways have been extensively 

studied and detailed reviews have been published(Battersby 1978; Leeper 1989; Raux et 

al., 1999; Raux et al., 2000; Roessner et al., 2001; Scott, 2001; Banerjee and Ragsdale, 

2003; Willows, 2003). 



5 - A m i n o l a e v u I i n i c 

mcid d e h y d r m t m w 

N H g 

j-Xm/Mo/oevw/ZM/c a c / ( / 

P o r p h o b i l i n o g e n 

d e a m i n r n w H O O C 

C O O H 

H O O C 

C O O H 

U r o p o r p n y n n o g e n 

HO 

C O O H 

H O O C 

H O O C 

C O O H 

/ / / 

Figure 1.1 The tetrapyrrole pathway: ALA is converted to uroporphyrinogen III via three enzyme catalysed 

steps(Battersby, et al, 1980; Battersby, 1986; Jordan, 1994). 

1.3 Chlorophyll and haem 

Two of the most common tetrapyrroles found in nature are chlorophyll and haem. From 

their structures (Figure 1.2), it is clear that both are derived from the tetrapyrrole 

intermediate, uroporphyrinogen III. Chlorophyll is essentially similar to haem, however it 

has an additional fifth isocyclic ring, one double bond has been reduced and it is esterified 

with a long chain alcohol (either geranol or phytol). Since their conjugated double bonds 

absorb visible light, haem and chlorophyll containing proteins are coloured (Battersby, et 

al, 1980; Leeper, 1989; Warren and Scott, 1990; Mauzerall, 1998). 

In higher plants, chlorophyll biosynthesis is localised exclusively in the plastids and all, 

except the last two enzymatic steps required for the synthesis of haem, take place in the 

chloroplasts (Cornah et al., 2003). In mammals, the first and last three reactions take place 

in the mitochondria and the other reactions are carried out in the cytosol (Granick and 

Beale, 1978; Battersby ef a/., 1980; Jordan, 1994). 
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Figure 1.2 The structures of the chlorophyll and haem macrocycles. The production of chlorophyll in 

plants requires fifteen enzyme catalysed steps, whereas the synthesis of haem in mammals requires only ten 

enzyme catalysed steps(Jordan, 1994). 

Chlorophyll is essential to plants in its role as a photoreceptor. Two forms are utilised by 

plants, chlorophyll a and chlorophyll b, between which there is only one difference, the 

formation of a formyl group from the C7 methyl group. This single difference allows the 

two molecules to absorb light from a broader spectrum of wavelengths. 

In the same way, haem is just as essential and is produced in all animals and higher plants 

where it is a constituent of cytochromes, involved in electron transfer. Haem is also the 

prosthetic group in catalases, peroxidases and cytochromes P 4 5 0 . 

Most of the haem in the human body is derived from endogenous synthesis, with each 

tissue producing haem according to its own needs. Much of the haem is used for binding 

and storage of oxygen as the prosthetic group of haemoglobin and myoglobin. The bone 

marrow accounts for more than 70% of total haem synthesis within the body. Here, haem 

is incorporated into haemoglobin for erythrocyte precursor cells. Hepatic haem synthesis is 

the second most important site accounting for approximately 15% of the total haem 

synthesized. In the liver there is a high requirement for haem to be incorporated into 

mitochondrial cytochromes as well as into cytochrome P 4 5 0 , catalases and cytochrome bs 

(Granick and Beale, 1978; Battersby et al, 1980; Jordan, 1994). 



1.4 ALA synthesis 

The first step in the biosynthesis of haem and chlorophyll is the production of 5-

aminolaevulinic acid (ALA), which is a ubiquitous reactive a-aminoketone. ALA is 

formed by one of two routes. In plants and most prokaryotes ALA is produced from 

glutamate via the C-5 pathway (Figure 1.3). This involves three enzymes: glutamyl-tRNA 

ligase, glutamyl-tRNA reductase and glutamate 1-semialdehyde aminotransferase. In 

animals, yeast and photosynthetic bacteria ALA is synthesised in a single reaction from 

succinyl-CoA and glycine, via the Shemin pathway (Figure 1.5), catalysed by 5-

aminolaevulinic acid synthase (ALAS)(Jordan, 1994). 

1.4.1 The C-5 Pathway 

The C-5 pathway, or glutamate pathway, was discovered in the 1970s and involves the 

participation of glutamyl-tRNA to convert glutamate to ALA (Figure 1.3). Glutamyl-tRNA 

ligase catalyses the ligation of the a-carboxyl group of glutamate with tRNA®'", in a 

reaction requiring magnesium ions and ATP. The a-carboxyl-activated glutamate is then 

reduced to glutamate 1-semialdehyde by the enzyme glutamyl tRNA reductase in a 

NADPH dependent reaction. Finally, glutamate 1-semialdehyde aminotransferase, which is 

a pyridoxal 5'-phosphate dependent enzyme, transfers the amino group to produce ALA 

(Kannangara et al, 1988; Beale and Weinstein, 1991). 
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Figure 1.3 The C-5 pa thway of A L A synthesis from glutamate, u t i l i s ing tRNA. 

1.4.2 The Shemin pathway 

In mammals, ALA is derived from glycine and succinyl-CoA via the Shemin pathway 

(Figure 1.4), which is catalysed by 5-aminolaevulinic acid synthase (ALAS). 
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Figure 1.4 The reaction catalysed by S-aminolaevuIinic acid synthase (ALAS). Glycine and succinyl-

CoA are condensed, in the presence of ALAS, located in the mitochondria. The Shemin pathway, although 

occurring in some bacterial species, is mainly restricted to animals and fungi . 

ALAS, in common with all other pyridoxal 5'-phosphate dependant enzymes, exists as a 

homodimer in all species. There are two ALAS genes in mammals, one is expressed in 

erythrocytes (ALAS2) and the other, a housekeeping enzyme (ALASl), is expressed in all 

tissues. Nucleotide sequences are similar for the two isoenzymes although there is no 

Similarity in the N-terminal region. 

ALAS from Rhodohacter sphaeriodes has been well studied and is particularly interesting, 

since the organism can synthesize haem, bacteriochlorophyll and corrin. 

ALAS is a pyridoxal 5'-phosphate dependent reaction with the coenzyme bound to the 

enzyme through a Schiff base with an invariant lysine residue. In murine ALAS this 

invariant residue has been identified as lysine 313. Mutation of this residue reduces the 

activity of the enzyme dramatically, although the cofactor can still be non-covalently bound 

(Dailey, 1990; Jordan, 1991; Chadwick and Ackrill, 1994; Ferreira, 1995). 

In eukaryotes the fully functional enzyme is found in mitochondria. ALAS is first 

synthesised as a cytosolic protein that contains an TV-terminal signal sequence thought to 

direct the enzyme to the mitochondria. A chaperone protein maintains the cytosolic ALAS 

in an unfolded state so that it can be transported through the mitochondrial membrane. 

Once inside the mitochondrion, the TV-terminal signal sequence is cleaved by a protease and 

the final folding is catalysed in an ATP dependent process (May et al., 1986; Volland and 



Urban-Grimal, 1988; Gonzalez-Dominguez et al, 2001). There is some evidence that 

ALA synthase forms a complex with succyinyl-CoA synthase. 

1.4.3 Regulation of ALA biosynthesis 

In plants, ALA synthesis is the pivotal control point of tetrapyrrole biosynthesis (Beale, 

1991). As in other organisms, ALA synthesis appears to be inhibited by haem. This 

appears to be at the first stage of ALA synthesis from glutamate, at glutamyl-tRNA 

reductase (GluTR), and has been demonstrated using recombinant GluTR and exogenous 

haem, where inhibition requires the N-terminal 30 amino acids of the enzyme (Vothknecht 

et al, 1998). Further research has confirmed the observation that inhibition takes place at 

GluTR due to the wide range of regulatory signals that have been observed to modulate 

expression of the HEMA gene that codes for the enzyme. HEMA genes from a variety of 

plant species have been shown to be regulated by hormones, the circadian clock, plastid 

signals and light throught the actions of the phytochrome and cryptochrome families of 

photoreceptors (Cornah, 2003). It has been proposed that the Mg branch of the tetrapyrrole 

biosynthetic pathway, specifically Mg-chelatase, may also have a regulatory effect upon 

GluTR expression and therefore ALA synthesis (Papenbrock et al., 2000). Also, FLU, a 

nuclear-encoded protein that is localised to chloroplast membranes, has been shown to 

regulate ALA synthesis independently of haem (Meskauskiene et al., 2001). 

In animals, yeast and non-photosynthetic bacteria, ALAS is the rate-limiting step of haem 

biosynthesis as it determines the flux of substrates shunted though the pathway. Haem is 

known to regulate ALAS production and activity in a number of ways. The synthesis of 

ALAS mRNA can be suppressed in the presence of high intracellular concentrations of 

haem (Granick and Beale, 1978). Messenger RNA encoding ALAS has a short half-life, 

allowing a quick response to high haem levels. Translation of the ALAS can also be 

regulated by haem. It has been postulated that haem may react with a specific regulatory 

protein, which can inhibit translation. Haem is also proposed to have a role in determining 

the rate of ALAS transport through the mitochondrial membrane (May et al., 1990). 

Mechanisms of regulation in the erythropoetic system and the liver are different. This 

regulation is essential not only for controlling the cellular haem levels, but also for 

preventing the build-up of pathway intermediates, several of which have cytotoxic, 

photodynamic properties in their oxidised forms. 



Translation of the ALAS2 mRNA has been shown to be regulated by binding of certain 

regulatory proteins. Thus the ALAS2 mRNA contains an iron response element (IRE) that 

mediates translational control (Cox, 1991). In iron-depleted cells, the high affinity binding 

of iron-regulatory proteins 1 and 2 (IRP-1 and IRP2) to the IRE represses translation 

(Ferreira, 1999). Although the exact mechanism by which this occurs is unknown, it has 

been shown to be induced during erythroid cell differentiation (Eraser, 1987). 

Additionally, five DNase hypersensitive sites have been identified in the ALAS2 gene in 

murine erythroleukemia cells (Schoenhaut, 1989). These sites have been proposed to be 

specific c/5'-regulatory elements, which are recognised by trans-acth/dAxng transcriptional 

factors, including, GATA-1 binding factor (GATA-l)(Tsai, 1989), nuclear factor erythroid 

2 (NF-E2) (Mignotte, 1989), and erythoid Kriippel-like factor (EKLF)(Miller, 1993). 

Certain drugs can induce ALAS and therefore increase the flux of intermediates through the 

pathway. In patients with porphyria, these drugs can precipitate an acute attack as the 

defective enzyme interrupts the flux through the pathway and can cause early intermediates 

such as ALA and PBG to accumulate to dangerous levels. Other porphyrinogenic drugs 

may initiate attacks by lowering the intracellular haem pool, usually caused by the demand 

for the formation of cytochrome P 4 5 0 holoenzymes (Tishler, 1999). 

1.5 S-Aminolaevulinic acid dehydratase (ALAD) 

5-Aminolaevulinic acid dehydratase (ALAD), also known as porphobilinogen synthase 

(PBGS), is a cytosolic enzyme which catalyses the condensation of two molecules of ALA 

to form the monopyrrole PBG. This is the first reaction common in the formation of all 

tetrapyrroles. The substrate, 5-ALA, is intrinsically reactive and can readily dimerise in a 

non-enzymic reaction forming a dihydropyrazine instead of the desired pyrrole product 

PBG (Figure 1.5) (Butler, 1992; Novo, 1996). 

ALADs are highly conserved, usually octameric enzymes, with eight active sites per 

octamer. A reduced level of ALAD caused by either genetic factors or inhibition causes an 

acute porphyria (ALAD deficiency or Doss porphyria)(Sassa, 1998). ALAD was first 

isolated in 1955 from ox liver and avian erythrocytes. The enzyme has since been purified 



from many other sources, such as human erythrocytes (Gibbs ef a/., 1985), & coZ; (Senior, 

et al, 1996) and spinach (Schaumburg et al, 1992) and is thought to be present in virtually 

all organisms. The availability of cDNA coding for ALAD has allowed recombinant strains 

of E. coli to be engineered to produce large amounts of the enzyme (Liedgens et al., 1980; 

Spencer and Jordan, 1993; Senior et al., 1996; Frankenberg et al., 1999). 

The structural gene for 5-aminolaevulinic acid dehydratase is hemB {Hem2 in yeast). The 

gene has been cloned and sequenced in E. coli (Echelard et al., 1988; Li et al, 1988), yeast 

(Myers et al., 1987), rat liver (Bishop, 1986), human liver (Wetmur, 1986) and also P. 

sativum (Boese et al., 1991). The sequence of the E. coli gene showed two promoter 

regions, two Shine-Dalgarno sequences, and two start codons. The two start codons would 

encode two proteins, one with a subunit molecular weight of 35,505 and one with a subunit 

molecular weight of 36,763. The 5-end of the hemB mRNA was mapped by primer 

extension analysis and this showed that transcription initiates at the second promoter, 

located immediately downstream of the first ATG codon. These results were confirmed by 

in vitro DNA-directed translation experiments followed by SDS-PAGE 

electrophoresis(Echelard et al., 1988). The gene sequences for all bacterial and animal 

ALADs are very similar except for a few organism-specific codons, reflecting the overall 

similarity between species (Li ef aZ., 1988). 

Similarly the human ALAD is coded for by an open reading frame of 990 bp, which yields 

a protein of 330 amino acids in length. The gene was originally cloned from a human liver 

library, and was identified as being identical to the microsequenced ALAD purified from 

human erythrocytes (Wetmur, 1986). 

Plant gene sequences differ from the animal and bacterial ALAD genes due to the 

additional 5'-sequence that encodes the TV-terminal plastid targeting peptide. The protein 

precursor has been shown to be encoded by a long open reading frame specifying 398 

amino acids. This additional sequence coding for the ^-terminal domain of the protein are 

thought to be required for the import of the protein into the chloroplasts and has also been 

suggested to be a membrane spanning domain for binding to the thylakoid membrane of the 

chloroplast (Boese etal, 1991). 
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Figure 1.5 The diinerisation of ALA. 

ALAD condenses the two molecules of ALA to form one molecule of PBG. The A-side and P-side ALA 

become the acetate and propionate side chains of PBG respectively. A dihydropyrazine is formed from the 

non-enzymic reaction between two molecules of ALA and is converted to the pyrazine. 

1.6 The 3D structure of ALAD 

The first high-resolution structure of a prokaryotic ALAD, yeast ALAD, was published in 

1999 (Erskine gf a/., 1997). The .E. co/f (Erskine ef a/., 1999), f 

(Frankenberg et al, 1999), and the native human enzymes (both the recombinant human 

enzyme and the human enzyme purified from human erythrocytes) have since been 

crystallised and the X-ray structures have been solved. 



ALADs crystallise as octamers. It is regarded as a tetramer of dimers as interactions within 

the dimer are much stronger than those between the four dimers. The octamer has a solvent 

channel of 15-20 angstroms in diameter passing through the centre. 

1.6.1 Structure of the coli ALAD monomer 

Each monomer (Figure 1.6) adopts a TIM barrel or (o(/P)g fold, which is formed by an 

eight-membered cylindrical P-sheet with eight surrounding a helices. This fold shared by 

many proteins, including a number of aldolases, enzymes o f similar in function to ALAD. 

The loop regions between the a and (3 segments are elaborated extensively by the insertion 

of extra secondary structure elements. These loop sections at the C-termini of the barrel 

motifs, form the active site(Erskine et al, 1997; Erskine et al, 1999; Frankenberg et al, 

1999; Erskine et al, 2001). 

Figure 1.6 Structure of the^. co/t ALAD monomer. 

Catalytic lysines 195 and 247 are shown, with laevulinic acid, bound as a Schiff base, to lysine 247 (Erskine, 

gfa/. , 1999). 
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1.6.2 Structure of the E. coli ALAD dimer 

In the dimer, the W-terminal arm from one monomer partly wraps around the barrel domain 

of the neighbouring monomer, resembling the number 69, with a perpendicular axis. The 

//-terminus of the arm region is partly exposed to the solvent side of the octamer, while the 

inner surface interacts with the a4 and (35 helices of the second subunit in the dimers 

(Figure 1.7) (Erskine et al, 1997; Erskine et al, 1999; Frankenberg et al, 1999; Erskine et 

aA,2001X 

# 
Figure 1.7 Structure of the E. coli ALAD dimer. The two constitutive monomers orientate so that the TV-

terminal arm region of each monomer wraps around the other in manner resembUng the number 69 (Erskine 

gfa/., 1999). 

1.6.3 Structure of the co/f ALAD octamer 

In the ALAD octamer, the dimers give the gross appearance of ellipsoids, with the long 

axis inclined slightly with respect to the 4-fold symmetry axis. All of the dimers interact 

identically with each other, mediated by the W-terminal arm regions of each dimer, which 
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associate with one end of the P-barrel in the neighbouring subunit barrel. This end is 

effectively capped by the iV-terminal arm region of the neighbouring subunit, leaving the 

other end of the barrel (effectively the active sites) exposed on the surface of the octamer 

(Figure 1.8) (Erskine et al, 1997; Erskine et al, 1999; Frankenberg et al, 1999; Erskine et 

aA,200iy 

YA 

Figure 1.8 Structure of the E. coli ALAD octamer, comprising four dimer components, with the 

interactions between each dimer mediated between the W-terminal extensions of their constitutive monomers. 

1.6.4 Structural Similarity between 5-aminolaevulinic acid dehydratases 

There is great three dimensional similarity between the ALADs from different species 

(Figure 1.9), as has been seen from the structures that have been characterised so far and 

from Similarity mapping of primary amino acid sequences. For example, the P. sativum 

amino acid sequence shares 50% identity (66% similar residues) with the E. coli sequence, 

42% identity (63% similar residues) with the human sequence, 38% identity (57% similar 
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residues) with the yeast sequence, and 47% identity (67% similar residues) with the 

Pseudomonas aeruginosa sequence (calculated using the BLAST network service(Altschul 

et al, 1997)). The most conserved sequences appear within the active site, around which 

many residues seem invariant, except for the specific metal binding ligands for Mĝ "̂  and 

(Erskine et al., 1999). 

Figure 1.9 Overlay of E. coli and yeast ALAD monomers The E. coli structure is in yellow and the yeast 

structure in cyan lines. As can be seen, both monomers are almost superimposable, the major difference 

being the different length of the TV-terminal arm region of each monomer (Erskine et al., 1999). 

1.6.5 The structure of the E .coli active site 

Two molecules of ALA are condensed in a Knorr-type reaction by ALA dehydratase, to 

yield porphobilinogen (PEG) (Jordan, 1994). The enzyme binding sites of the two ALA 

substrates have been designated the A (giving rise to the acetic side chain of PEG) and the 

P (giving rise to the propionic side chain of PEG) sites. 
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Loops at the end of the ^-barrel form a pronounced cavity, the base of which is dominated 

by two spatially adjacent lysine side chains at positions 195 and 247 in E. coli ALAD (Lys 

210 and Lys 263 in yeast ALAD). Both lysines are located at the C-terminal ends of 

adjacent (3-strands in the barrel ((37 and pS). The lysine side chains emerge from a 

hydrophobic pocket, predominantly filled with tyrosine side chains. However, the active 

site also contains a number of invariant polar residues which have possible roles in 

substrate binding and catalysis. Lys 247 forms the Schiff base to the P-side substrate and 

has a more hydrophobic environment than its neighbouring Lys 195. Ser 193 and Tyr 312 

have also been observed as being crucial to the binding of the carboxyl group of the 

substrate within the P site of the active site pocket in E. coli (see Figure 1.11) (Erskine et 

al, 1997; Erskine etal, 1999; Erskine e/'a/., 2001). 

Metal binding sites 

In E. coli ALAD, three cysteines at positions 120,122 and 130 are located in the loop 

connecting the (35 and a4 motifs with a water molecule coordinated to the catalytic Zn^^ 

with tetrahedral geometry. The catalytic Zr^* is found close to the side chain of invariant 

Ser 165 which, itself, hydrogen bonds to the invariant aspartate. Asp 118 (see Figure 1.10). 

Both residues interact indirectly with Zn^^ through a network of water molecules(Erskine et 

al., 1999). They both, most probably, participate in substrate binding or catalysis. The 

three cysteine residues (120, 122 and 130) structurally correspond to residues Ala 129, 

Aspl31 and Asp 139 in f aerwgVMOj'a ALAD, an stimulated enzyme. 

In E. coli ALAD, a structural Zn^^ is located in a pocket, found between the TIM barrel 

domain and the TV-terminal arm, adjacent to the side-chain of Lys 195. Several water 

molecules are present in this vicinity. This pocket contains a zinc ion which is co-ordinated 

octahedrally, by one side-chain oxygen of Glu232 and five solvent molecules. In 

Pseudomonas aeruginosa ALAD the second Mg^^ has been found, as described above, 

again, co-ordinated with five water molecules and Glu245 (Erskine et al., 1997; Erskine et 

aZ., 1999; Erskine era/., 2001). 
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Figure 1.10 Substrate and metal binding sites within tlie E. coli A L A D active site. The active site is 

shown with laevulinic acid bound as a Schiff base to lysine 247 (SHF 247). Also interactions are visible 

between the carboxyl group of the laevulinic acid with Ser 217 and Tyr 312. The active site Zn^^ (ZN 400) is 

shown bound tetrahedrally between cysteine residues 120, 122, 130 and a water molecule, depicted as a red 

sphere (Erskine et al, 1999). 

1.7 The catalytic mechanism of ALAD 

The first studies to determine the mechanism of ALAD were conducted by Nandi and 

Shemin (1968). The studies were based on the enzyme from Rhodobacter sphaeroides. A 

mixture of 5-aminolaevulinic acid (ALA) and laevulinic acid (LA) (a substrate analogue) 

were used in order to differentiate between the two binding sites. The experiment was 

based on the knowledge that ALAD can catalyse the formation of a mixed pyrrole derived 

from these two compounds. In this mixed pyrrole, it was observed that the LA component 
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of the product always formed the acetic acid ( 'A') side of PBG, whereas the ALA 

component always formed the propionic acid ( 'P') side (Nandi and Shemin, 1968). These 

results, along with observations that the LA also acts as a competitive inhibitor and can 

form a Schiff base with the enzyme, gave the impression that the substrate binding as the 

Schiff base gives rise to the 'A' side of PBG (Figure 1.11). 
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Figure 1.11 The formation of the mixed pyrrole from LA and ALA catalysed by ALAD 

This was generally accepted until, in 1980, single turnover experiments using isotopically 

labelled substrate were used to investigate substrate binding in the bovine, bacterial and 

human forms of ALAD (Jordan and Seehra, 1980; Jordan and Gibbs, 1985). 

Stoichiometric amounts of labelled substrate (either '^C or '"^C) were incubated with the 

enzyme, so as to occupy preferentially the substrate binding site with the highest affinity. 

Then, unlabel led substrate was added so as to complete a single turnover of the enzyme to 

form PBG. The position of the labelled component of the PBG was then determined either 

by NMR or chemical degradation studies. The results clearly showed that the ALA initially 

bound to the enzyme formed the 'P' side of the PBG formed, and not the 'A' side as 

previously suggested (Jordan and Gibbs, 1985). 

The original results of Nandi and Shemin could be explained, as the LA was observed to 

bind preferentially at the 'A' side because it lacks the amino function required for ring 

closure of the PBG molecule. In effect, it can only act as a competitive inhibitor of the 'P' 

side and not as a substrate. 
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In addition to the single turnover experiments, it was observed that the substrate which was 

bound at the 'P' side through a Schiff base could be trapped using sodium borohydride 

under similar conditions to those used in the single turnover experiments. 

From these results it was concluded that the initial substrate binding occurred at the 'P' side 

of the active site via a Schiff base. The ligand that formed the Schiff base was 

subsequently identified using radioisotopically labelled ALA that was reduced onto the 

enzyme with sodium borohydride. Peptide sequencing confirmed it as Lys252 in the 

human ALAD (Gibbs and Jordan, 1986) (Lys 258 in E. coli). 

Also required in the mechanism is an active site Zn^^, which facilitates the binding of 

substrate at the 'A' site (Spencer and Jordan, 1994). However, removal of Zn^^ does not 

prevent the formation of the Schiff base at the 'P' side. 

After formation of the Schiff base between the ALAD and ALA, catalysis can progress in 

one of two ways. Either, a C-C bond could be formed between the C4 of the 'P' side ALA 

and the C3 of the 'A' side, or, a C=N bond could form between the amino group of the 'P' 

side ALA and the C4 of the 'A' side substrate molecule (see Figure 1.12) 

,COOH 
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C-C /M/e/TMeo/ofe 

Figure 1.12 Two possible routes for the formation of porphobilinogen from 5-aminolaevulinic acid. 

The greatest advancement since this work in the elucidation of the mechanism has been 

gained through crystallisation of ALAD. Structures from yeast, E. coli, P. aeruginosa and 
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human ALADs have all been co-crystallised with LA. All of the structures reveal an 

unoccupied 'A' site, with LA covalently bound to the 'P' site by a Schiff base between the 

4-keto group and an active site lysine (Lys263 in yeast ALAD, Lys247 in E. coli ALAD, 

Lys260 in P. aeruginosa ALAD and Lys252 in human ALAD). 

Similarly E. coli and yeast ALADs have been co-crystallised more recently with the 

irreversible inhibitor 4,7-dioxosebacic acid (DOSA) (Erskine et al, 2001; Kervinen et al, 

2001). DOSA is a mimic of a possible C=N intermediate (Figure 1.13). 

.COOH 

COOH 

4,7-dioxosebacic acid (DOSA) 

HOOC 
COOH 

-Enz 

Figure 1.13 DOSA, a possible intermediate mimic modelled on the C = N mechanism. The structures 

revealed DOSA bound simultaneously to both the 'A ' and 'P ' sites active site lysines via Schiff bases. 

One of the latest ALAD structures to be published is that of a L9A structure of an inactive 

form of the P. aeruginosa ALAD mutant Aspl39Asn in complex with the substrate 

analogue 5-fluorolaevulinic acid (5F-LA) (Frere et al., 2002). In this structure the 5F-LA is 

found covalently bound to both active site lysines via their 4-oxo groups. 

The structure co-crystallised with DOSA, and the structure co-crystallised with 5F-LA both 

show covalent binding with the 'P' site lysine, confirming previous experimental data. 

Additionally they show slow covalent binding, via Schiff base, with the 'A' side lysine, 

implying that a double Schiff base mechanism could be possible. It is always dangerous, 

however, to draw too rigid conclusions from inhibitor studies. 

The complex between P. aeruginosa and the 5F-LA inhibitor molecules is the first 

published structure to show two identical substrate analogues bound to the active site. The 
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benefit of having a structure with both binding sites filled is that the active site residues are 

very well ordered, allowing a detailed model of the ligand-bound state and has identified all 

of the residues involved in binding and packing of the substrates around the 'A' and 'P' 

sites in a dependant enzyme. Based on the conformations observed, Frere et al 

(2002) proposed that deprotonation of the 'P' side substrate would be difficult, whereas the 

'A' side substrate is predisposed for the formation of the C-C bond formation. Therefore it 

has been proposed that the first step is the formation of the C-C bond, followed by the 

formation of the inter-substrate Schiff base. The next step would be the /'raw^-elimination 

of the C-N bond between the enzyme and the substrate, where the bond between enzyme 

and substrate would be broken. The last step would therefore be the deprotonation-

aromatisation step, which would be expected to be very fast and would be the 

thermodynamic driving force for the reaction (Frere et al, 2002). However, it must be 

remembered that this is not the native form of the enzyme as Asp 139 has been mutated to 

an asparagine residue, and the amino group of ALA has been replaced with fluorine, so it is 

still unsure whether a wild-type enzyme would react in the same way. 

With all of the data gained, insights into the mechanism have been provided, although the 

true order of catalysis, whether C-C or C=N bonds are formed first, remains elusive. 

1.8 Similarity between ALAD from various species 

Although ALADs seem structurally similar and share a high number of conserved residues 

between species (Figure 1.14), the actual kinetic and biochemical characteristics of ALAD 

between species can vary a large amount. 
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Pea AIAD 
P . a e r u g l i i o s a ALAD 
R. a p h a e r o l d e a ALAD 
E . c o l i ALAD 
Y e a s t ALAD 
Human ALAD 

AKAR 
AKAR 
EEMV 
EEAA 

QETTIf lSPA 

SPAMFVYm R̂HGL T V D & L I L DG VMQ T T G B L I g S i D R , 

l E R I A k A GLNBLVLmi PEKH. 
LZPLV 
LEPLV 

TKNMLIF \ N R . 

N A 6 M L I Y 

1 3 0 1 3 0 

YEJEDGLV rrpT RGCKL L K D K I P D A L 
I P DAL 
TPVEK 
T D P S L 
6HHTD 

HEDGL\; aPEGIA 
W P C N L A 

RBDGL 

V A L D P Y S g 
\ f A L D P F T T 

I f l VALDPYNA 
VMG T C F C E Y T g 

C VCLCEYTG 
C k / C L C P Y T S 

RMSR 
D D P A G P l I Q 3 I K F I R E Y | F 
DlsEESPal iHMi hILILRKITIF 

; v P L I P G T K D P 
zVPGRV. P K D E R C 6 

RVGAMR 
RVGAMR 
R I G A I R 
RIGAMR 
QVQAIR 
R I R D I K 
RVEAIK 

DAEG|F DAEclP EGAGM 
EAAGMK DAAdFE INAldL MAHdLG 

D V V 8 
D W G 

QWA 
A D I L G 

D F I A 
HCVA 

COVVf 

l T S m r e I J E S MREgES 
VAAWLA 
I E RtgL R 
SLLgEA 
LERgMS 
VDRfflVR 

LLR N S P 
N 6 P 
EFR 
AFG 
RTE 
ICKD 
KHPD 

LTE 
LHE 

EVK 

Metal binding 3 2 0 

rDEEK OAAR 

AAT4M D L A E S 1 3 6 
E F L D 
OLLOM 

Actiw Hic Jviinc 

14 0 
IMNDETVE 
IMNDETVP 
V L N D V G i r 
ILWDBTV 
VDNDATL 
I N R E R S V g 
f r a e e s r c 

3 1 g 3 3 0 3 3 0 

R e c o m b i n a n t P e a ALAD 3LD Is N F R F . 1 DKKTjgBMiMaAN YR 
Pea ALAD I ld g N p R F . . DKKT@aMb#AN YR 
P . a e r u g i n o s a ALAD JVG s A g NLGK H K A T g l M D m A N 8 D 
R. g p h a e r o l d e g ALAD IVG A 8 3 AL. K okktmImdhgw SD 
E. c o l l AIAD Sag S A L n DRKSggMIJgMN RR 
Yearnt ALAD Sac s A P S N 1 DRKCaSLP&kG RG 
Human ALAD Sak g 6 P A F , 1 IdrrcHULPBga RG 

Figure 1.14 Sequence alignment and secondary structure prediction fo r P. sativum ALAD. 

Numbering and secondary structure prediction shown is for the recombinant P. sativum sequence. The active 

site lysines are indicated by pink blocks and the metal binding sites are indicated by a blue block. Conserved 

residues are shown in blocks of red and similar sequences are outlined in blue with similar residues shown in 

red (Higgins, 1994). 
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Species 

Subunit 

molecular 

weight 

Oligomeric 

molecular 

weight 

pK„ 

km p i 

Meta l Ion 

Species 

Subunit 

molecular 

weight 

Oligomeric 

molecular 

weight pK., pKz 

km p i 

Mn ' ^ Co ' " K " Rb* Li* PO' Na* 

Eschericia coli 

(Jaffe etaL, 1995; Senior et 

fli,1996) 

36554±17 

(ESMS) 

270000± 

20000 
7.5 8.9 

800pM-

ImM 
5.0 s A S - - - - - - - -

Rhodobacter spheroids 

(Nandi etai, 1968; Nandi 

and Shemin, 1968; Nandi 

and Shemin, 1968) 

- - - - - - A - S - - S S S S - -

Pisum sativum 

(Boesc etaL, 1991; Senior et 

aL, 1996; Kerv inen etaL, 

2000) 

39000 1 5 

(ESMS) 

309000± 

20000 
8.4 9.5 

800|iM-

ImM 
5.2 A - s s - - - - - 1 -

Pseudomonas aeruginosa 

(Franl ienberg etaL, 1999) 

37832 280000± 

10000 
7.9 9.5 - 5.4 A S s s s - - - - - -

Bradyrh izob ium japon icum 

(Chauhan and O 'Br ian , 

1993; Chauhan etaL, 1997) 

38710 

(ESMS) 
- - - - - A s - - - s s - - - S 

Table 1.1 A comparison of the characteristics of five types of 5-aminolaevulinic acid dehydratases, showing reported subunit and oligomeric 

molecular weight, pKa, Km, pi and metal ion requirements and stimulators for each species. 

The table shows characteristics for all five species including metal ions required for activity "A", metal ion stimulators "S" and inhibitory factors "I". 
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Species Possible cooperativity 
Concentration dependant 

specific activity 

Half-site 

Reactivity 

Human 

(But ler , 2003) 
No No Yes 

Eschericia coli 

(Jaffe etaL, 1995; No No Yes 

Senior etaL, 1996) 

Rhodobacter 

sphaeroides 

(Nandi etaL, 1968; Yes 
Nandi and Shemin, 

1968; Nand i and 

Shemin, 1968) 

Pisum sativum 

(Boese etaL, 1991; 

Senior etaL, 1996; 
Yes Yes No 

Kerv inen etaL, 2000) 

Pseudomonas 

aeruginos Yes 
(Frankenberg etaL, 

1999) 

Table 1.2 Table showing reported characteristics for five types of ALAD. 

As can be seen from the sequence alignment (Figure 1.14) there are a high number of 

conserved residues and, indeed, sequences throughout the ALAD species that have been 

characterised. These sequences typically occur at the interface between structural motifs, 

which form the active site. 

The main differences between different species of ALADs seem to occur due to the type of 

metal ion bound by each type. Those ALADs that bind magnesium ion, in general, appear 

to have higher pH optima and moderately higher pi values. It has also been noted that 

magnesium binding ALADs have a lesser susceptibility to oxidation. Those that bind zinc 

ions appear to have lower pH optima and also lower pi values, and it has also been reported 

that they have a higher susceptibility to oxidation (Table 1.1). In addition there are also 

significant differences in the kinetic data reported for the different metal dependant 
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ALADs. Preliminary characterisation of magnesium-dependant enzymes have shown the 

possibility of cooperativity between the substrate units, and also concentration dependence. 

Zinc-dependant enzymes do not appear to follow these kinetics, but show evidence for half-

site reactivity (Table 1.2). 

1.9 Porphobilinogen deaminase and uroporphyrinogen III synthase 

Uroporphyrinogen III is the universal precursor of all tetrapyrroles and its biosynthesis 

from PBG requires the sequential action of two enzymes, PBG deaminase and 

uroporphyrinogen III synthase (previously known as cosynthetase). In E. coli PBG 

deaminase is encoded for by the hemC gene. 

The active site of the E. coli enzyme contains two integral PBG-like molecules linked 

together, termed the dipyrromethane cofactor, attached covalently as a thioether to the 

apoprotein by a cysteine residue (Cys242). In the first step of the reaction, a PBG molecule 

reacts covalently with the deaminase cofactor and one molecule of ammonia is released. 

The first condensation leads to the formation of ring A of uroporphyrinogen III. This step 

is repeated three more times and results in the formation of an open chain bilane, linked to 

the cofactor, which is displaced from the enzyme by water to yield the 1-

hydroxymethylbilane, preuroporphyrinogen. Preuroporphyrinogen is unstable and, in the 

absence of uroporphyrinogen III synthase, cyclises at neutral pHs to yield 

uroporphyrinogen I. However in the presence of uroporphyrinogen III synthase, 

preuroporphyrinogen is rapidly converted to uroporphyrinogen III by inversion of ring D 

and cyclisation with the release of a water molecule (Frydman and Feinstein, 1974; 

Frydman groA, 1976; Evanses a/., 1986; Jordan, 1994)(see Figure 1.15). 

In plants, PBG deaminase and uroporphyrinogen III synthase are found loosely bound to 

the plastid membrane (Witty et al, 1993), whereas in animal cells, uroporphyrinogen III is 

formed within the cytoplasm (Frydman and Feinstein, 1974). 
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H,N 

pOgH 
H f A 

P o r p h o b i l i n o g o i demn inmsc 

C/rqpo/7?A_yrzMoge77 /// 

A p 

C/rppo/pAyrfHOgen / 

Figure 1.15 The role of porphobilinogen deaminase and uroporphyrinogen III synthase in the 

biosynthesis of uroporphyrinogen III. 

Uroporphyrinogen HI, as has been mentioned before, is the point at which the tetrapyrrole 

biosynthetic pathway branches to yield different end products. 

1.10 Uroporphyrinogen decarboxylase 

Uropophyrinogen decarboxylase decarboxylates the acetic acid side chains of all four 

pyrrole rings in uroporphyrinogen HI, converting them to methyl groups (Figure 1.16). 
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HnC 

Uroporphyrinogen decarboxylase 

H.C 

P P 

Uroporphyrinogen III Coproporphyrinogen III 

Figure 1.16 The decarboxylation of uroporphyrinogen III catalysed by uroporphyrinogen 

decarboxylase. 

Uroporphyrinogen decarboxylase also acts upon uroporphyrinogen I, yielding 

coproporphyrinogen I (Figure 1.17). Coproporphyrinogen 1 has no known function, and its 

formation is thought to be a blind pathway. 

R A R CH. 

- P H3C 

Uroporphyrinogen decarboxylase 
• 

H3C p 

Uroporphyrinogen I Coproporphyrinogen I 

Figure 1.17 Uroporphyrinogen decarboxylase also decarboxylates the acetic acid side chains of 

uroporphyrinogen I. Uroporphyrinogen I is a bi-product of the PBG deaminase reaction as discussed 

previously, although because uroporphyrinogen III synthase levels are high, very little is formed in vivo only 

small amounts of coproporphyrinogen I are formed. 

1.11 Coproporphyrinogen III oxidase 

Coproporphyrinogen III oxidase, unlike uroporphyrinogen decarboxylase, has a rigid 

substrate specificity and will not use coproporphyrinogen I as substrate. The reaction 

25 



involves the conversion of the propionic side chains of rings A and B to vinyl groups to 

form the product protoporphyrinogen IX (Figure 1.18): 

H,C 

H,C 

H3C 

Coproporphyrinogen III oxidase 

H,C' 

P P 

Coproporphyrinogen III Protoporphyrinogen IX 

Figure 1.18 Coproporphyrinogen III oxidase converts the propionic side chains of rings A and B of 

corproporphyrinogen III to vinyl groups. 

1.12 Protoporphyrinogen IX oxidase 

Protoporphyrinogen IX oxidase converts the methylene bridges between the pyrrole rings 

to methine bridges. Resonance of the double bonds around the entire ring is now possible 

and results in greater stability of the structure (Willows, 2003): 

H.C 

H,C' 

H3C 

CHz 
Protoporphyrinogen IX oxidase 

• 

HoC 
N HN 

P p P P 

Protoporphyrinogen IX Protoporphyrin IX 

Figure 1.19 The reaction catalysed by protoporphyrinogen IX oxidase. 
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1.13 Ferrochelatase 

Ferrochelatase catalyses the insertion of ferrous iron into protoporphyrin IX (Figure 1.20) 

and represents the last stage in haem biosynthesis. The enzyme will also accept cobalt as a 

substrate and is inhibited by N-methylporphyrins (Ferreira, 1999). 

HoC H,C 

Ferrochelatase 

I J 

/ N 
H^c (\ CH3 H3C 

p p 

Protoporphyrin IX 

Figure 1.20 The reaction catalysed by ferrochelatase 

Protoheme 

1.14 Magnesium chelatase 

Protoporphyrin IX can either proceed to haem by insertion of Fe^^ or embark on the 

magnesium branch along the chlorophyll biosynthetic pathway. Magnesium chelatase is 

the first committed step in chlorophyll biosynthesis, with the enzymes prior to this step also 

shared with the haem biosynthetic pathway. Magnesium chelatase inserts a magnesium ion 

into the centre of the tetrapyrrole ring and requires a complex of three proteins and several 

ATPs in order to do so. In developing chloroplasts from cucumber cotyledons, magnesium 

chelatase only catalyses the insertion of the magnesium ion (Figure 1.21), whereas in R. 

sphaeroides, magnesium chelatase catalyses the insertion of the metal ion and also the 

methylation of the propionic side chain of ring C to give magnesium protoporphyrin IX 

mononomethylester(Willows, 2003). 
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HsC HsC 

Magnesium chelatase 
> -

H.C 

P P 

Protoporphyrin IX Magnesium protoporphyrin IX 

Figure 1.21 Insertion of magnesium into protoporphyrin IX by magnesium chelatase in plants. 

1.15 ^-Adenosylmethionine: magnesium protoporphyrin IX O-

methyltransferase 

The next step in the pathway, in developing chloroplasts from cucumber cotyledons, is the 

5-adenosylniethionine-dependant methylation of the 13-propionate side-chain of 

magnesium protoporphyrin IX catalysed by ^-adenosylmethioninemagnesium 

protoporphyrin IX O-methyltransferase. This reaction forms the product, magnesium 

protoporphyrin IX monomethyl ester (Figure 1.22)(Willows, 2003; Bollivar, 2003). 

HaC-

H3C 

H3C 

S-Adenosylmethioninennagnesium 
protoporphyrin IX O-methyltransferasc 

H,C 

HO2C COgH 

Figure 1.22 Selective methylation of the 13-propionate side chain of magnesium protoporphyrin IX. 

HO2C COgCHj 
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1.16 Magnesium protoporphyrin IX monomethyl ester oxidative cyclase 

An oxidative cyclisation is required to create the fifth ring of chlorophyll and this reaction 

is catalysed by magnesium protoporphyrin IX monomethyl ester oxidative cyclase 

(Willows, 2003): 

H,C 

H,C-

Had 

Magnesium protopoiphyiin IX 
monomethyl ester oxidative cyclase 

HsC-

HO2C CO2CH3 
CO2CH3 

HOgC 

Figure 1.23 The oxidative cyclisation of magnesium protoporphyrin IX monomethyl ester to form the 

fifth constituent ring. 

The reaction mechanism has been shown to proceed through two intermediates, an alcohol 

and a ketone as shown below to yield, finally, divinylprotochlorophyllide a (Leeper, 1989): 

"OH 

CO2CH3 

mown pj/fr 

C O g C H a CO2CH3 

Figure 1.24 The reaction mechanism of magnesium protoporphyrin IX monomethyl ester 

1.17 Divinyl protochlorophyllide 8-vinyl reductase 

This reaction has been shown to occur at any stage between protoporphyrin IX to 

chlorophyllide a. The enzyme in this instance is shown to catalyse the formation of 

monovinyl protochlorophyllide from divinyl protochlorophyllide (Figure 1.25), with the 

vinyl group reduced to an ethyl group. The actual point at which this step occurs i.e. the 

reduction of the 8-vinyl group, is difficult to characterise and depends on numerous factors 
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such as species, developmental stage, time in the light or dark, age of the tissue and the 

light intensity (Willows, 2003). 

H,C 

HoC-

H3C 

8-Vinyl reductase 

H3C 

CO2CH3 
HO2C 

CĈCHa 
HO2C 

Figure 1.25 The reduction of the 8-vinyl group of divinylprotochlorophyllide a. 

1.18 Protochlorophyllide oxidoreductases 

Two types of enzymes have been identified that reduce the pyrrole D ring of 

monovinylprotochlorophyllide a (protochlorophyllide a) to form chlorophyllide a (Figure 

1.26). The most studied of the two enzymes is the enigmatic, light-dependant NADPH-

protochlorophyllide oxidoreductase (LPOR). LP OR requires light as a "substrate" and is 

found in all organisms that synthesis chlorophyll, but not those that synthesise 

bacteriochlorophyll. The second type of enzyme, known as the light-independent 

protochlorophyllide oxidoreductase (DPOR), is found in flowering plants but appears to be 

present in most other chlorophyll and bacteriochlorophyll synthesising organisms and 

allows chlorophyll production in the dark(Willows, 2003). 
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H,C 

HaC 

L P O R / D P O R 

CO2CH3 

HO2C 
Monovinylprotochlorophyllide a 

HOgC 
CO2CH3 

Chlorophyllide a 

Figure 1.26 The reduction of the D pyrrole ring of monovinylprotochlorophyllide a by 

protochlorophyllide oxidoreductase. 

1.19 Chlorophyll a synthase 

Chlorophyll a synthesis is completed with the esterification of chlorophyllide a with phytol, 

a reaction catalysed by chlorophyll synthase (Figure 1.27), although esterification with 

geranyl-geraniol can also occur (Figure 1.28) (Willows, 2003). 

H,C 

H,C 

HaC 

phytyl-PP pyrophosphate 

CH3 HoC' 

Chlorophyll synthase 

HO2C 
CO2CH3 

ChhrophyUide a 

\ M ÎI) , 

L / \ J 

CO,CH 

Figure 1.27 Esterification of chlorophyllide a with phytol catalysed b y chlorophyll synthase. 
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Chlorophyll synthase 

* • 
gcranylgcranyl-PP pyrophosphate 

grdrnrmw 
t ? \ / 

CO2CH3 C O f H , 

Figure 1.28 Esterification of chlorophyllide a with geranylgeraniol catalysed by chlorophyll synthase 

and reductase (uncharacterised). 

1.20 Chlorophyll b synthesis 

Chlorophyll b synthesis only occurs in oxygenic photo synthetic organisms, as molecular 

oxygen is required for the oxygen for the transformation of the methyl group at C7 to a 

formyl group. The process is catalysed via a hydroxy-intermediate of chlorophyllide a to 

chlorophyllide b, by chlorophyllide a oxygenase, an enzyme that contains a novel FeS 

centre (Eggink, 2004) (Figure 1.29). 

H , C 

,CH 

C H , 

HO,C 

H3C 

H3C " " I I I 

\ phytyl-PP 

CO2CH3 " / CO2CH3 

HOJC 

Chlorophyllide a CMorophyllide b 

Figure 1.29 The conversion of chlorophyllide a to chlorophyllide i by chlorophyllide a oxygenase 
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Following this, the chlorophyllide b is esterified with either phytol or geranyl-geraniol in a 

similar fashion to chlorophyllide a (Figure 1.30), the difference between the end products 

being the 7-formyl oxygen component to chlorophyll b. This reaction is again catalysed by 

chlorophyll synthase, which can recognise both substrates (Riidiger, 2003). 

HaC 

Chlorophyll synthase 

phytyl-PP 

H3C 

pyrophosphate 

HsC""'!!! 

HĈC 
CO2CH3 CO2CH3 

Figure 1.30 The conversion of chlorophyllide b to chlorophyll b, catalysed by chlorophyll synthase. 

1.21 Aims and objectives 

The initial purpose of the BBSRC CASE studentship, in conjunction with Syngenta, was to 

develop an expression system and purification protocol for a recombinant form of the 

mature P. sativum ALAD protein for crystallography trials. The plan was then to obtain 

diffraction quality crystals and to solve the three-dimensional structure of the enzyme. It 

was hoped that this would provide information about the nature of the active site cleft that 

would assist in the development of novel and species-specific inhibitors of ALAD that 

could be used as lead compounds for herbicides. This work is described in chapters 3 and 

4. 

The work was partially successful since an expression and purification protocol was 

successfully devised and applied to the purification of the recombinant protein. The 

characteristics of the P. sativum protein were compared with those of the E. coli enzyme, 
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the structure of which has already been solved. A large number of different 

crystallography techniques and approaches were undertaken and diffraction quality crystals 

were obtained. However, it became clear, after many attempts at obtaining phases for the 

data, that the structural model of P. sativum ALAD would not be immediately forthcoming. 

The E. coli enzyme exhibits the highest protein sequence similarity to P. sativum ALAD 

and this was therefore used as a model for the P. sativum ALAD enzyme. Compounds 

were modelled graphically into the E .coli active site model and then chemically 

synthesised both by myself at Syngenta and by Dr Cheung (University of Southampton). 

Each of the compounds was tested for inhibition of the P. sativum ALAD and I C 5 0 values 

were calculated for each compound (chapter 5). 

As has been discussed, the exact mechanism by which the enzyme catalyses the formation 

of PEG from ALA is still not fully understood. Work by Erskine et al. (2003) showed the 

presence of a novel pyrrole like compound that appears to be a catalytic intermediate bound 

at the active site of yeast ALAD. The human ALAD structure (Mills-Davies, 2000) had 

originally shown the presence of such a compound bound at the active site, although the 

electron density was not detailed enough to identify the precise nature of the molecule. 

Previous studies had shown that the complex formed between the human ALAD and the 

compound was very stable, lasting throughout the purification process. Based on this, 

experiments were conducted to determine the nature of the molecule at the active site of the 

human ALAD. The experiments showed that the compound bound was indeed a true 

intermediate of the reaction and could be subject to turnover in the presence of ALA, LA or 

PEG to form the product PEG. These experiments are described in chapter 6. 

Finally, data sets from a previously crystallised recombinant human ALAD were processed, 

molecular replacement was achieved and the structure was refined in an attempt to prove 

the structure of the bound intermediate. Unfortunately, the electron density at the active 

site was not sufficiently resolved to allow the characterisation of the bound compound, 

however, the new model did provide better evidence for certain areas of the structure that 
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had not been as well resolved in the model of the native human ALAD, especially the 

active site loop region. This work is described in chapter 7. 
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Chapter Two: Materials and methods 

2.1 Sterilisation 

All pipette tips, media, stock solutions, microfuge tubes and cryotubes were sterilised in a 

British Steriliser autoclave at 120°C and 1 bar for twenty minutes. Tips and tubes were 

then dried in a 65°C oven for at least twenty four hours. 

2.2 Culture Media 

Materials 

Bactotryptone and yeast extract were purchased from Difco Laboratories, Bactoagar from 

LabM and sodium chloride from Sigma-Aldrich. 

Luria broth (LB) media 

Bactotryptone (lOg), Bactoyeast extract (5g) and sodium chloride (5g) were dissolved in 1 

litre of distilled water and autoclaved immediately. 

Luria Broth plates 

Bactoagar (15g) was added to a litre of the above media and autoclaved. Antibiotics were 

added once the media had cooled to 40°C and plates were then poured to a depth of 5mm 

and stored until required at 4°C for a maximum of two weeks. 

Ampicillin Stock 

Ampicillin, sodium salt, was dissolved in AnalaR water to a concentration of lOOmg/mL, 

and filtered through a 0.2|j.m filter. This solution was always made freshly and used at a 

final concentration of 100|u.g/mL. 

Isopropylthiogalactoside (IPTG) stock 

IPTG stock solution (ImM) was made by dissolving 2.38g of IPTG in lOmL of AnalaR 

water, and filtering through a 0.2p,m filter. This stock solution was always made 

immediately before it was required. 
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2.3 Bacterial cells strains and plasmids used in this study 

The bacterial cell strains and plasmids used are displayed in Tables 2.1 and 2.2, and a map 

of the pT7-7 plasmid is shown in Figure 2.1. 

Strain Genotype Origin 
E. coZz BL21(DE3) (rs' gaZ (DE3) Novagen 
& co/fBL21(DE3)pLysS 
(Derman, 1993) 

F' ofMpr (rg' ma ) go/ (/cm (DE3) 
pLysS (Cm^) 

Novagen 

& co//(DH5a) 
(Woodcock, 1989) 

F- (p80/acZM15 A(/acZYA A-
argF)\J\69 racAl endAl hsdR.\l{r]^ 
mk^)phoK supE^^ thi-\ gyrA96 relKl 
X 

Invitrogen 

E. co/z'(DE3) Rosetta 
(Derman, 1993) 

F' OTMpZ (rg' mg^ go/ (/cm (DE3) 
pRARE^ (CM'̂ ) 

Novagen 

E. coli TB1 hemB' 
(Baldwin, 1984) 

F' aro A(Zac-proAB) (Str'^)[f80 
J] AfaR (rK' 

hemB' 
In Lab 

Table 2.1 Bacterial cell strains used in this study 

Plasmid Properties 

pT7-7 T7 promotor system(Tabor, 1985) 

pPALAD 
pT7-7 carrying hemB (984kb fragment of the P. 
.yarh/w/M ALAD gene) 

pPALAD1 pPALAD with aspartate 131 mutated to asparagine 
pPALAD2 pPALAD with aspartate 139 mutated to asparagine 
pPALADS pPALAD with aspartate 176 mutated to asparagine 
pHALAD pT7-7 carrying human hemB 
pCAR262 pUC19 carrying E. coli hemB 

Table 2.2 Vector and recombinant plasniids used in this study. 

2.4 Cell strain maintenance 

All strains were stored at -20°C. Every six months, cell strains were maintained by 

growing 20mL overnight cultures of each strain in LB media. Aliquots of 500^1 were then 

taken and mixed with 500(0,1 of glycerol. Glycerol acts as a cryoprotectant for the cells and 

reduces cell damage at -20°C. 
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2.5 Plasmid maintenance 

All plasmid DNA was stored at -20°C. At yearly intervals, plasmid DNA was transformed 

into E. coli (DH5a). Single colonies were picked and 20mL overnight cultures containing 

ampicillin were grown. The following morning, cell cultures were centrifuged at 3000 x g 

for 15 minutes before purification of the plasmid DNA using the Promega 'Wizard Plus SV 

Minipreps DNA Purification System\ 

Hind III 

Hind III 

Bgl l l 

pT7-7 
2473 bp 

A T G 

Xbal 

BamH I 

Sma I 

EcoR I 

Ndel 

Xba I rbs 

Figure 2.1 Map of the plasmid pT7-7. The P. sativum ALAD cDNA was ligated between the sites Ndel and 

BaniEl in the 5'- to 3'-orientation. The inserted cDNA is in-frame with the ATG start codon of the vector 

DNA and the optimal distance from the ribosome binding site (rbs), both being critical for efficient translation 

of the transcribed mRNA. The bla gene confers ampicillin resistance, allowing selection of recombinant 

plasmids. 

2.6 DNA restriction digests 

2.6.1 Materials 

All materials required for the restriction digests were obtained from Promega UK Ltd, 

Delta House, Chilworth Research Centre, Southampton, UK and Amersham Biosciences 

UK Limited, Amersham Place, Little Chalfont Buckinghamshire, UK. 
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2.6.2 Method 

lOng of plasmid DNA was mixed with 6)0,1 of all4one + buffer and 1.5|al of Ndel restriction 

enzyme and the reaction was incubated for Wi hours at 37°C. After this time 1.5|il of 

BamYil restriction enzyme was added and the reaction was allowed to continue for a further 

Wi hours at 37°C. The products of the digest were analysed by 1% agarose gel 

electrophoresis. 

2.7 Agarose gel (1%) electrophoresis 

2.7.1 Materials 

Tris base and EDTA were obtained from Sigma-Aldrich and glacial acetic acid was 

obtained from Fisher. 

Promega DNA ladders (Ikb and lOObp), supplied by Promega, were used to estimate the 

size of DNA bands (Figure 2.2). 

I too 

.B=®.ac<x> 
1:0 
' 4.CC0 eoo 

3.030 ^ 9 wo 
25U0 

-?.500 
i.DOO 

1750 

500 

" 

0 7% agarose 

Figure 2.2 Promega Ikb and lOObp DNA ladders. 

Ethidium bromide stock solution 

Ethidium bromide (20mg) was dissolved in 2mL of AnalaR water to give a final 

concentration of lOmg mL"' and stored at 4°C. 
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TAE buffer (50%) 

242g of Tris base, 57.1mL of glacial acetic acid and 18.6g of EDTA were dissolved in a 

litre of AnalaR water. The solution was then filtered and stored at room temperature until 

needed. 

2.7.2 Methods 

Preparation of agarose gels 

2mL of 50x TAE buffer was diluted with lOOmL of AnalaR water, and Ig of agarose was 

added. The mixture was boiled using a hot-plate and, once cooled to 50°C, ethidium 

bromide solution was added to a final concentration of 0.5|u,g mL"'. Gels were then poured 

into plates with the combs inserted and allowed to set at room temperature, after which the 

combs were removed. A further 2mL of 50x TAE was then diluted with lOOmL of AnalaR 

water and poured into the gel tank, so as to cover the gel and the wells. 

DNA sample preparation 

Samples were prepared in AnalaR water with the addition of Promega 6x blue/orange 

loading buffer and a total of ~5ng DNA loaded per lane of gel, in a total sample volume of 

10|Lll, 

Electrophoresis 

Gels were run horizontally at lOOV until full separation occurred. The gels were visualised 

using UV transillumination. 

2.8 Preparation of competent bacterial cells for transformation 

LB media (lOmL) was inoculated with a colony of E. coli BL-21 and incubated overnight 

at 37°C. An aliquot (200p,l) of the overnight culture was added to 20mL of LB media and 

incubated at 37°C until the O.D.600nm was -0.3. The cells were harvested by 

centrifugation at 3,000 x g for 10 minutes and the supernatant was discarded. The cells 

were resuspended in lOmL of cold 50mM CaCl] and left on ice for 1 hour followed by 

centrifugation for 10 minutes at 3,000 x g. The pellet was resuspended with l-2mL of cold 

50mM CaCb and left in ice for up to 24 hours. 
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2.9 Transformation of competent cells 

An aliquot (200|_il) of competent cells was added to l|il of the required plasmid DNA in a 

sterile Eppendorf tube and the mixture was left on ice for 25 minutes. The cells were then 

"heat shocked" at 42°C followed by incubation at 37°C for 1 hour, without shaking. An 

aliquot (lOOfxl) of transformed cells was spread onto an LB agar plate, containing 

ampicillin (lOOjig mL"'), and incubated at 37°C. 

2.10 Expression studies 

For recombinant plasmids containing the TV-promoter, a single colony was inoculated in 

lOmL of LB media supplemented with ampicillin (100p,g/mL) and grown to an O.D of 1.0 

at 600nm. Next, IPTG was added to a final concentration of ImM so as to induce 

production of the desired protein and the cultures were grown for a further 3 hours at 37°C 

before harvesting by centrifugation (3000 x g/10 minutes at 4°C). The bacterial cell pellet 

was resuspended in 0.5mL of 20mM Tris/HCl buffer, pH8.2, containing ImM DTT in an 

Eppendorf tube. The extract was sonicated at an amplitude of 10 microns in five bursts (30 

seconds on / 60 seconds off). The crude sonicates were centrifuged at 4°C for 10 minutes at 

3000 X g, before transferring the supernatant to a separate tube. The pellets were 

centrifuged again and any remaining supernatant was removed by aspiration. The 

supernatant was then assayed for protein and ALAD activity and analysed by SDS-PAGE. 

2.11 Determination of protein concentration 

2.11.1 Materials 

Bio-Rad protein assay reagent was obtained from Bio-Rad laboratories, Bio-Rad House 

Maylands Avenue, Hemel Hempstead, Hertfordshire, UK. 

2.11.2 Methods 

Protein concentration was determined using the Bio-Rad protein assay. A ImL assay 

consisted of lO^L of protein solution, 790)LIL of distilled water and 200pL of Bio-Rad 

reagent. Bio-Rad reagent is based on the Bradford assay (Bradford, 1976). The protein 
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binds to the dye, Coomassie brilliant blue G-250, in a concentration-dependent manner. 

This assay was routinely used for protein samples between 200 and 1,400 p,g/mL. The 

colour was allowed to develop for 5 minutes at room temperature and the absorbance was 

measured at 595nm. The concentration was calculated using the conversion Abs 0.1 = 

1.95|a,g of protein. 

2.12 Assay for S-aminolaevuIinic acid dehydratase (ALAD) activity 

2.12.1 Materials 

All chemicals were obtained from Sigma-Aldrich Company Ltd., The Old Brickyard, New 

Road, Gillingham, Dorset, UK. 

Modified Ehrlich's reagent 

Ig 4-Dimethylaminobenzaldehyde, 42mL of glacial acetic acid and 8mL of perchloric 

acid (60%) were mixed and the reagent was stored in the dark at 4°C and was used 

within one week. 

Stop solution 

10% Trichloracetic acid containing O.IM mercuric chloride was stored in the dark in a 

foil-covered bottle at 4°C. 

Stock 5-aminolaevuIinic acid (5-ALA) solution 

A stock solution of lOOmM ALA was made by dissolving 0.335g of 5-ALA hydrochloride 

in 20mL of AnalaR water. Aliquots (500p,l) were stored at -20°C until required. 

E. coli ALAD assay buffer (Norton, 1999) 

50mM Tris/HCl buffer, pH 8.0, containing lOOpM ZnClz and 5mM 2-mercaptoethanol. 

Human ALAD assay buffer (Butler, 2003) 

50mM potassium phosphate buffer, pH 6.8, containing lOOjaM ZnClz and 5mM 

dithiothreitol (DTT). 
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p. sativum ALAD assay buffer 

50mM bis-Tris/HCl propane buffer, pH 9.3, containing 50mM MgClz and lOmM 2-

mercaptoethanol. 

2.12.2 Method for the assay of ALAD 

An aliquot (lOjiL) of ALAD enzyme solution was added to the required assay buffer and 

pre-warmed for 5 minutes at 37°C and ALA solution was added to a final assay 

concentration of lOmM. After mixing, incubation was carried out at 37°C for 5 minutes. 

The reaction was terminated by the addition of an equal volume of stop solution. Ehrlich's 

reagent was then added in a volume equal to the total volume of the assay plus the stop 

solution. Samples were centrifuged in a bench-top centrifuge and the absorbance of the 

supernatant was measured at 555nm. Specific activity was calculated as jimoles PBG 

formed/mg of protein/hour, using the extinction co-efficient for the coloured complex 

formed by Ehrlich's reagent reacting with PBG at 555nm of 6.02x10"^ M"^cm'\ 

COOH COOH 
COOH COOH 

Figure 2.3 The reaction of PBG with Ehrlich's reagent (4-dimethylaminobenzaldehyde) to form a 

coloured complex. 

2.13 Polyacrylamide gel electrophoresis (PAGE) 

All denaturing polyacrylamide gel electrophoresis was carried out according to the method 

of Laemmli (1970). The protocol for preparation of native gels was similar, except that 

SDS and P-mercaptoethanol were omitted throughout. 
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2.13.1 Materials 

All chemicals required for polyacrylamide gels electrophoresis were obtained from Sigma-

Aldrich. The equipment employed was purchased from BIORAD. 

Protein standard Mr markers 

Throughout the course of the studies, the following Mr markers were used to estimate the 

size of sample proteins. These were prepared according to the manufacturer's instructions. 

Protein Mr 

Bovine serum albumin 66,000 

Egg albumin 45,000 

Glyceraldehyde-3-phosphate dehydrogenase 36,000 

Carbonic anhydrase 29,000 

Trypsinogen 24,000 

Soybean trypsin inhibitor 20,100 

a-Lactalbumin 14,200 

Table 2.3 Dalton VII marker protein standards (Sigma-Aldrich). 

Stock SDS running buffer (lOx) 

SDS running buffer was prepared using 144g glycine, 30g Tris base and lOg SDS dissolved 

in distilled water and adjusted to pH8.3 using concentrated HCl. The volume was made up 

to 1 L with distilled water. Running buffer for non-denatured PAGE was made up in the 

same way, with the exclusion of SDS. 

Disruption buffer (lOx) 

Disruption buffer was made from 1.2mL of 0.5M Tris/HCl buffer, pH 6.8, containing ImL 

of glycerol, 2mL of 10% SDS and 0.5mL of 0.1% w/v bromophenol blue mixed with 

4.8mL of H2O to make a final volume of 9.5mL. Aliquots (450)li1) of this stock solution 

were taken and mixed with 50|a,l of 2-mercaptoethanol prior to use. The same method was 

used to prepare disruption buffer for non-denaturing gels, however, SDS and 2-

mercaptoethanol were omitted. 

44 



Staining solution for PAGE gels 

Staining solution was made with 2.5g Coomassie brilliant blue dissolved in 400mL 

methanol and 70mL glacial acetic acid. The volume was then adjusted to IL with distilled 

water. 

Destain solution for PAGE 

Destain solution was prepared by mixing 400mL methanol and 70mL acetic acid with 

530mL distilled water. 

2.13.2 Methods 

Protein sample preparation 

Protein samples were prepared by the addition of the appropriate amount of disruption 

buffer followed by boiling the mixture for 2 minutes. 

Preparation of the polyacrylamide gels 

The composition of the resolving and stacking gels are shown in Table 2.4 and Table 2.5, 

respectively. 

Acrylamide (30%) 3.19mL 

1.5MTris/HCl, pH8.8 1.88mL 

Distilled H2O 2.24mL 

SDS 20%w/v 75^1 

APS 10%w/v 75^1 

TEMED 8^1 

Table 2.4 Resolving gel for SDS PAGE gel (12% acrylamide) 
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Acrylamide (30%) 0.75mL 

0.5M Tris/HCl pH 6.8 1.5mL 

Distilled H2O 3.6mL 

SDS 20% w/v 75)li1 

APS 10% w/v 75^] 

TEMED 8̂ il 

Table 2.5 Stacking gel for SDS PAGE gel (12% acrylamide) 

Electrophoresis 

After the samples were loaded onto the gel, electrophoresis was carried out at 120V until 

the bromophenol blue dye front had reached the bottom of the gel. The gel was then 

submerged in stain solution containing Coomassie brilliant blue dye for 1 hr before being 

washed and submerged in destain solution. Gels were visualized by transillumination. 

2.14 Purification of E. coli ALAD 

Purification of the E. coli ALAD was based upon the method described by previously 

QNo#on, 1999^ 

2.14.1 Growth of E. coli over-expressing the E. colihemB gene. 

The pCAR262 clone was transformed into the E. coli (CR261 strain) using the method 

described earlier. Single colonies from the resulting plates were used to inoculate 20mL 

growths of LB media containing ampicillin (100)Lig/mL) that were grown overnight at 

30°C. These were then used to inoculate 800mL of LB media containing ampicillin 

(100|j,g/mL) in 2L baffled flasks. The flasks were incubated at 37°C, with shaking, at 

160rpm for 12 hours after which time the cells were harvested by centrifugation at 6000 x g 

for 12mins at 4°C. The pellets were used immediately or were frozen at -20°C. 

2.14.2 Sonieation 

The bacterial pellet from 3.2L of culture was resuspended in approximately 30mL of 20mM 

Tris/HCl buffer, pH 8.2, containing 5mM DTT, 2mM 2-mercaptoethanol, 100|iM MgCb 

and 200pM PMSF. The resuspended cells were then sonicated on ice for a total of twenty 
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cycles, each cycle consisting of 20 seconds sonication at an amplitude of 10 microns with a 

40 second cooling period. 

2.14.3 Heat treatment 

The sonicated extract was placed in a round bottomed flask and rapidly heated to 60°C in a 

water bath at 90°C, with constant swirling. This temperature was maintained for 3 minutes, 

after which the solution was rapidly cooled by swirling the flask in an ice-water bath. The 

heat-treated sample was then ultracentrifuged at 100,000 x g for 25 minutes at 4°C. The 

pellet, containing denature protein, was discarded and the supernatant was retained. 

2.14.4 Ion-exchange chromatography 

The supernatant from above was loaded directly onto a DEAE-Sepharose ion-exchange 

column which had been previously equilibrated with 50mM Tris/HCl buffer, pH 8.2, 

containing 2mM 2-mercaptoethanol and lOOjiiM ZnCl]. The fractions were eluted with a 

gradient of 100-400mM NaCl dissolved in the aforementioned buffer in a total volume of 

500mL. Fractions (5mL) were collected over the elution gradient, assayed for activity and 

protein and analysed on SDS PAGE. The fractions with the highest specific activity were 

pooled and precipitated by treating with 70% saturated ammonium sulphate and the pellet 

was collected by centrifugation at 100,000 x g for 25 minutes at 4°C. 

2.14.5 Gel-filtration chromatography 

The redissolved protein was loaded onto an Sephacryl S-300 gel filtration column, 

equilibrated in 50mM Tris/HCl buffer, pH 8.4, containing 2mM 2-mercaptoethanol and 

50) l iM ZnCh and the fractions were eluted in 5mL samples. The fractions were again 

assayed for activity, protein concentration and analysed by SDS PAGE and those with the 

highest specific activity were pooled and retained for further work. 

2.14.6 Storage of pure E. coli ALAD 

Pure E. coli ALAD was stored as an ammonium sulphate pellet at -20°C until required. 

2.15 PuriOcation of the human recombinant ALAD 

The purification of the human ALAD was based upon previous work by Butler (2003). 
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2.15.1 Growth of E. coli over-expressing the recombinant human ALAD. 

The pHALAD clone was transformed into the E. coli (DE3) Rosetta strain, using the 

method described earlier. Individual colonies of ampicillin-resistant E. coli expressing the 

ALAD were grown in lOmL of LB media containing ampicillin (lO^g mL"') at 30°C 

overnight. The overnight cultures were each used to inoculate 800mL of LB media 

containing ampicillin (lOO^g mL'') in 2L baffled flasks. The flasks were incubated at 

37°C, with shaking at 160rpm. until the O.D.eoonm was approximately 1.0. IPTG was then 

added to a final concentration of ImM and the cultures were incubated for a further 25 

hours at 25°C. Cells were harvested by centrifugation for 12 minutes at 6,000 x g at 4°C. 

The pellets were used immediately or were frozen at -20°C. 

2.15.2 Sonication 

The bacterial pellet from 3.2L of media was resuspended in approximately 80mL of 50mM 

potassium phosphate buffer, pH 6.8, containing 5mM 2-mercaptoethano, 50p,M ZnCla and 

lOOjiM PMSF. The resuspended cells were then sonicated on ice for a total of twenty 

cycles, each cycle consisting of 20 seconds sonication at an amplitude of 10 microns with a 

40 second cooling period. 

2.15.3 Heat treatment 

The sonicated extract was placed in a round bottomed flask and rapidly heated to 60°C in a 

water bath at 90°C, with constant swirling. This temperature was maintained for 3 minutes, 

after which the solution was rapidly cooled by placing the flask in an ice-water bath. The 

heat-treated sample was then ultracentrifuged at 100,000 x g for 25 minutes at 4°C. The 

pellet was discarded and the supernatant was retained. 

2.15.4 Ion-exchange chromatography on Bio-Rad Bio-Gel hydroxyapatite 

(HTP) 

The supernatant from the heat treatment step was loaded onto a column of Bio-Rad Bio-

Gel hydroxyapatite (5.5cm x 10cm) that had previously been equilibrated with the same 

buffer used in the previous step. After loading onto the column the enzyme was washed 

with IL of the same buffer. A linear gradient (500mL total; 50mM-300mM potassium 
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phosphate buffer) was applied to the column and 5mL fractions were collected. The 

fractions were assayed and purity was judged by SDS-PAGE, before the most active 

fractions were pooled. A 70% saturated (NH4)2S04 precipitation was carried out on the 

pooled fractions and the precipitate was collected by centrifugation as before. The resulting 

pellet was resuspended in 1.5mL of lOOmM potassium phosphate buffer, pH6.8, containing 

5mM 2-mercaptoethanol, SOfxM ZnCl2 and lOOjuM PMSF. 

2.15.5 Gel-filtration chromatography on a Sephacryl S-300 column 

The resuspended pellet from the hydroxyapatite column step was applied to a Sephacryl S-

300 gel filtration column (3cm x Im) and the column was developed with lOOmM 

potassium phosphate buffer, pH 6.8, containing 5mM 2-mercaptoethanol and 100|iM 

PMSF. Fractions containing protein were assayed for ALAD activity and purity was 

judged by SDS PAGE, before the fractions were pooled and concentrated using a Vivaspin 

concentration vessel to a volume of 2mL. 

2.15.6 Chromatography on a Mono-Q ion-exchange co lumn 

The concentrated pooled fractions from the S-300 column chromatography were loaded 

onto a Mono-Q column pre-equilibrated with 20mM Tris/HCl, pH 7.2, containing 5mM 2-

mercaptoethanol 50p,M ZnCla. Fractions were eluted using a concentration gradient (total 

volume 40mL; 0-400mM NaCl) with 0.5mL fractions collected. Again, fractions 

containing protein were concentrated and assayed for ALAD activity and purity was 

judged by SDS PAGE, before the fractions were pooled. 

2.15.7 Storage of human recombinant ALAD 

The pooled fractions were concentrated using a 70% ammonium sulphate precipitation step 

and stored as an ammonium sulphate pellet at -20°C until required. 
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2.16 Protein crystallisation methods 

2.16.1 Siliconised coverslips 

Coverslips for the hanging drop crystallisation method were prepared by washing them in 

methanol (1 min), dipping in dimethyldichlorosilane solution (1 min) and washing them 

again in methanol (1 min) before oven-drying. 

2.16.2 Crystal screens 

Crystal screens were conducted using two methods, the hanging drop method (Figure 2.4) 

(Rhodes, 2000) and the counter-diffusion method (Figure 2.5) (Gavira, 2002; Gavira et al, 

2002). Both methods rely upon the theoretical protein solubility curve (Figure 2.6) which 

shows the solubility over a time period of a given protein. 

Hanging drop (1:1 ratio mix of protein 
solution and mother liquor) 

Siliconised 
coverslip 

Well 

Vacuum 
grease 

Crystallisation 
buffer 

Figure 2.4 The hanging drop method. This method relies upon vapour diffusion to increase gradually the 

concentration of precipitant and the protein of the hanging drop to that of the crystallisation buffer. The 

hanging drop was composed of a mixture of 5^1 protein solution and 5|il o f mother liquor. 
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Seal 

Precipitant and 
cryoprotectant 

\ / 

Crystallisation 
buffer and protein 

Figure 2.5 The counter-diffusion method. Crystallography relies upon the slow diffusion of the precipitant 

and cryoprotectant mixture into the crystallisation buffer and protein mix to create a concentration gradient 

throughout the Lindemann tube. This technique allows direct freezing of the crystals formed without 

handling, which eliminates damage to the crystals. 

[Protein] 

Soluble zone 

Nucleation zone 

Supersaturation zone 

[Precipitant] 

Figure 2.6 A protein solubility curve. The graph shows the variation of protein and precipitant concentration 

ranges of a crystallisation experiment. 
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2.16.3 Wet mounting of crystals 

An alternative to freezing the crystals is that of wet mounting of the crystal (Figure 2.7). 

This technique can be less damaging to the crystals (McRee, 1993). 

\ / \ / 

Mother liquor 

D Crystal 

O Beeswax 

Cut 

Cut 

Figure 2.7 Wet mounting of crystals. A Lindemann tube is filled as shown with mother liquor, leaving a 

small air gap in between the two solvent phases. A crystal is added and allowed to drop to the bottom of the 

first solvent phase, then as much as possible of the first solvent phase is removed, the Lindemann tube is cut 

as shown and the ends of the tube are sealed with beeswax, to maintain an enclosed atmosphere. 

2.16.4 Cryo-loop assembly 

Cryo-loops (Figure 2.8) were used for freezing and transferral of crystals and could be 

directly mounted for exposure to the X-ray beam and therefore data collection. 

Cryovial Customised 
Gilsontip 

Stretched 
glass 
capillary 

Single 
strand of 
mohair 

Finished 
cryo-loop 

-> i 

Figure 2.8 Cryo-loop assembly. All cryo-loops were made using superglue as shown above. Mohair was 

used as it gives minimal background diffraction when data collection takes place. 
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2.16.5 Freezing of crystals 

Crystals were scooped from a drop (containing a chosen cryoprotectant) using a cryo-loop 

and frozen directly into liquid ethane and then transferred into liquid nitrogen. Frozen 

crystals were either mounted directly in the X-ray beam, or stored in liquid nitrogen in a 

Dewar flask. Freezing of crystals is used to minimise radiation damage to the crystal 

throughout the data collection process (Rhodes, 2000). 

2.16.6 Screening of cryoprotectants 

Minimum concentrations of cryoprotectants for the freezing of crystals were determined by 

making up established mother liquor solutions with the addition of varying concentrations 

of cryoprotectant from 0-30% and these were then frozen on a cryo-loop and diffraction 

images were gathered for each percentage concentration of cryoprotectant. The minimal 

concentration at which no ice rings were found was noted for each cryoprotectant. 

Concurrently similar tests were conducted using a guillotine freezing device (Dr. Coker, 

Southampton) for freezing the solutions. This was observed to reduce the concentrations 

required for each cryoprotectant by at least 1% in most cases. 

Having discovered the minimum concentrations required for freezing the crystals, protocols 

for careful introduction of these conditions to the crystals were devised. Two different 

methods were used for transferring crystals into the desired cryoprotectant conditions: 

(a) The first method relied on the same principle as vapour diffusion. The crystal 

was placed into a drop that contained half the concentration of cryoprotectant 

required and was inverted over a well containing the full amount of required 

cryoprotectant. The crystal as then left overnight at room temperature for the 

well to equilibrate. 

(b) The second method required transferring the crystal through incrementally 

increasing concentrations of cryoprotectant solutions. This was generally 

achieved through 3% increases of cryoprotectant concentration with 30 

minutes of equilibration time for each step. 
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Both of these protocols were based on the assumption that the crystals were originally 

suffering from osmotic shock. 

2.16.7 Selenomethionine labelled P. sativum ALAD 

Following the apparent inability to find a molecular replacement solution and obtain phases 

for the observed data, a protocol for growth and expression of selenomethione-labelled P. 

sativum ALAD was devised, based on a previous protocol by Ramakrishnan et al. (1994). 

Materials 

Minimal Media M9 (20X) 

20 X M9 minimal media was prepared by mixing lOg of N H 4 C I , 30g K H 2 P O 4 and 68g of 

Na2HP04 with 500ml of AnalaR water. The solution was autoclaved and stored at room 

temperature until required. 

Amino acid mix 1 

100ml of the amino acid mix 1 was prepared by dissolving all the amino acids, except 

methionine, tyrosine, tryptophan and phenylalanine, at a concentration of 4mg ml"' in 

AnalaR water. The solution was filter-sterilized and stored at -20°C until required. 

Amino acid mix 2 

100ml of the amino acid mix 2 was prepared by dissolving tyrosine, tryptophan and 

phenylalanine at a concentration of 4mg ml ' in AnalaR water. The solution was filter-

sterilized and stored at -20°C until required. 

Seleno-L-methionine 

30ml of seleno-L-methionine solution was prepared by dissolving seleno-L-methionine in 

30ml of AnalaR water at a concentration of lOmg ml"'. The solution was made 

immediately before use. 
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Vitamins 

20ml of the vitamin mix was prepared by dissolving riboflavin, niacinamide and pyridoxine 

monohydrochloride at a concentration of Img ml"' in AnalaR water. The solution was 

filter-sterilized and stored at -20°C until required. 

Method 

The final medium (6.4L) was prepared by mixing 12.8mL of IM MgS04, 6.4L of 20 x M9 

minimal media, 12.8mL of a 12.5mg ml ' solution of FeS04.7H20, 64mL of 40% glucose, 

64mL of amino acid mix 1, 64ml of amino acid mix 2, 6.4ml of the vitamin solution. The 

solution was made to 6.4L with the addition of AnalaR water and the pH was checked to 

ensure it was -7.4. Finally, ampicillin was added to a final concentration of 100p.g ml"'. 

Cell strain utilised 

So as to minimise leaky expression during the selenomethionine growth, the cell strain E. 

coli BL21(DE3)pLysS was used. This strain encodes small amounts of T7 lysozyme which 

inhibits basal levels of T7 RNA polymerase prior to induction. 

Cell growth and expression 

Sample cultures (20mL) expressing the shortened recombinant pea ALAD cDNA construct 

were grown overnight at 37°C. These sample cultures were then used to inoculate 800mL 

flasks of Luria broth media (for preparation see Chapter Two) and grown to an OD of 1. 

The cells were then harvested by centrifugation at 10000 rpm for 12 mins. The supernatant 

was discarded, and the bacterial pellets were resuspended in M9 minimal media. The 

resuspended pellets were then used to inoculate 800ml flasks containing the final minimal 

media mixture, without selenomethionine present. The cells were allowed to grow for 30 

minutes, so that the cells would use up any methionine present from their growth in LB 

media, and then 3.2mL of the selenomethionine solution was added, in addition to 800^1 of 

IPTG stock (for preparation see Chapter Two) to induce expression of the selenomethionine 

labelled protein. The culture was grown for a further 3 hours after induction, after which 

the cells were harvested by centrifugation at 12000rpm for 12 mins. The pellets were either 

used immediately, or stored at -20°C until required. 
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Seleno-L-methionine labelled protein purification 

The labelled protein was purified, using the same protocol used for the unlabel led protein, 

and eluted in a similar fashion on both the ion-exchange and gel-filtration columns. 

Samples run on SDS-PAGE gave similar size bands as the unlabelled proteins. Attempts 

were made to obtain mass spectra for the selenomethionine-labelled protein, however, there 

was difficulty in attaining a spectrum. 

2.17 Data Collection 

2.17.1 X-ray sources 

Two types of X-ray sources were utilised in the crystallographic studies for the collection 

of diffraction data. 

The first, a rotating anode generator, generates X-rays through bombardment of a metal 

target (usually copper) with electrons, which are produced by heating of a filament. The 

electrons are then accelerated by an electric field towards the target (Figure 2.9). 
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Vacuum chamber Is maintained 
at a vacuum of 10 ^Torr 

To dissipate the 4kW load 
and prevent the anode from 
melting, the hollow water-
cooled anode is rotated at 
600rpm 

Rotating Anode 

x-rays; 

Potential difference between 
cathode and anode is 40kV 

Filament current ~ 100mA 

Cathode focussing cup 

The focussing cup Is charged 
•with a bias voltage, negative 
compared to the filament to 
focus the electron beam 

Ferrofiutdic seal 

\ • 
4(*V 

/ 
Tungsten filament 

Cooling Water 

Figure 2.9 A schematic diagram of a rotating anode X-ray generator. 

Electrons emitted from a tungsten filament are accelerated towards a rotating copper anode which causes 

emission of X-rays at a critical angle. 

When high energy electrons collide with a metal target atom, as is the case with the rotating 

anode X-ray generator, electrons from an inner shell are ejected. When this happens an 

electron from a higher energy orbital drops down a level, and energy is emitted from the 

electron in the form of an X-ray photon (Figure 2.10). 
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M shell 
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Ka Kff Ky 

Figure 2.10 The emission of characteristic X-ray spectral lines. 

K sheK 

For copper targets, commonly used in X-ray generators for investigating macromolecules. 

X-rays are emitted at 1=1.54A (ka) and A,=1.39A (kp). For X-ray diffraction, 

monochromatic X-rays of a single wavelength are required, and therefore the X-rays 

emitted from a rotating anode are effectively filtered using a nickel filter. The nickel filter 

absorbs the copper kp emissions and allows kg emissions to pass through and so a 

monochromatic X-ray at 1=1.54A (ka) is emitted (Figure 2.11) (Rhodes, 2000). 

i 

Characteristic 
wavelengths (Cu) 

1.3922 
K«i - 1.5405 
K«2= 1.5443 

Ka = 1.5418 

1.0 1.5 

Wavelength (A) 

Figure 2.11 The X-ray spectrum emitted by a tube with a copper target before (-) and after ( ) 

passage through a nickel filter. 
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The second type of X-rays used for macromolecular studies is generated by a synchrotron 

radiation source such as the ESRF Grenoble and provides the most powerful source of X-

rays. Electrons or positrons are circulated in a giant ring at velocities near the speed of 

light and maintained at this speed through the use of powerful magnets. The electrons emit 

energy (synchrotron radiation) when forced into this circular motion by bending magnets 

(Figure 2.12). The intensity of synchrotron radiation is much greater than that produced by 

rotating anode generators, and so therefore shorter exposure times can be used on crystals 

to collect data (Rhodes, 2000). 

(A) (B) 

Booster 

i y n c h r o f r o n 

Figure 2.12 A representation of the synchrotron radiation source. 

Electrons are accelerated in a booster synchrotron to around the speed of light, before being channelled into 

the main storage ring. The electrons are then maintained in a circular path by "bender" magnets, which cause 

the emission of synchrotron radiation. At certain points along the storage ring, beam lines branch off at 

tangents to the storage ring and this is where data collection is made at designated workstations (Figure 

reproduced from the ESRF website - http://www.esrf fr). 
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2.17.2 Image plates 

Image plate scanners are utilised to collect X-ray diffraction data. The most common of 

these is the MAR scanner, which has a plate radius of 90 or 150mm. The surface of the 

image plate is composed of barium fluoride doped with europium ions (Eu^^), which are 

excited upon bombardment with X-rays into a metastable state (Eu^'^-Eu^^). The scanner 

then uses a red He-Ne laser to generate light emission from the europium atoms. The 

intensity of the emitted light is proportional to the number of absorbed X-rays and can be 

amplified by a photomultiplier system and measured. Deletion of the image plate is 

achieved by a high intensity flash of visible light (McRee, 1993). 

2.18 Protein crystals 

A protein crystal is an orderly three-dimensional array of molecules, held together by 

noncovalent interactions. The crystal is divided into identical unit cells (Indicated by the 

line in the diagram). The array of points at the corners or vertices of the unit cell is called 

the lattice. Unit cells are the smallest and simplest volume elements that are completely 

representative of the whole crystal. Protein crystals are effectively an efficiently packed 

array of many unit cells stacked besides and on top of one another. 

2.18.1 Space Groups 

The contents of the unit cell are symmetric and therefore certain sets of reflections are 

equivalent. In theory only one set of equivalent reflections need to be measured and 

therefore knowledge of the unit cell symmetry allows the reduction of data collection time 

by minimising the chance of recording the same reflection more than once. The symmetry 

of a unit cell is described by its space group which is represented by a capital letter 

(referring to the unit cell's bravais lattice type) followed by numbers representing 

symmetry operations that are applicable to the unit cell that would not alter its appearance 

(Figure 2.13). 
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Figure 2.13 Three of the possible fourteen bravais lattice types. Lattice P describes a primitive lattice 

which contains one lattice point at each corner of the unit cell. Each lattice point is shared between eight 

neighbouring unit cells and therefore each unit cell contains eight times 1/8"' of a lattice point. Lattice I 

represents a body-centred lattice, with a lattice point at the centre of each unit cell and 1/8* at each corner and 

therefore each unit cell contains two lattice points. Lattice F denotes a face centred lattice which has lattice 

points on the centre of each face, each of which is shared with neighbouring unit cell giving 1/2 of a lattice 

point at each face with 1/8* at each corner, yielding a total of 4 lattice points per unit cell (Picture reproduced 

from 'Crystallography made crystal clear', Rhodes (2000)). 

The unit cell contains a large asymmetric molecule (the protein) which contains no 

symmetry elements but which can be juxtaposed onto other identical entities by symmetry 

operations, which describe the contents of every unit cell. These symmetry operations 

incorporate translation, rotation and screw axis (the combination of translation and 

rotation). Translational effectively the movement of the molecule along x,y or z by a 

fraction of the unit cell edge. Rotation axes are represented by an integer n e.g. a 4 fold 

rotation generates the same structure after (360/n) or 90 degree rotation. The screw axis 

results from a combination of both translational and rotational elements n^ where n is an n 

fold screw axis with a translation of m/n of the unit translation. For example a 2i axis 

consists of a rotation of 180 degrees about the 2i axis which is on or parallel to one of the 

unit cell edges. This is then followed by a translation or movement along the axis parallel 

to the 2] axis equal to half the length of the unit cell edge. 

2.18.2 Bragg's Law 

Bragg's law refers to the simple equation nX,=2d sinG derived by W.H. Bragg and W.L. 

Bragg in 1913 to explain why the cleavage faces of crystals appear to reflect X-ray beams 

at certain angles of incidence (0). The variable d is the distance between atomic layers in a 
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crystal, and the variable X is the wavelength of the incident X-ray beam. This observation 

is an example of X-ray wave interference commonly known as X-ray diffraction (Figure 

2.14). 
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Figure 2.14 A figure showing diffraction from Bragg planes separated by a spacing, d. 

Constructive interference occurs only if the difference in path length (2a) is a multiple of the radiation 

wavelength. 

If the difference in path length for rays reflected from successive planes is equal to an 

integral number of wavelengths of the impinging X-rays then rays reflected from 

successive planes reinforce each other and produce a strong reflection. Theta (9) is the 

angle of diffraction and its sine is inversely related to interplanar spacing dhki. Each set of 

parallel planes in the crystal produces one reflection. 

The data gained through crystallography is given by the diffraction of the X-rays by the 

electron clouds that surround the atoms in the structure that has been crystallised. 

2.18.3 Diffraction theory 

Upon collection of diffraction data, the next step is the interpretation of the images 

collected so as to obtain a 3D picture of the electron density and therefore the atoms in the 

crystal. The process by which this is undertaken is made up of three steps. 
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The first is the determination of the structure factor amplitudes, Fhki, of all of the X-ray 

beams that have given rise to the spots observed on the diffraction plates. 

The second is the solving of the phase for each of the diffracted X-ray beams so as to 

determine the positions of the waves with respect to each other. 

The final step is the production of an electron density map and refinement of the initial 

phases determined in the second stage. This will improve the electron density map and 

yield the three-dimensional structure of the protein. The overall process can be summed 

up in a single equation; 

Equation 1: = Z Z 

^ A * / 

From the equation, electron density at any particular point (xyz) can be calculated by 

constructing a Fourier series using structure factors Fhki- Fhki is a periodic function 

describing a complicated wave and therefore consists of a frequency, amplitude and phase. 

The frequency is equal to that of the X-ray source since it is describing a diffracted X-ray. 

The amplitude can be calculated directly as it is directly proportional to the square root of 

the intensity of the diffraction spot (/m/)- However, the phase is unknown but is essential to 

calculate the electron density map and therefore the position of the atoms in the protein 

molecule. This is called the 'phase problem' and can be overcome by various methods 

including isomorphous replacement, molecular replacement and multiple-wavelength 

anomalous dispersion (MAD). 

2.19 Computational methods for the analysis of diffraction data 

All data processing was conducted using the CCP4 suite of programs (Collaborative 

Computational Project, 1994). 

2.19.1 MOSFLM 

The first set of data processing routines are autoindexing, mosaicity estimation, spot 

prediction, cell parameter refinement and integration of images (Collaborative 

Computational Project, 1994; Leslie, 1999). 
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Through this process, MOSFLM assigns a three digit number comprised of the integers h, k 

and 1 to each reflection. These are known as Miller integers and represent coordinates that 

describe the position of each reflection recorded in a 3D reciprocal-space lattice. The term 

reciprocal is used because there is an inverse relationship between the lattice spacing in the 

crystalline lattice (real unit cell) and the spacing in the lattice of the diffraction pattern. 

Autoindexing gives a predicted spot position (hkl) and intensity (Ihki) for each spot in the 

reciprocal-space lattice. 

Single images throughout a data set are opened for analysis. Spots with a certain, 

preferably higher, signal-to-noise ratio are selected by the programme through use of the 

find spots' command. This process can be performed using spots from a single image or 

from multiple images. 

Autoindexing then uses the selected spots to estimate potential cell parameters, crystal 

orientations and also gives a putative Bravais lattice. To each potential solution, the 

program assigns a penalty which is based upon the fit of the 14 lattice characters to the 

primitive triclinic solution and is normalised to give a maximum penalty of 999. The 

program shows all solutions with a penalty less than 200. In general, better solutions can be 

obtained by altering the signal-to-noise ratio range in which spots are analysed and 

therefore picking and indexing more, or less, spots to be autoindexed. Solutions with the 

highest symmetry after a large drop in penalty are generally chosen as candidates. Once a 

solution is picked, MOSFLM refines the solution and applies a user-input space group, 

while also refining the main beam position. 

Mosaicity is the spreading of spots recorded, and can be caused by imperfections in the 

crystal lattice and generally increase over the course of an experiment due to crystal 

damage from exposure to the X-ray beam. MOSFLM has a built-in function for mosaicity 

estimation. It is best to check the mosaicity for a few images spread throughout the data 

set. The average value is normally taken for further processing steps as an initial estimate. 
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When all of the parameters are available to MOSFLM, the program is able to predict where 

spots will be found given the entered parameters. MOSFLM will display a series of 

prediction boxes over an image which should overlap observed spots. If these predictions 

do not match the observed data fairly accurately it is possible that incorrect parameters have 

been chosen. The mosaicity estimate can also be checked at this point, although it can be 

expected to increase over the data set. 

* Ce/Z 

This process is run to obtain the best possible fit of calculated to observed spot position 

before integration. In other words, to gain accurate cell parameters before integrating spot 

intensities. Post refinement uses the phi centroids of reflections which are spread across 

adjacent images to refine the cell parameters, crystal mis-setting angles and mosaic spread 

independently of camera parameters (e.g. crystal to detector distance, Y scale (the relative 

scale factor in the detector Y direction) and tilt and twist of the detector). 

A minimum of two adjacent images are required, with a sufficiently large number of 

completely recorded partials for good statistics, depending on the mosaicity of the images 

across the data set. If higher mosaicity is observed, then more images will be required. 

Also, it is best to use at least two segments of data separated by -90°. 

All of the above tasks are generally run interactively through the MOSFLM graphical user 

interface. 

The following procedure is run as a batch job using a purpose-built input file, containing all 

of the relevant information about the integration parameters required. This fully integrates 

all of the images and outputs a reflection (.mtz) file, containing spot positions and 

intensities. 

After the batch job has completed there are three files that must be checked for various 

values; 

65 



1. The 'SUMMARY' file can be used in conjunction with 'loggraph' to view graphically 

the parameters throughout the data set that have varied over the course of the data 

processing, thus far. Each graph should be checked to make sure there are no sharp 

discontinuities and that all graphs vary smoothly through the processing run. It is 

especially important that 'Y scale' and detector distance do not vary greatly over the 

processing run as a large random variation in either indicates that post-refinement was not 

performed correctly and, therefore, one or more parameters could be unreliable. 

The residuals (RESID) and weighted residuals (WRESID) for each image should remain 

constant. These values describe the quality of the spot prediction. Values for residuals 

should remain at -0.1mm or below, and values for weighted residuals should remain at 

-1.0 or below. 

Also I/sigma(I) graphs should be checked for crystal degradation over time and therefore 

the highest achievable resolution for the later images of the data set. 

2. The end of the 'Mosflm.lp' file should be checked for 'warning', 'error' and 'severe 

error' messages. 'Warnings' generally show that MOSFLM has detected a parameter that 

is not optimal and has made an attempt to correct it, and these can generally be ignored. 

'Errors' indicate where something has gone wrong and MOSFLM has been unable to 

correct it. In most cases the problem can be solved simply be following the 

recommendations in the message associated with the error. 'Severe errors' or 'fatal errors' 

indicate that a problem has occurred so as to cause termination of the integration run. 

Again this can sometimes be fixed by following the recommendations of the associated 

message. However, in extreme cases these errors may only be fixed by contacting the 

program authors. 

It should also be checked that there were not excessive numbers of bad spots determined. 

The final 'rms residual' for each integrated image should also be checked. As in the 

'SUMMARY' file it should remain at -1.0. Again I/sigma(I) should be checked and 

should be at least 1.0 in the highest resolution shell of data. 
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If any of these factors do not fall within the boundaries set, integration must be rerun until 

their values are within recognised ranges. 

3. The final \mtz ' output file can be checked and altered using 'MTZDUMP'. The main 

thing to check is that it contains the correct number of batches (images) and also to check 

that the experimental details are correct i.e. wavelength, resolution limits, space group etc. 

2.19.2 SORTMTZ 

Sortmtz is now used to organise the symmetry related reflection list in the \mtz' file output 

from MOSFLM on the basis of h, k and 1 (Collaborative Computational Project, 1994). 

2.19.3 SCALA 

Scaling and merging is the next step in data processing. This attempts to put all symmetry 

related reflections (known as multiplicity) on a common scale and also provides the main 

diagnostics of data quality. Scaling is essential as it smoothes out fluctuations between one 

image and the next. Various physical factors lead to observed intensities being on a 

different scale. Among these factors are radiation damage to the crystal, beam intensity 

fluctuations and variations in the crystal thickness during the data collection. Scales are 

determined by comparison of symmetry-related reflections i.e. by adjusting scale factors to 

get the best possible internal consistency of intensities (Collaborative Computational 

Project, 1994). 

Once the programme has been run, the following files should be checked: 

1. 'ROGUES' should be checked for those reflections that have been rejected because the 

symmetry equivalents differ considerably and also those reflections where Emin (the 

normalised structure factor amplitude) is too large. 

2. In the 'Scala.log' file the values of Nbias, Rmeas, I/sigma(I), multiplicity and 

completeness should all be checked for consistency and should all adhere to certain values 

(Table 2.6). Rmeas gives a good, stable measurement describing the internal consistency of 

the input data set and gives higher and more accurate values than R-merge, which has 

classically been used as an indicator of dataset consistency. 
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Factor Recognised value 

Bias -0.001 or below 

Rmeas -0.1 or below 

I/sigma(I) -2.0 or above 

Multiplicity -2.0 or above 

Completeness -80% or above 

Table 2.6 Recognised values for acceptable data processing of crystallographic data 

Also within the input file it has been suggested that manipulation of the SDadd factor above 

0.03 in order to balance standard deviation values to -1.0 for full and partial reflections 

could show incorrect data processing, however this is not definitive. 

2.19.4 TRUNCATE 

This program generates structure factor amplitudes from spot intensities. 

Each reflection that hits the detector can be described as a complex wave, decribed by a 

Fourier series composed of Fourier terms. Each term is a simple sine or cosine function 

whose wavelength is an integral fraction of the wavelength. The Fourier series that 

describes a diffracted X-ray can be described by a structure factor equation and the 

computed sum of the series for reflection hkl is called the structure factor amplitude {Fhki)-

Each term within Fhki describes the contribution of one atom to the reflection hkl and can be 

expressed as: 

Equation 2: ^ 

The contribution of atom j to Fhu depends on the element (i.e. its atomic structure factor 

(fj)) and on its position within the unit cell (xj, yj, zj). which establishes the phase of its 

contribution. 

In the log file the Wilson plot can be checked to roughly assess the success of the scaling. 

In addition, an estimate of solvent/protein content of the asymmetric unit can be obtained. 
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Systematic absences 

Certain symmetry related elements in the unit cell can cause specific reflections to be 

missing, giving recorded intensities equal to zero. For example, a two fold screw axis (2i) 

along the c edge causes all 00/ reflections having odd values of I to be missing. These 

systematic absences can give a good insight as to whether the space group chosen for 

processing of the data has been chosen correctly, by checking the processed data against the 

expected systematic absences associated with a certain space group. These can be checked 

utilising the CCP4 program HKLVIEW (Phil Evans, MRC LMB, Cambridge) that can 

actively display certain zones of reciprocal space ascertained from the processed data. 

2.19.5 Molecular replacement 

So far in the processing, amplitudes have been found from the diffraction spots. However, 

to develop an electron density map, phases for the diffraction spots are also needed. These 

can be found either by using molecular replacement, direct methods, isomorphous 

replacement or anomalous dispersion. In the case of this study two molecular replacement 

methods were used. 

Since the structures of several ALAD enzymes were known, molecular replacement was 

attempted. Four programs associated with or incorporated into the CCP4 suite were used: 

AMORE (Navaza, 1994), BEAST (Read, 2001), MOLREP (Vagin, 1997) and XPLOR 

(Brunger, 1990). Each of these programs essentially does the same job; finding the phases 

from the experimental data. The programs differ in the methods and therefore algorithms 

they use to determine the phases. 

Molecular replacement determines the orientation and positions of a molecule in the unit 

cell using a previously solved structure as a search model (Figure 2.15). The search and 

target molecules must have reasonable sequence identity (>25%) for there to be a good 

chance of success. Similarly, having a data set with good completeness can be crucial. 

There are two factors each program determines through molecular replacement, known as 

the rotation and translation functions. 
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X'=[C]X+t 

Figure 2.15 An illustration of molecular replacement methods. 

Molecular replacement is dependant upon superimposing the known structure (X) on the target structure (X') 

in its unit cell. The transformation of X to X' is described by the equation X ' = [C]X+t where C is the 

rotational matrix that rotates the co-ordinates of X into a new orientation and t is the translational factor 

defining the new position. The success of molecular replacement is dependant upon the accuracy and indeed 

the ability to determine 3 orientational parameters (rotation function) and 3 translational parameters 

(translation function). 

The rotation function is defined by three parameters called Eulerian angles (a, P and y) and 

the translation function by a further three translational parameters (tx, ty and tz). This makes 

a total of six parameters to search for to complete a molecular replacement. In theory it is 

possible to search for all six parameters in parallel, but in practice, this would take an 

incredible amount of time, even with powerful computers. An alternative method was 

devised by Rossman and Blow (1962). They demonstrated that the search for the 

orientation of similar subunits in a unit cell could be divided into two parts by using the 

Patterson function, namely the rotation and translation functions. 

The Patterson function 

The Patterson function is the Fourier transform of the experimental intensities and, as such, 

requires no phase information. The Patterson map can be derived from the equation: 

Equations: i j , , , , , ^ Z \F„ " 
y h k I 

hkl I ^ 
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The Patterson map (for an example see Figure 2.16) calculated using this equation consists 

of peaks corresponding to all of the interatomic vectors. Each pair of atoms in the real unit 

cell gives rise to two peaks in the Patterson cell (i.e. for N atoms in the real unit cell there 

would be in the Patterson cell). The Patterson cell also contains an origin peak which 

describes vectors of zero length, corresponding to vectors between the atom and itself. 

Therefore, the Patterson unit cell consists of N^-N non-origin peaks. It is plain from this 

that the higher the number of atoms in the real cell, the higher the number of vectors to be 

assigned and therefore the more densely packed the Patterson map becomes and the harder 

interpretation becomes. 

(a) (b) 

Figure 2.16 An example of a Patterson map (b) derived from a simple two-dimensional real cell 

containing three atoms (a). 

The Rotation and Translation functions 

The rotation function is evaluated either in real (Patterson) or reciprocal space with the 

difference between the programs used being the type of algorithms employed. With the 

Patterson map from a known structure the intramolecular vectors are independent of the 

position of the structure in the unit cell as long as no rotation occurs. When rotation is 

applied to the model, the arrangement of the intramolecular vectors changes and this is how 

the model is utilised so as to match the orientation of the target model. The purpose of the 
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rotation function is to search for matches between the Patterson map, or its reciprocal-space 

analogue, for the observed intensities of the target model. The results of rotation searches 

are normally evaluated in a search grid in Eulerian or polar angles covering the entire 

region of rotational interest. Grid points that coincide with the correct angular parameters 

are generally expected to give high rotation function values. The rotation function at other 

grid points can be used to estimate background noise. 

Once an acceptable rotation function has been found, the determination of the translation 

function can begin. The translation function is used to determine the position of the search 

model with respect to the undetermined target structure. This search relies on the cross-

vectors in the Patterson function and, in effect, the search model is moved around the unit 

cell and the cross-vectors are calculated and compared with the native Patterson map. 

The programs used, generally output a large volume of peaks that correspond to predicted 

rotation vectors and these are evaluated by their correlation coefficient (an indication of the 

matches between the models which is independent of phase) and the free R factor (an 

indication of the level of disagreement between the models). 

2.19.6 Refinement and Model Building 

Refinement is the process by which the improvement of the agreement between the 

calculated and the observed structure factor amplitudes is undertaken. This method is 

generally referred to as reciprocal space refinement and requires the adjustment of atomic 

positions (x, y, z) to values that coincide with the observed structure factor amplitudes. 

Least square refinement is undertaken by selecting atom positions that minimise the squares 

of difference between corresponding calculated and observed structure factor amplitudes 

and this process is expressed by equation 4: 

Equation4: = 

Where (p = sum of the squared differences between observed and calculated structure factor 

amplitudes. Whki = weighting of the difference which is dependant upon the reliability of 

the measured intensity. 
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The parameters refined throughout the process include atomic positions, temperature 

factors (B-factors) and occupancy. A major problem associated with refining protein 

molecules is the large numbers of atoms present in the structure resulting in poor 

observation-to-parameter ratios. Therefore, constraints or restraints are used in the 

refinement to overcome this problem. With constrained refinement, a fixed value is used 

for a certain parameter, e.g. to fix bond lengths and angles, allowing only dihedral angles to 

vary and therefore decreasing the number of parameters to be refined. Restrained 

refinement, in contrast, imposes elastic conditions upon the parameters, allowing a 

variation of a certain amount for bond length and angle. There is a variety of programs 

capable of refinement and in this study SHELX (Sheldrick, 1998) and RESTRAIN 

(Driessen et al, 1989) were used. 

Electron density maps and model building 

As well as computational refinement, manual model building is required during refinement. 

To be able to carry out manual model building, there is a requirement for electron density 

maps so that the model can be rebuilt into density where needed. Two types of electron 

density maps are normally calculated during model building. Maps are calculated using Fg-

Fc as the coefficient and these provide information about the new structure. Maps are 

calculated using 2Fo-Fc and these give an approximation of the electron density of the 

model and a difference map can be obtained. The phases that are initially rough estimates 

and the corresponding electron density maps can be relatively uninformative. The map can 

be improved through the use of any discernable unit cell contents to calculate new structure 

factors during the course of refinement and the phases of these structure factors are used 

along with the original native amplitudes to recalculate the maps. This can be a cyclic 

process by which the model is manually rebuilt. The model is then submitted for 

computational refinement and new maps can be built until the model becomes more 

accurate. The computational refinement program conducts minute adjustment to the atomic 

positions to improve the agreement between the amplitudes calculated from the current 

model and the original amplitudes measured in the native data set. In order to visualise the 

maps and model for model building the program TURBO-FRODO (Jones, 1978) was used. 
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Chapter Three: Characterisation of a recombinant Pisum 

sativum 5-aminolaevulinic acid dehydratase (ALAD) 

3.1 Introduction 

Previous work within the Shoolingin-Jordan group (Southampton University) has yielded 

purified ALAD from yeast, E. coli, human erythrocytes and P. sativum. Previous studies 

on P. sativum ALAD (Cheung et al, 1997) were conducted on a recombinant form of the 

enzyme which included a predicted chloroplast targeting sequence of ~70 amino acids in 

length attached to the iV-terminal end of the protein (Figure 3.1). This form of the enzyme 

had been shown to have a high specific activity of 280 |imol mg"' hr'^ and was also shown 

to require Mg^^ for activity, although activity could be demonstrated using Mn^^ or Co^^. 

Activity, however, was not supported by . 

10 20 30 40 50 60 

I I I I I I 
HTFVDLKSPF TLSNYLSFSS SKRRQPPSLF TVRASDSDFE AAVVAGKVTE APPVPPTPAS 

70 80 90 100 110 120 

I I I I I I 

PAGTPWPSL PIQRRPRRNR RSPALRSAFQ ETTLSPAWFV YPLFIHEGEE DTPIGAMPGC 

130 140 150 160 170 180 
I I I I I I 

YRLGWRHGLL EEVAKARDVG VTJSWLFPKI PDALKTPTGD EAYNEDGLVP RSIRLLKDKY 

190 200 210 220 230 240 
I I I I I I 

PDLIIYTDVA LDPYSSDGHD GIVREDGVIM NDETVHQLCK QAVAQARAGA DWSPSDMMD 

250 260 270 280 290 300 
I I I I I I 

GRVGAMRVAL DAEGFQHVSI MSYTAKYASS FYGPFREALD SNPRFGDKKT YQMNPANYRE 

310 320 330 340 350 360 
I I I I I I 

ALTEMREDES EGADILLVKP GLPYLDIIRL LRDNSPLPIA AYQVSGEYSM IKAGGALKMI 

370 380 390 
I I I 

DEEKVMMESL LCLRRAGADI ILTYFALQAA RTLCGEKR 

Figure 3.1 The protein sequence encoded by the full chloroplast precursor ALAD gene. The proposed 

chloroplast localisation sequence is shown in green, with the proposed mature enzyme N-terminus originating 

directly after the residues in green. The metal binding domain is shown in blue and the active site lysines in 

pink. 

74 



As with previous studies on the human and E. coli enzymes, it was demonstrated that the 

substrate ALA forms a Schiff base with the P-site of the plant enzyme, indicating that 

catalysis occurs in much the same way as in ALADs that utilise Zn^^. It was also 

established that the plant enzyme forms an octamer, as expected from studies with the 

human and E. coli enzymes. 

This chapter describes the synthesis of a recombinant P. sativum ALAD without the 

predicted chloroplast targetting sequence (Figure 3.1). An effective and reproducible 

purification procedure was developed to provide sufficient quantities of recombinant P. 

sativum ALAD for characterisation and crystallisation. The purification typically yielded 

7.25mg of purified enzyme per litre of growth media. 

Studies on the optimal temperature of recombinant P. sativum ALAD and E. coli ALAD 

revealed temperature optima of 25°C and 48°C, respectively - a marked difference 

considering the high similarity (66%) between the two species of ALAD. Studies of the pH 

optima of P. sativum have shown the enzyme to be most active at pH 9.3 and the assay 

conditions were reflected this accordingly. 

In addition, the chemical dimerisation of the substrate, ALA, to form a dihydropyrazine has 

been investigated under a variety of pH values in a range of biological buffers. 

Stability studies on the Mg^^-dependent ALADs have revealed a susceptibility to oxidation 

of thiol groups or protein aggregation via inter-octameric disulphide bridge formation, in 

contrast to what has previously been reported for Mĝ "̂  dependant ALADs. Monitoring of 

the protein activity loss by native PAGE has also implied possible breakdown in quaternary 

structure to form tetramers or dimers during the course of protein degradation. 

3.2 Synthesis of a recombinant P. sativum ALAD cDNA 

A recombinant P. sativum ALAD cDNA was synthesised by Dr M Sarwar (Southampton 

University). The double stranded coding region of 987 base pairs, encoding the 329 amino 

acids of pea ALAD was constructed from a total of 18 oligonucleotides, 9 for each strand. 

The primers had an overlap of approximately 10 base pairs. Only the codon specifying Pro 
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3 was changed, from CCC to CCG, as CCC is known to be a weakly expressing proline 

codon in E. coli. The 5'-end of the cDNA was engineered with an Ndel restriction site and 

the 3'-end with a BamRl restriction site. These restriction sites enabled insertion of the 

cDNA into the required plasmid vector for expression in a bacterial host. Once 

synthesised, the recombinant pea ALAD cDNA was cloned into the pT7-7 vector (Tabor, 

1985). The pT7-7 vector contains the T7 RNA polymerase promoter. T7 RNA polymerase 

is a very active enzyme that synthesises its complimentary RNA several times faster than 

that of E. coli RNA polymerase and is incorporated into the genome of genetically 

engineered bacteria used for protein overexpression. 

After cloning, the cDNA insert was sent for sequencing by Oswell (Southampton, UK) 

(Figure 3.2). The sequence of the plasmid DNA showed the correct insert had been 

synthesised in the correct position (Figure 3.1). 

1 AACGANCGNA QTrACTCTNH TGAAAASCCC AAAAAANGTT TTACTATAAN AAGGAtSATAT ACAtSTOCCG ATCCAGCGTC SICCGCGCCG IMKXGCCGC 100 
101 TCTCCCGCAC TTAGATCGGC GTTTCAGGAA ACAACTCTAT CACCTGCGAA TTTTGTATAT CCACTGTTTA TftCATQASGG TGAGGAGGAT ACCCCTATTG 200 
201 GGGCTATGCC TGGATGCTAC AGGCTTGGTT GGAGACACGG ACTTTTGGAA GAGGTTC3CAA AAGCACGGGA TGTTGGTGTT AACAGTCTTG TGCTCTTCCC 300 
301 CAAAATTCCA GATGCTITGA AGACCCa;aC AGGAGATGAA GCATATAATG AGGATGGTTT AGTGCCTCGG TCTATACGAT TGCTCAAGGA TAAGTACCCT 400 
401 SATCTTAITA TTTACACAGA TCTTCCATTA GATCCTTATT CGTCRGATGG ACATGATOGC ATAGTCAGfG AAGATGGAGT TATIATCAAT GATGACfCIO 500 
501 TTCATCAGCT TIGTAAACAA GCTCTAGCCC HGGCACGGGC TGGAGCAGAT GTTGTCAOX CCAGCGATAT GATGGATGGT CGC3GTAC5C3AG CGATGCGAGT 600 
601 AGCTCTCGAT GCTTNAAGGC TNTCAGCATG TTTCTATTAT GTCATATACT GCAAAGTATG CAAGCTCATT OTATGCCCCA TTTAGAGAAG CATTGGATTC 700 
701 AAACCCCCGG TTTGNAGACA AGAAGACCTA CCAGATCAAA TCANCAAATN CAGAGAGGNN TTTACTGANA NGANGGAAGA TGSGTCTGAH GGRGCNIGAN 800 
801 ATOTGTTGGT AAAAACCCGC CTTCCTATTT GGANOTNATA AGGGTACTTA N3AGATAATT CTCCACTGCN AATOCCCATA C C A t W T m T G C m A A W m 900 
901 NAmrlATAAA AACCNGTGGG GCWfTAAAAA TGSMTGACAA AANNAAGGTA 1000 

Figure 3.2 The sequence derived from the sequencing map of the plasmid DNA analysed by Oswell 

(Southampton, UK). The start of the reading frame is indicated by a green bar above the start codon. The 

termination codon has a red bar above the codon. Bases not accurately determined by the computer software 

(N) were double checked with the sequencing map (Figure 3.3). The entire coding region consisted of 987 

bases corresponding to a protein of 329AA in length. 
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Figure 3.3 The sequencing map showing analysis of plasmid DNA specifying the shortened recombinant 

P. sativum cDNA derived from the hem2 gene. The computer-generated printout (Figure 3.2) was double 

checked against this sequencing map for errors and to resolve undetermined bases (Bases are predicted from 

the peak colours present: red = T, green = A, blue = C and black = G). 

3.3 Purification of shortened recombinant P. sativum ALAD 

3.3.1 Initial protein expression studies 

A number of colonies harbouring the recombinant plasmids were selected for 

characterisation by SDS PAGE and activity assays. Cultures were grown for each clone, 

which was sonicated and centrifuged to give supernatant and pellet fractions. SDS PAGE 

analysis indicated that the required protein was soluble and that sufficient protein could be 

obtained to proceed with the enzyme purification. Large scale (800mL) cultures were 
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therefore grown following the confirmation of soluble protein expression. Bacterial pellets 

from this large-scale growth could be stored at -20°C without any significant loss of 

enzyme activity. In order to characterise and crystallise the recombinant pea ALAD, an 

effective and reproducible purification procedure was developed. 

3.3.2 Cell growth 

Sample cultures (20mL) of the shortened pea ALAD gene construct were grown overnight 

at 37°C. These sample cultures were then used to inoculate 800mL flasks of Luna broth 

media and grown to an OD of 1. The cells were then induced using IPTG and incubated at 

15°C for a further 48 hours. The cells were then centrifuged at 6,000 x g for 12 mins and 

the pellets stored at -20°C. 

3.3.3 Sonication and heat treatment 

Frozen cells were thawed and resuspended in 50mM Tris/HCl buffer, pH 8.0, containing 

lOmM MgCb, lOmM P-mercaptoethanol and lOmM PMSF. The cells were then sonicated 

and a heat treatment was performed (50°C for 3mins). The resultant sample was then 

centrifuged for 30 mins at 10,000 x g. 

3.3.4 DEAE ion exchange chromatography 

The above supernatant was then loaded directly onto a DEAE ion exchange column, 

equilibrated with 50mM Tris/HCl buffer, pH 8.2, and the fractions were eluted in a linear 

gradient from 0-500mM NaCl dissolved in the aforementioned buffer in a total volume 

500mL. 

3.3.5 Sephacryl S-300 gel filtration chromatography 

The fractions with the highest specific activity were pooled and then loaded onto an 

Sephacryl S-300 gel filtration column, equilibrated in 50mM Tris HCl buffer, pH 8.4, and 

the fractions were collected. The samples with the highest specific activity were pooled. 
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3.3.6 Protein purification overview 

Stage of 

Purification 

Volume 

(mL) 

Total 

Protein (mg) 

Total 

Activity 

Specific 

Activity 

(mnol/mg/ml) 

% Yield 

Sonication 60 8123 1973/1 2.4 100 

Heat treatment 60 104.6 1214.2 11.6 62 

DEAR 58 2^6 464.7 225 23 

S-300 45 125 397^ 3L8 20 

Table 3.1: Analysis of purification of pea ALAD through specific activity and yield at different stage of 

the purification. 

The specific activity of the pure recombinant P. sativum enzyme is a great deal lower than 

that determined for the pure wildtype P. sativum ALAD with the chloroplast targeting 

sequence present (~240)j,mol mg'^ hr"'). The maximum specific activity recorded for the 

purest fractions was ~70)j,mol mg"' hr"'. In comparison to the human (Mills-Davies, 2000; 

Butler, 2003) and E. coli (Norton, 1999) this figure is still relatively high, where the 

maximum specific activities recorded were -45|imol mg'^ hr"̂  and ~35|j,mol mg"^ hr'^ 

respectively. 

W 

Overall purification: 

1. BioRad marker 

2. Cells 

3. Sonication 

4. Heat treatment 

5. DEAE column 

6. Gel filtration 

Figure 3.4 Gel showing purification stages of recombinant P. sativum ALAD 
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3.4 Mass spectrometry of the purified recombinant ALAD. 

Samples of P. sativum ALAD were analysed on a Micromass VG Quattro II mass 

spectrometer. Samples of protein were prepared by diluting the enzyme to 0.1 mg ml"' in 

50:50:1 acetonitrile:water:formic acid solution. 

The predominant peak exhibited a molecular weight of 36711 with another species of 

molecular weight 36638 observed. Neither molecular weight matches the predicted 

molecular weight from the amino acid sequence (36611). The peak corresponding to a 

molecular weight of 36711 would possibly correspond to a molecule of 2-mercaptoethanol 

bound to a free cysteine and one magnesium ion bound to the subunit (36611 + 78 +24 = 

36713). The peak of molecular weight 36638 could well correspond to a subunit with one 

magnesium ions bound (36611 + 24 = 36635), which is interesting, as the magnesium 

dependent ALADs are reported to have a low binding affinity for the magnesium ions. 

PEAALAD 20(1.059) 

100 
Scan ES+ I 

G.53e6' 

i ' I f, 
_350pg 35200 35400 35600 35800 36000 36200 36400 36600 36800_ ,37000 _ 37200 37400 37600 ^ 7 8 0 0 38000 

Figure 3.5 A mass spectra of the purified P. sativum ALAD. Two predominant species are observed at 

molecular weights of 36638 and 36711. 

The suggestion that a surface cysteine (Cys 324) in one subunit may make a disulphide 

bond with the equivalent cysteine from an adjacent subunit within the dimer has been 
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suggested (Kervinen et al, 2000). The location of these cysteines between neighbouring 

subunits in the dimers of the octameric structure are shown (Figure 3.6). 

c324 c324 

C324' C324 

c32d' 

c324' c324 

Figure 3.6 A model of the P. sativum ALAD based on the crystal structure of P. aeruginosa. Cys324 of 

one subunit is indicated in orange and cys324' of the neighbouring subunit is indicated in blue. (Reproduced 

from Kervinen et al. (2000)). 

3.5 Optimal temperature studies 

Enzyme assays were conducted using lOpg of pure pea enzyme at temperatures from 12°C 

to 43 °C, following the protocol previously described in the methods section. The 

temperature optimum for the pea ALAD was found to be ~25°C (Figure 3.7) and similar 

treatment of the E. coli ALAD showed a temperature optimum of ~48°C (Figure 3.8). As 

can be seen from these graphs, the temperature optima for the two enzyme species vary 

substantially, given that they share 66% amino acid similarity. 

The variation in the graphical data could well be explained by dissociation of the octameric 

structure into either dimers or monomers at certain temperatures, or, alternatively, 

dissociation of aggregates into octamers at higher temperature. It would appear to be more 

likely that octamers dissociate into tetramers or dimers, rather than monomers, since the 

strength of the interactions between monomers has been noted by crystallographers as 

being the strongest. 
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However, one other possible reason for the radical changes in temperature affects could 

result fi-om the changes in pH of buffers as a function of temperature (up to 0.5 pH units) 

and this could influence the enzyme activity observed. This is thought unlikely, however, 

due to the broad pH range over which both the recombinant P. sativum and E. coli ALADs 

are optimally active. 

Temperature Optimum Pisum sativum ALAD 

25 30 

Tempera tu re 

Figure 3.7 The effects of temperature on recombinant pea ALAD over a SO^C temperature range, with 

a temperature optimum at ~25°C. 
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Temperature Optimum E.coli 

30 35 

Tempera tu re 

Figure 3.8 The effects of temperature on E. coli ALAD over a temperature range of 40°C, with a 

temperature optimum of ~48°C. 

3.6 Optimal pH studies 

Enzyme assays were conducted using lO^g of pure enzyme in a variety of assay buffers 

over a wide pH range. The buffers were chosen because of their buffering capacity over 

the desired pH. The buffers used were Tris, Z?/5-Tris propane and CHES. Each assay buffer 

was made up at the required pH with the addition of lOmM MgCli and ImM 2-

mercaptoethanol. The pH optimum tests were also conducted with buffered ALA (lOmM 

Tris/HCl buffer, pH 7.0) to determine any effect of buffering the substrate. The assay was 

then conducted as described in Chapter Two. The results are shown in Figures 3.9 to 3.11: 
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Figure 3.9 The effect of pH on enzyme activity over the 7.4-8.8 pH range using 50mM Tris/HCl buffer 

and also buffered and non-buffered substrate at a concentration of lOmM. 

50mM 6/s-Tris propane/HCI 

U 0.5 

Non-buffered 

Buffered 

•5 0 .3 

^ of 

pH 

Figure 3.10 The effect of pH on enzyme activity over the 8.0-10.4 p H range using 50mM fiw-Tris 

propane/HCI buffer and also buffered and non-buffered substrate at a concentration of lOmM. 
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50mM CHES/NaOH 

5 0.25 - Non-buffered 

- Buffered 

Figure 3.11 The effect of pH on enzyme activity over the 8.5-10.0 pH range using 50mM CHES/NaOH 

buffer and also buffered and non-buffered substrate at a concentration of lOmM. 

The highest observed activity can be seen using 50mM Zjw-Tris propane/HCl buffer at pH 

9.3. Unfortunately buffering of the ALA resulted in a reduction in activity, in some cases 

by over 50%, and this was observed to have a greater effect at higher pHs suggesting that 

the effective ALA concentration was less. 

3.7 Investigating the dimerisation of ALA into a pyrazine 

From the results gained from characterising the pH optimum of the recombinant ALAD 

enzymes, buffering of ALA can be seen to reduce the observed activity of the enzyme over 

the given pH ranges. This can possibly be explained by the chemical instability of ALA in 

base causing dimerisation to dihydropyrazine. 

Previous work (Butler, 1992; Novo, 1996) investigating the dimerisation of ALA has 

shown the chemical dimerisation to be an irreversible process at alkaline pHs, with 

production of two different products, a dihydropyrazine and pyrazine (Figure 3.12). 
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HOOC HOOC HOOC 

COOH COOH 

2,5-(B-carboxyethyl)-dihydropyrazine 2,5-(B-carboxyethyl)-pyrazine 

Figure 3.12 The chemical dimerisation of the substrate, ALA. The substrate may dimersise to form 2,5-

(P-carboxyethyl)-dihydropyrazine that is readily oxidised to 2,5-(B-carboxyethyl)-pyrazine under aerobic 

conditions. 

'H NMR studies were conducted to investigate the rate of formation of the pyrazine and 

therefore the potential reduction in available substrate at the pH values and temperatures 

investigated above for the P. sativum, E. coli and for the human recombinant ALAD 

enzyme. 

Assay buffers were prepared, as described in the methods section, omitting any metal ions. 

'H NMR spectra were recorded for the assay buffers before the addition of ALA, to a final 

concentration of lOOmM. Following addition of ALA to the buffer, 'H NMR spectra 

(Figures 3.13 and 3.14) were recorded every 20 minutes to monitor any dimerisation of the 

ALA. The experiment was repeated for each assay buffer at both 25°C and 37°C. A 

control was also run to monitor the dimerisation of lOmM ALA in AnalaR water over a 

24hr period. 
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AV 
-r—p-
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Figure 3.13 H NMR spectra of the E, coli assay buffer without ALA, and then a further spectrum after 

ALA addition at 37°C. Peaks labelled in yellow (5=2.60, 2.90 and 4.20) correspond to ALA. Peaks labelled 

in orange (8=2.80 and 3.80) and purple (5=3.05 and 4.00) show the active and the disulphide form of 2-

mercaptoethanol, an integral part of the assay buffers. 
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Figure 3.14 The final 'H NMR spectra for the experiment following the dimerisation of ALA under the 

E. coli assay conditions at 37°C. The additional peaks are labelled in blue, and these coincide with the 

dihydropyrazine product formed by the chemical dimerisation of ALA. 

NMR assignments for the different compounds were conducted and the peaks for ALA 

and the product integrated were used to calculate the percentage conversion of ALA to 

pyrazine (Figure 3.15). 

Based upon the ' h NMR observed it was assumed that the major product formed from the 

dimerisation was most likely to be the pyrazine rather than the dihydropyrazine. This was 

based upon the fact that the dihydropyrazine would be predicted to give an additional peak 

at ~3.0ppm, and no major peak could be observed corresponding to this. It was therefore 
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assumed that under aerobic conditions that the dihydropyrazine product of the dimerisation 

was most hkely to be rapidly oxidised to the pyrazine product. 

Characterisation of ALA conversion to pyrazine 

S 70 

m 40 

* 30 

——pH 6.8 and 25*C 
pH 6.8 and 37°C 

pH 8.0 and 25°C 

pH 8.0 and 37°C 

pH 9.3 and 25°C 

pH 9.3 and 37'C 

M ^0 
Time (mins) 

Figure 3.15 Formation of ALA pyrazine over time. Experiments were conducted at pH 6.8 (potassium 

phosphate buffer), pH 8.0 (potassium phosphate buffer) and pH 9.3 (Z^w-Tris propane/HCl buffer) at 

temperatures of 25°C and 37°C. 

It can be seen that the increase in pH, and also temperature, increases the speed at which 

the pyrazine forms. Given that the average F. sativum ALAD assay is conducted over 10 

minutes at 25°C or 37°C, the importance of these results, particularly with regard to 

enzymes assayed at high pHs, can be seen - at least 20% of the substrate is lost to form 

pyrazine under these conditions over a 10 minute time period. Therefore the recorded 

activity of the enzyme could be somewhat underestimated at elevated pHs and temperature. 

This effect could be magnified if the pyrazine was an ALAD inhibitor. 

3.8 Stability of recombinant P. sativum ALAD 

Stability of recombinant pea ALAD was tested at room temperature (18°C), at -20°C and at 

-80°C, with and without a nitrogen environment. Samples were assayed every 24 hours 
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over a 12 day period. Samples were also taken at each 24 hour interval and analysed by 

SDS PAGE and native PAGE. Results are shown in Figures 3.16 - 3.18 for each condition: 

Enzyme stability at room temperature 

= 40 

100 150 

Time (hours) 

200 

Figure 3.16 A graph showing a time course of enzyme stability at 18°C over 12 days. 

47 

31 
ALAD 

,Degradation 
product 

M 2 4 4 a 7 2 9 6 1 2 0 1 4 4 1 6 6 

Figure 3.17 SDS PAGE gel of samples taken over the enzyme stability time course (24 hrs to 168 hrs). 
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Figure 3.18 Native PAGE gel of samples taken over the enzyme stability time course (24hrs - 96hrs). 

The major cause of instabihty appears to be due to aggregation and precipitation of the 

protein over time to form a white precipitate. This would appear to be due primarily to 

oxidation, as attempts to keep the enzyme under a nitrogen environment increased the 

lifetime. The loss of the enzyme from solution can be seen by SDS PAGE gel. Also the 

native PAGE gel shows dissociation of the subunits of the octamer into either tetramers or 

dimers over the same time period. 

The apparent aggregation of subunits could have been due to the availability of a free 

cysteine residue as mentioned previously (Cys324) (Kervinen et al, 2000) which would 

allow the formation of disulphide bridges between different octamers (Figure 3.6). In light 

of this, a single point mutation was generated by Dr M. Sarwar (Southampton University) 

in order to investigate this possibility. 
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3.9 Recombinant P. sativum ALAD with a mutation of cysteine 326 to 

alanine 

The mutant Cys326Ala was purified by the same method as that for the recombinant P. 

sativum and yielded similar results and a similar specific activity. The stability of the pure 

protein was investigated under similar conditions to those discussed above for investigating 

the stability of the native enzyme. However, no significant differences in stability in 

solution were observed. 

3.10 Discussion 

In conclusion, a shortened recombinant form of the P. sativum hem2 gene has been 

synthesised and shown to overexpress in E. coli BL21(DE3). A new growth and 

overexpression protocol has been optimised and, along with a newly devised purification 

technique, has allowed consistent production of milligram amounts of the P. sativum 

ALAD protein. The new purification technique has allowed production of protein in three 

days in comparison to previous protocols, which on average took five days. Additionally, 

the specific activity of the shortened P. sativum ALAD has been observed to be much lower 

(70|imol mg"̂  ml"^) than that observed for the full length protein (280 (imol mg"̂  ml"^) 

(Cheung et al, 1997). The protein has been characterised by mass spectroscopy, SDS-

PAGE electrophoresis and non-denaturing gel electrophoresis yielding results indicating an 

0ctameric/hexameric protein with a monomeric subunit Mr of 36,611, consistent with the 

predicted size derived from the nucleotide sequence. 

Investigations into the optimal pH and optimal temperatures for the P. sativum and E. coli 

ALAD enzymes have yielded interesting differences between the two enzymes, especially 

considering the high overall similarity shown between their two primary amino acid 

sequences. Additionally, this has allowed the optimisation of the conditions required for 

assays of the P. sativum ALAD (50mM ^zly-Tris propane, pH 9.3) that, interestingly, differ 

from those previously reported for the full length P. sativum ALAD (50mM Tris-HCl, pH 

8.5) (Cheung et al, 1997). The data observed have also indicated the possibility of 

dissociation of the quaternary structure of both the P. sativum and E. coli ALADs over the 
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temperature range shown. The observation of what appear to be two distinct pH optimums 

for the P. sativum enzyme could be indicative of an octameric-hexameric equilibrium, with 

corresponding differences in characteristics for each quaternary form. 

Quantitative NMR investigations into the chemical dimerisation of ALA into the pyrazine 

and dihydropyrazine under aerobic conditions have been undertaken and have highlighted 

the importance of pH and temperature when working with this reactive substrate under 

assay conditions of ALAD. Further investigations could be undertaken to determine 

whether the dihydropyrazine and/or pyrazine, formed from this dimerisation reaction, can 

inhibit the enzyme. 

Stability of the enzyme in solution under various conditions has been monitored. Results 

indicate that oxidation appears to play an important role in the stability of the enzyme, 

along with aggregation of the subunits through interaction between octamers. By the use of 

a Cys324Ala mutant, the formation of disulphide bridges between octamers, through 

Cys323 residues, has been investigated as a possible cause of aggregation. Results 

however did not support this theory. 

Additionally, native gel electrophoresis experiments monitoring molecular changes to the 

enzyme have indicated that, as the protein precipitates, the quaternary structure of the 

enzyme alters and an equilibrium appears to form between two species - potentially an 

octameric form and also a smaller molecular species. It is possible, since during the 

degradation process the concentration of the protein decreases in solution, that this 

indicates a concentration dependence for formation of the octamer in solution. This has 

been indicated in previous work on ribonucleotide reductase where the concentration of the 

enzyme determines the quaternary structure in association with ATP concentrations 

(Kashlan, 2003). The observations may indicate that the formation of different quaternary 

structures of ALAD could be mediated not only by enzyme concentration, but also by the 

concentration of Mg^^, temperature and pH. 
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Recent work on the Phel2Leu mutant of human erythrocyte ALAD has implied that this 

variant, with a mutation in the ^-terminal arm of the monomer, forms a stable hexamer. As 

has been stated previously, the TV-terminal arm is essential for contacts between monomers 

within the dimer and the rearrangement of the arm due to the mutation, results in profound 

changes in kinetic behaviour for the enzyme. The hexamer has been shown to be composed 

from three dimers each rotated 120° around a central axis. This is in contrast to the 

structures characterised so far, where the dimers are described to be "hugging", where the 

TV-terminal arm from one subunit of each dimer wraps around the barrel region of its 

neighbouring subunit. The new hexameric structure describes the dimer formation as being 

"detached", where the dimer maintains the barrel-to-barrel contacts but the TV-terminal arms 

are detached rather than "hugging", which allows the formation of the hexamer (Breinig, 

2003). This could be applied to the shortened P. sativum construct where there appears to 

be several distinct peaks when assaying at different temperatures and pH values, which 

could indicate different oligomeric confirmations, dependant upon the TV-teminal arms 

confirmation at a given pH or temperature. It would be very interesting to conduct research 

into the conditions at which the dissociation from octamers into lower quaternary structure 

forms occurs and also whether the concentration of Mg^^ ions and substrate also affect 

quaternary structure. 

Further work needs to be conducted to characterise the stability of the recombinant 

shortened construct of P. sativum ALAD. This could possibly be achieved by modification 

and development of a better storage buffer and possibly by the addition of a higher salt so 

as to minimise interactions between octamers. 

94 



Chapter Four: Crystallisation of 5-
aminolaevulinic acid dehydratase 

4.1 Introduction 

Up until now, crystal structures of ALADs from yeast(Erskine etal, 1997), E. coli (Erskine 

et aL, 1999), human (Mills-Davies, 2000), and P. aeruginosa (Frankenberg et al, 1999) 

have been solved. These structures have given great insight into mechanism of the Zn^^ 

dependant mammalian and bacterial ALADs. The structure of the F. aeruginosa enzyme, 

however, has not provided the expected information about the nature of the M g ^ metal site. 

This, together with the fact that no ALAD structure has been solved for a Mg^^ dependant 

enzyme from a higher plant species, encouraged attempts to investigate the structure of the 

pea enzyme. 

This chapter describes the attempts to crystallize and gain a phase solution for the 

recombinant P. sativum ALAD datasets. Unfortunately, no structure was forthcoming, due 

to the inability to solve the phases associated with the data sets obtained. However, due to 

the complexity of acquiring good quality datasets, insight into the methodology of 

crystallization has been gained, that could not only benefit further work on the 

crystallization of this ALAD, but may also assist others working on the crystallization of 

different proteins. Similarly, with regard to the attempts to solve the phase problem, a 

modified protocol for the growth and expression of seleno-L-methionine-labelled pea 

ALAD has been devised and shown to be a valid method for the obtaining labelled protein 

for MAD experiments. 

4.2 Preliminary crystallisation condition screening 

Molecular dimensions Magic 100' screen and 'Clear Strategy' screens were used to 

ascertain conditions under which pure recombinant pea ALAD enzyme would crystallise. 

The hanging drop technique was used (see Chapter Two). 

Each screen was conducted using pure protein at a concentration from 2.5-15 mg/mL in 2.5 

mg/mL increments. Crystal forms that grew were analysed and assessed for desirable 

characteristics such as size (a minimum of 0.05mm in the shortest crystal edge), sharp 
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edges and overall perfection (Tables 4.1 and 4.2). Two of the conditions were selected 

using these discriminating factors: 

Condition one: 1.6M Ammonium sulphate, O.IM Mes pH 6.5, 10% w/v dioxane 

Condition two: 2% w/v Dioxane, O.IM bicine pH 9.0, 10% w/v PEG 20,000 

Crystals yielded by these preliminary conditions were frozen, with the addition of 30% w/v 

glycerol as a cryoprotectant, and added directly to a drop of mother liquor, and mounted on 

an X-ray beam. However, neither set of crystals gave consistent diffraction data and both 

sets of crystals disintegrated rapidly on the beamline at the ESRF, Grenoble. It was 

decided that in order to obtain better crystals, crystal screen variations would be required. 

Condition Shape Size (mm) Condition 

3 Rectangular plate >&03 Thin, sharp edges 

27 Cube <&03 Clean, sharp edges 

32 Cube <&01 Microcrystal, twinned 

45 Convex oval plate <&03 Thin, cracked surface 

53 Rod <&03 Thin, sharp edges 

57 Cube <&03 Microcrystal, twinned 

73 Rectangular plate >&03 Thick, slight surface cracks 

Table 4.1 'Magic 100' crystallization screen hits of pea ALAD 

Condition Size (mm) Condition 

12 <&03 Soft edged, unsuitable 

17 <&03 Soft edged, unsuitable 

18 <&03 Soft edged, unsuitable 

24 <&03 Soft edged, unsuitable 

Table 4.2 'Clear Strategy' screen one hits 
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Condition Size Condition 

18 <0 03 Soft edged, very fragile, unsuitable 

Table 4.3 'Clear Strategy' screen two hit 

4.3 Secondary crystallisation condition screening 

Subsequently, crystals screens were devised around the preliminary conditions in an 

attempt to gain larger and more stable crystals (Tables 4.4 and 4.5). As hoped, these 

screens did yield larger crystals, but these were only marginally more stable. Again, 

crystals from both condition screens were frozen and mounted. Crystals (Figure 4.1) from 

the condition one screen diffracted weakly to ~10A, but the crystals from the condition two 

screen again disintegrated on the beamline. At this point, condition one seemed more 

promising, so condition two was discarded as a line of investigation. 
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O.IM McspH 6.50 
7.5% dioxanc 
2.4M Ammonium 
sWphatc 

0.1MMes pH 6.75 
7.5% dioxane 
1.@v{ Ammonium 
sWphaCe 

0 .1MMcspH6 .75 
7.5% dioxanc 
2.4M Ammonium 
suJph^ 

O.IM Mes pH 7.00 
7 . 5 % dioxane 
1.6M Ammonium 
sulphate 

O.IM M e s p H 7.00 
7 J % dioxaie 
2.4M Ammonium 
sulphate 

3 

0 J M M « p H 6 . 5 0 
7.5% dioxmc 
I.6M Ammonium 

O. lMMes pH 6.50 
7.5% dioxane 
2.4M Ammonium 
sulphate 

0.1MMes pH 6.75 
7.5% dioxane 
1 . ^ f Ammonium 
sulphate 

O. lMMes pH 6.75 
7.5% dioxane 
2.4M Ammonium 
sul|*atc 

O . I M Mes pH 7.00 
7.5% dioxane 
1.6M Ammonium 
sulphate 

O. lMMes pH 7.00 
7.5% dioxanc 
2.4M Ammonium 4 

Table 4.4 Secondary crystallisation screen for condition one 
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A B c D E F 

O.IM Bicine pH 
8 j O 
3% Dioxane 
10% PEG 20.000 

O.IM Bicine pH 
8 ^ 0 
3% Dioxane 
15% PEG 20,000 

O.IM Bicine pH 

3% Dioxane 
10% PEG 20,000 

O.IM Bicine pH 
&75 
3% Dioxane 
15% PEG 20,000 

O. IM Bic inepH 
9.00 
3 % Dioxane 
10% PEG 20,000 

O.IM Bicine pH 

9 4 0 
3 % D m M M 
15% PEG 20,000 

I 

O.IM Bicine pH 
8 ^ 0 
3% Dioxane 
10% PEG 20,000 

O.IM Bic inepH 
&50 
3% Dioxane 
15% PEG 20,000 

O.IM Bicine pH 
&75 
3% Dioxane 
10% PEG 20,000 

O.IM Bicine pH 
8.75 
3% Dioxane 
15% PEG 20,000 

O. IM Bic inepH 
9 ^ 0 
3 % Dioxane 
10% PEG 20,000 

O.IM BicinepH 
9.00 

3% Dioxane 
15% PEG 20.000 

2 

O.IM Bicine pH 
&50 
5% Dioxane 
10% PEG 20,000 

O.IM Bicine p H 
&50 
5% Dioxane 
15% PEG 20,000 

O.IM Bicine pH 

5% Dioxane 
10% PEG 20,000 

O.IM Bicine pH 
&75 
5% Dioxane 
15% PEG 20,000 

O.IM Bic inepH 
9.00 

5% Dioxane 
10% PEG 20,000 

O.IM Bicine pH 
9 4 0 
5 % D m M W 
15% PEG 20,000 

3 

O.IM Bicine pH 
8jO 
5% Dioxane 
10% PEG 20,000 

O.IM Bic inepH 
8 j O 
5% Dioxane 
15% PEG 20,000 

O.IM Bicine pH 
&75 
5% Dioxane 
10% PEG 20,000 

O.IM Bic inepH 
&75 
5% Dioxane 
15% PEG 20.000 

O.IM Bic inepH 
9.00 
5% Dioxane 
10% PEG 20,000 

O.IM Bic inepH 
&00 
5 % D m M ^ 
15% PEG 20,000 

4 

Table 4.5 Secondary crystallisation screen for condition two 

Figure 4.1 Example of a crystal yielded by secondary crystallisation screening. 

The crystal was - l .Omm in length and was frozen under liquid ether and mounted on the in-house rotating 

anode X-ray generator. Diffraction data was gained to - 1 0 A was gained. 

4.4 Stability of crystals 

It was considered that a major factor in the poor resolution of the diffraction data may well 

have been related to the stability of the crystals (and therefore the protein). It was noted 

that a slight change of solvent conditions for the crystal did not change the overall crystal 

but did cause what seemed like slight damage to the surface of the crystal. This damage 

could also be caused by transferring the crystal to a cryo-loop and exposing the crystal to 

physical stresses. Therefore, further work was conducted; to improve the stability of the 

crystals by improving both the crystal packing and the crystallisation process; by the use of 

additional ligands; improving the crystal mounting procedure through the use of alternative 

cryoprotectants or wet mounting of the crystals. 
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4.5 Improvement of crystal packing 

Various factors are thought to influence the packing of crystals and, to investigate this, 

several approaches were undertaken. 

4.5.1 Temperature screening 

The temperatures at which the crystallisation screens are performed determine the rate at 

which vapour diffusion takes place. Attempts were therefore made to grow the crystals at 

4°C in a cold room, as opposed to 25°C at which all other previous screens had been 

conducted. Unfortunately these screens yielded no crystals, as has been noted for human 

ALAD. 

4.5.2 Oil interface 

The use of oils layered on the mother liquor in the wells is also thought to slow the rate of 

vapour diffusion between the hanging drop and the main buffer. Screens using paraffin 

oil, Dow Coming oil and a 50:50 mix of paraffin and D o w Coming oil were set up. 

Strangely, these screens yielded crystals faster than the previous conditions. The crystals 

obtained, however, showed no increase in diffraction quality. 

4.5.3 Ligand binding 

Co-crystallisation screens were set up using VmM concentrations of 5-aminolaevulinic acid 

(ALA), laevulinic acid (LA), 4,7-dioxosebacic acid (DOSA) and porphobilinogen (PEG). 

The screens with added ALA and LA yielded crystals. Again, diffraction data was not 

improved significantly. Also, ligand soaking was employed as a way of introducing 

selected ligands into the protein structure, but with little effect to the data observed. 

4.5.4 Site-directed mutagenesis 

Three mutants were designed that were thought to be good candidates for investigating 

metal binding at the proposed metal binding regions of the pea ALAD. It was thought that 

perturbing the binding of the Mg2+ ions could result in a trapped intermediate that would, 

in turn, result in a more stable and ordered crystal form. 
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Three mutants were generated by Dr M. Sarwar (Southampton University) each with a 

mutation in which aspartic acid was substituted by asparagine at the key positions 123, 131 

and 168 (Figure 4.2). These constructs were then grown, expressed and purified in a 

similar fashion to the native P. sativum enzyme. 

10 20 30 40 50 60 
I I I I I I 

MPIQRRPRRN RRSPALRSAF QETTLSPANF VYPLFIHEGE EDTPIGAMPG CYRLGWRHGL 

70 80 90 100 110 120 

I I I I I I 
LEEVAKARDV GVNSWLFPK IPDALKTPTG DEAYNEDGLV PRSIRLLKDK YPDLIIYTDV 

130 140 150 160 170 180 

I I I I I I 
ALDPYSSDGH DGIVREDGVI MNDETVHQLC KQAVAQARAG ADWSPSDMM DGRVGAMRVA 

190 200 210 220 230 240 

I I I I I I 
LDAEGFQHVS IMSYTAKYAS SFYGPFREAL DSNPRFGDKK TYQMMPANYR EALTEMREDE 

250 260 270 280 290 300 
I I I I I I 

SEGADILLVK PGLPYLDIIR LLRDNSPLPI AAYQVSGEYS MIKAGGALKM IDEEKVMMES 

310 320 
I I 

LLCLRRAGAD IILTYFALQA ARTLCGEKR 

Figure 4.2 The protein sequence encoded by the recombinant P. sativum cDNA derived from the hem2 

gene. The positions of the putative metal binding aspartates mutated are shown in red and the active site 

lysines in pink. 

These mutant recombinant P. sativum ALADs were all devoid of activity, and could not be 

activated by incubation with Mg "̂̂ . Pure protein was used for crystallographic trials using 

similar secondary crystallisation conditions as those used for the recombinant native 

enzyme. Unfortunately, although similar crystals were formed, no better quality diffraction 

data was obtained and further work was continued with the native recombinant P. sativum 

ALAD. 

4.5.5 Further pH dependant screening 

During initial screening, different crystal forms were occasionally and briefly observed at 

the higher and lower pH boundaries of the conditions. These observations suggested that 

across the small pH range over which the screens were conducted; two separate conditions 
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of crystal formation arose depending solely on the pH. Therefore, following this idea, a 

much wider pH screen was attempted over the pH range of 5 - 9.3 in 0.25 pH unit 

increments in order to see if a greater range of pH could yield additional pH-dependant 

crystallisation conditions. Over this range, three different crystal forms (see below) were 

observed. The photographs of these screens can be seen in Figures 4.4 - 4.7. 

. / 
/ / 

Rectangular 
plate 

Rounded 
rectangular 
plate 

Triangular 
rod 

Figure 4.3 Three different crystal forms were observed over the w i d e r p H range from pH 6.0 - 9.25. 

Although the physical ^pearance of the crystals varied over the entire p H range. preUminary data collection 

and interpretation showed that all three variations of crystal form had similar crystal packing and unit cell 

dimensions. 
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pH 6.50 pH 6.75 pH 7.00 pH 7.25 pH 7.50 pH 7.75 

1% 

2% 

3% 

4% 

Figure 4.4 Adapted crystal screen showing variation of crystal forms across a range of pH from 6.50-7.75 (rows), and dioxane concentrations 

from 1-4% (columns).Each well contained a standard concentration of 2.0M ammonium sulphate and VmM laevulinic acid. The crystals were grown 

within a drop composed of 5|il of lOmg mL"' protein solution and 5^1 of mother liquor. 

102 



pH 8.00 pH 8.25 pH 8.50 pH 8.75 pH 9.00 pH 9.25 

1% 

2% 

3% 

4% 

Figure 4.5 Adapted crystal screen showing variation of crystal forms across a range of pH from 7.75-9.25 (rows), and dioxane concentrations 

from 1-4% (columns). Each well contained a standard concentration of 2.0M ammonium sulphate and 7mM laevulinic acid. The crystals were grown 

within a drop composed of 5(il of lOmg mL"' protein solution and 5(j,l of mother liquor. 
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pH 6.50 pH 6.75 pH 7.00 pH 7.25 pH 7.50 pH 7.75 

1% 

2% 

3% 

4% 

Figure 4.6 Adapted crystal screen showing variation of crystal forms across a range of pH from 6.50-7.75 (rows), and dioxane concentrations 

from 1-4% (columns). Each well contained a standard concentration of 2.0M ammonium sulphate, 7mM laevulinic 

acid and an excess of EDTA. The crystals were grown within a drop composed of 5|il of lOmg mL"' protein solution and 5^1 of 

mother liquor. 
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pH 8.00 pH 8.50 pH 8.75 pH 9.00 pH 9.25 pH 8.25 

1% 

2% 

3% 

4% 

Figure 4.7 Adapted crystal screen showing variation of crystal forms across a range of pH from 7.75-9.25 (rows), and dioxane concentrations 

from 1-4% (columns). Each well contained a standard concentration of 2.0M ammonium sulphate, 7mM laevulinic acid and an excess of EDTA. The 

crystals were grown within a drop composed of 5^1 of lOmg mL"' protein solution and 5^1 of mother liquor. 
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Each of the three crystal forms was wet mounted and diffraction data were collected to 

~6A. Each crystal was auto-indexed using MOSFLM (Collaborative Computational 

Project, 1994) to gain information about cell dimensions and Bravais lattice. The results 

showed that although the crystal forms appeared different, the cell and lattice parameters 

had not changed, despite the variation in pH. 

4.5.6 Constitutive metal ion screening 

Screens were also conducted with pure enzyme that had had the metal ions removed from 

the solution (using EDTA). Screens were conducted over the pH range 6.0-9.25, but no 

improvement in diffraction quality was observed. Interestingly, the removal of the metal 

ions appeared to affect the pi of the enzyme. 

4.5.7 Crystal dehydration techniques 

The dehydration of crystals to improve crystal packing has been documented in several 

cases (Schick, 1994; Fu, 1999). Existing crystals were immersed in drops of 3.0M 

solutions of sodium chloride and ammonium sulphate, and also 1.5M:1.5M mixes of the 

two solutions and the drops were inverted over wells of the same solutions and left for 7 

days. Crystals were observed to reduce in size, by at least 25% of their former size. 

Unfortunately no improvement in diffraction data was observed. 

4.6 Improvement of the crystal mounting procedure 

Because of the poor stability of the crystals, attempts were made to improve the crystal 

handling and mounting procedures. 

4.6.1 Wet mounting of crystals 

As an alternative to freezing, wet mounting of the crystals was attempted (see methods) to 

avoid the stresses to the crystal imposed by the freezing process. This improved diffraction 

quality to around 6 - 8A, depending on the crystal. 

4.6.2 Screening and use of cryoprotectants 

Following the preliminary problems of freezing the crystals without damaging the crystal 
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surface, several known and suggested cryoprotectants were tested (as described in the 

Chapter Two) and maximum concentrations were determined for the specific conditions 

required: 

Cryoprotectant % v/v or w/v required 

(2./;, jj!)-(-)-2,3-Butandiol 15% 

D-Glucose 15% 

Glycerol 20% 

Glycerol:].OM ammonium sulphate 10% 

50:50 Glycerol:isopropanol 18% 

Xylitol 18% 

Ethylene glycol 15% 

Polyethylene glycol 400 Immiscible with mother liquor 

MPD (2-methyl-2,4-pentanediol) Immiscible with mother liquor 

Table 4.6 The minimal required amounts of cryoprotectant required for vitrification of the frozen 

crystallisation buffer. 

Incorporation of the cryoprotectant into the freezing protocol resulted in the improvement 

of the diffraction data to -SA for the majority of crystals. A separate secondary screen was 

designed (Table 4.7), based on the secondary screen conditions conducted for the native P. 

sativum enzyme (Table 4.1) and one resulting crystal allowed data collection to 3.8A at the 

ESRF, Grenoble. 
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A B C D E F 
15% 
Butandiol 

15% Glucose 
15% 
Butandiol 15% Glucose 

15% 
Butandiol 

15% Glucose 1 

20% Glycerol 18%Xylitol 20% Glycerol 18%Xylitol 20% Glycerol 18%Xylitol 2 

15% 
Butandiol 

15% Glucose 
15% 
Butandiol 15% Glucose 

15% 
Butandiol 

15% Glucose 3 

20% Glycerol 18%Xylitol 20% Glycerol 18%Xylitol 20% Glycerol 18%Xylitol 4 

Table 4.7 Additional cryoprotectant addition to the secondary crystallisation screen conditions devised 

for the native P. sativum ALAD. The condition corresponding to B1 (0. IM Mes pH 6.50, 5% dioxane, 2.4M 

ammonium sulphate with 15% glucose) yielded one crystal that diffracted to 3.8A at the ESRF, Grenoble. 

4.6.3 Counter-diffusion crystallisation techniques 

Due to the observed instability of the crystals formed, an alternative method of 

crystallisation was attempted (see Chapter Two). Counter-diffusion crystallisation 

techniques have the advantage over vapour diffusion techniques because, once crystals are 

formed, no direct manipulation is required so that the Lindemann tubes in which the 

crystals are grown can be used directly on the X-ray beam, frozen or unfrozen, as required 

(Gavira, 2002; Gavira et al, 2002). The disadvantage of this process is that the initial 'set-

up' is incredibly time-consuming and involves the usage of relatively large amounts of 

protein, crystallisation buffer and cryoprotectant. As yet (within three months) these trials 

have yielded no crystals. 

4.7 Changes in crystal form over time 

As has been noted in the initial crystal screens, rectangular plate crystals formed. These 

crystals appeared to degrade over time and eventually the protein composition of the crystal 

would precipitate out of solution in the shape of the crystals. However, six months later the 

same trays were observed to have grown crystals of a cubic form on the perimeter of the 

precipitated protein. Crystals were initially wet-mounted on the in-house X-ray source to 

yield data to 3.2A and further crystals were frozen in 30% glycerol and transported to the 

ESRF, Grenoble, where they diffracted to 2.8A. These crystals appeared far more stable 

than previous forms of the crystal and did not show any damage, either after manipulation 

with the cryo-loop, or after careful addition of cryoprotectant solution. 
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4.8 Datasets collected 

The datasets were collected at the ESRF, Grenoble. The diffraction data was processed 

using the CCP4 (Collaborative Computational Project, 1994) suite of programs including 

MOSFLM (Leslie, 1999), SORTMTZ, SCALA and TRUNCATE (French, 1978) which are 

described in more detail in Chapter Two. The statistics for the two datasets are displayed 

below in Tables 4.8 and 4.9. 

Statistics for entire dataset 

Resolution range (A) 42.3-3.8 

Rmerge ( % ) 9.6 

Completeness (%) 99.7 

Multiplicity 7.3 

Mean I/a (I) 5.0 

Statistics for outer shell 

Resolution range (A) 4.01-3.80 

Rmerge ( % ) 37.1 

Completeness (%) 99.7 

Multiplicity 7.1 

Mean I/a (I) 2.0 

Table 4.8 Statistics for the 3.8A dataset. 
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Statistics for entire dataset 

Resolution range (A) 42.3-2.9 

Rmerge ( % ) 8.0 

Completeness (%) 82.8 

Multiplicity 3.3 

Mean I/a (I) 7.0 

Statistics for outer shell 

Resolution range (A) 3.06-2.90 

Rmerge ( % ) 37.5 

Completeness (%) 87.2 

Multiplicity 3.3 

Mean I/a (I) 1.9 

Table 4.9 Statistics for the 2.9A dataset. 

4.9 Molecular replacement 

Molecular replacement was attempted using AMORE (Navaza, 1994), BEAST (Read, 

2001), MOLREP (Vagin, 1997) and XPLOR (Brunger, 1990). All of the available 

structures that have been obtained so far were used as search models and, in addition, a 

similarity model built by alignment of the known structures was obtained from SWISS-

MODEL (Guex, 1997), an internet-based tool for comparative protein modelling. 

Unfortunately, although possible rotation function hits were achieved, none of the programs 

were able to find translation function hits for the observed data. 

Crystallographic screening 

Pure selenomethionine-labelled protein (growth, expression and purification described in 

chapter 2) was used for crystallographic screens including the molecular dimensions 

screens I and II, and also the predetermined secondary screens used for the unlabelled 
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protein. Identical hits were observed using the molecular dimensions screens I and II as 

those found using the unlabelled protein, but viable crystals were more fragile than those 

previously obtained with unlabelled protein and twinning was observed (Figure 4.8a). 

Crystals obtained from the secondary screen conditions (Figure 4.8b) were frozen and 

mounted at the ESRF, Grenoble, and a wavelength absorption scan undertaken (Figure 4.9), 

which showed a textbook example of the wavelength spectrum of the absorbance-edge 

expected from selenomethionine labelled protein. Unfortunately, the crystals did not 

diffract below 7A, and therefore no dataset was collected. 

(a) (b) 

Figure 4.8a showing viable crystals obtained from molecular dimensions screens I and II and Figure 

4.8b showing crystals obtained from secondary screen conditions for condition one. 

UBRARY 1 
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12600 12610 12620 12630 12640 12650 12660 12670 
Energy (eV) 

12680 12690 12700 12710 

Figure 4.9 The absorption spectrum for crystals of the selenomethionine derivative of P. sativum 

ALAD. The graph shows the energy scan for the crystallised selenomethionine derivative of P. sativum 

ALAD with an absorption edge at 12660eV, as would be expected for a protein with selenomethionine 

incorporated. 

4.10 Discussion 

In conclusion, conditions for the crystallisation of P. sativum ALAD have been obtained 

and refined to allow the consistent production of protein crystals. 

Attempts have been made to further refine these conditions and improve crystal packing 

through the use of such techniques such as temperature modifications, modifying the 

interface of the mother liquor in the hanging drop method of crystallisation, through 

addition of ligands to the crystal, through site directed mutagenesis studies and additional 

pH screening to obtain different crystal forms. However, none of these techniques 

appeared to improve the overall packing of the crystals and the diffraction data obtainable. 

Nevertheless, the extended pH condition screening from pH 6.00 to pH 9.25 has yielded 

some very interesting results. It has been proved that crystals can be grown over a large pH 

112 



range and that the crystal forms observed vary over that pH range. Three crystal forms 

were observed to grow under these conditions and these results may well be implemented 

in the crystallisation of other proteins in order to study the effects that different pH values 

have on protein structure. This may also allow better crystallisation of proteins from which 

it is difficult to obtain diffraction quality crystal data. 

An additional method of protein crystallography has been utilised (counter-diffusion) so as 

to obtain crystals with minimal handling to avoid undue damage to crystals but 

unfortunately, at the time of writing, no crystals were forthcoming. 

Finally, large "chunky" crystals were observed to form after a six-month period which 

yielded diffraction data to 2.9A. Unfortunately phasing of the data was not possible 

utilising either of four of the available molecular replacement programs at present -

AMORE (Navaza, 1994), BEAST (Read, 2001), MOLREP (Vagin, 1997) and 

XPLOR(Brunger 1990). During the studies, structures of ALADs from E. coli, yeast, P. 

aeruginosa and human were all used as models for the molecular replacement of the data in 

addition to a model predicted by the SWISS-MODEL on-line structure prediction 

programs. As more structures become available, the phasing problem for P. sativum 

ALAD can, possibly, in time, be overcome. 

To solve the phase problem, a selenomethionine-labelled protein growth and 

overexpression protocol was adapted for use with this enzyme and subsequent purification 

and crystallisation trials of the protein yielded promising crystals that were frozen and 

taken to the ESRF, Grenoble for analysis. Despite showing an absorption wavelength 

spectrum of the absorbance-edge expected from selenomethionine labelled protein, the 

crystals did not diffract below i k . 

It appears that the crystals may require an extended time scale (~6 months) so as to form 

crystals similar to those observed with the unlabelled protein. This could reflect slight 

differences in protein solubility or indicate a change in quaternary structure over the time of 
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the crystal studies. If the protein sample at the start of the crystallisation process is an 

equilibrium mixture between octameric and hexameric forms of the protein, then it is 

understandable that the poor data collected could result from poor protein packing, due to 

heterogeneous quaternary structures. The formation of the better crystals after six months 

could be a result of lowering protein concentration in the drop and therefore a shift in the 

equilibrium of the octamer resulting in crystals with better packing formed predominantly 

from a hexameric form of the enzyme. Additionally this would explain our inability to gain 

a molecular replacement for the datasets obtained. 

It would therefore be interesting to investigate further whether the enzyme has 

concentration-dependence in this manner and, if so, determine ideal concentrations of the 

protein for homogeneity of a quaternary species before continuing crystal trials. If ideal 

conditions could be found, this could allow for better crystal packing and therefore greatly 

improve the datasets available. 
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Chapter Five: Design and testing of knowledge based inhibitors 
ofALAD 

5.1 Kinetics of the inhibition ofALAD 

As has been mentioned, ALAD catalyses the condensation of two identical substrates and 

therefore belongs to the class of two substrate enzymes. The kinetics of this class is 

obviously more complex than that of single substrate enzyme but, nonetheless, follows the 

laws of Michaelis-Menten kinetics. The first person to discuss this problem was Granick in 

(1958), proposing the following three conditions in order to explain this kinetic behaviour: 

the two substrates are binding the enzyme in a predetermined sequence; the dissociation 

constant of the first enzyme-substrate complex is considerably lower compared to the 

second and the final step, the release of PBG, is the rate determining step. Accepting these 

conditions, the formation of PBG does indeed follow Michaelis-Menten kinetics, but it is 

important to remember that following these rules we are only measuring kinetic data for the 

second substrate molecule and the subsequent transformation to the product. 

5.2 Structural requirements for substrate recognition 

Previously conducted inhibition studies of substrate analogues have shown the carboxylate 

function at position 1 to be very important for recognition within the active site in 

conjunction with the keto group at postion 4.. Additional substituents at the position C2 and 

C3 are tolerated. Variations at position 5 are tolerated. The amino or ammonium group at 

C5 is not an essential element for recognition (Appleton et al, 1998). This is in surprising 

contrast to other enzyme-catalysed reactions, where the presence of the charged ammonium 

group is crucial for the recognition process. Neutral and polar substituents can be used to 

replace this amino group, but switching to a negatively charged carboxylate or to a 

sterically demanding group like a monophthalimide results in inhibitors with low affinity 

(Staufkr er o/., 2001; Frere er a/., 2002) 

The 

active 

important difference between species of ALAD is the type of metal ion bound at the 

'e site, either Zrv^ or and it is thought that the metal ion bound can determine the 
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susceptibility of different species to different inhibitors. This could be very important 

especially for agrochemical and pharmaceutical trials where selective inhibition is 

imperative for the viability of a product. 

5.3 Mechanisms of ALAD catalysis 

Different mechanisms have been proposed for the Knorr type reaction that occurs between 

the two identical substrate molecules to form porphobilinogen. The mechanism must 

explain the dichotomy between the chemical condensation and the biochemical 

transformation. Several mechanisms have been proposed, Nandi and Shemin (1968) 

proposed a C-C bond formation, via an aldol type reaction as the central step for the 

biosynthetic mechanism. Shoolingin-Jordan has proposed two mechanisms: one whereby 

the first step of the biosynthetic mechanism involves a C-N bond forming, again via an 

aldol-type reaction (Jordan, 1991) and another whereby a C-C bond is formed in a similar 

fashion to that proposed by Shemin (Jordan and Seehra, 1980). These three mechanisms 

would produce three significantly different intermediates as shown in Figure 5.1. 

E v w fg 

P-site 

A-site COOH 

COOH 

A-site P-site 

HOOC COOH 

NvAyvEnz 

A-site 

HoN 

P-site 

COOH 

COOH 

N\/\A/Enz 

HoN 

Shemin Shoolingin-Jordan I Shoolingin-Jordan II 

Figure 5.1 Postulated intermediates for three different m e c h a n i s m s for A L A D . The intermediate 

proposed by Shemin, whereby the enzyme initially binds the A-site substrate fol lowed by the formation of the 

C-C bond, and the intermediates proposed by Shoolingin-Jordan, whereby the enzyme binds the P-site 

substrate and the reaction occurs either by the formation of the C-C or C - N bonds. 
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5.4 Previous work on inhibition of ALAD 

Up until now work has mainly concentrated on either substrate or product analogues which 

in general show competitive inhibition. This competitive inhibition has been attributed to 

direct competition between the substrate and inhibitor. The best known inhibitor observed 

is succinyl acetone which shows a non-competitive or mixed inhibition (Ki=1.4mM) (Neier, 

1996). Almost all compounds with a similar structural element to succinyl acetone, 

containing a 4-keto acid, show a non-competitive inhibition (Jarret et al, 1998). Only two 

of these compounds, with a similar structural element to succinyl acetone, have shown 

competitive inhibition (see Figure 5.2). 

o o 

o 

"COOH 

(1) Succinyl acetone, Kj=1.4mM 

COOH 

(2) 4-Oxo-4-(2-oxocyclohexyl)-butyric acid Kj=318mM 

O O 

(3) 2-(3-Nitropropionyl)-cyclohexanone, Ki=16.5mM 

Figure 5.2 Derivatives of succinyl acetone forming kinetically d i f f erent inhibitors. Introduction of one 

nitro group in place of the carboxylate group induces the switch between non-competitive and competitive 

inhibition(Jarret e? a/., 1998). 

5.4.1 Non-competitive inhibition 

It is assumed that non-competitive inhibitors interact equally with the A-site and the P-site 

of the enzyme. In order that the reaction with the P-site is kinetically plausible, the Schiff 

base formed between the inhibitor and the P-site lysine has to be more stable than, or as 

stable as, the Schiff base formed between the substrate and the active site lysine. Under 

these conditions one would be expected to observe the mixed inhibition of the free enzyme: 
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competitive inhibition of the enzyme linked with substrate and competitive inhibition of the 

free enzyme itself. Inhibitors 2 and 3 shown in Figure 5.2 are on the structural threshold 

between competitive and non-competitive inhibition. The important modification being the 

replacement of the carboxylate with the nitro group, in accordance with the hypothesis that 

the nitro group is better recognised by the A-site of the active site (Staufferr et al, 2001) 

5.4.2 Postulated intermediates 

Diacids containing a keto function have been synthesised with extensions of the chain 

length connecting the two diacids (Table 5.1). 

It has been proposed that up until a certain chain length is reached that inhibition is 

competitive and that the compounds are recognised as analogues of the substrate in the A-

site of the active site. After the chain length is exceeded, it is assumed that the length of the 

molecule is sufficient to reach into both sites simultaneously and therefore inhibit non-

competitively, interact by hydrophobic interaction or form a dead-end complex as an 

intermediate. A chain length of 9 carbons indicates a perfect length for total 

inhibition.(Erskine ef o/., 2001; Jaffe, 2002) 
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Structure 

0 

O 0 

Ki 

8450mM 

10400mM 

Type of 

inhibition 

Competitive 

Competitive 

o OO 

8600mM Competitive 

82mM 
Non-

competitive 

(e) 

449mM 
Non-

competitive 

(-) Inactivator 

Table 5.1 Compounds with systematic increases in the chain length connecting the two diacids have 

been synthesised and tested.(Jarret et al, 1998; Jarret et ah, 2000) 

4-Oxosebacic acid (OSA)(f) and 4,7-oxosebacic acid (4,7-DOSA) (Figure 5.3) exhibit a 

time and concentration-dependant inhibition of ALAD. These compounds have also been 

tested for sensitivity with ALADs from B. japonicum, P. aeruginosa, and P. sativum. 

Reduced sensitivity to 4-OSA in comparison to 4,7-DOSA were noted for all of these 
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species. However, inactivation of E. coli ALAD occurs with 4-0SA whereas little or no 

inactivation occurs with these other species. Results have shown that 4-OSA exhibits a 

high selectivity for E. coli ALAD whereas 4,7-DOSA inhibits ALAD regardless of 

species.(Erskine et al, 2001; Jaffe et al, 2002) 

O O 

o o 
Figure 5.3 The structure of 4,7-oxosebacic acid (DOSA). DOSA is a derivative of 4-OSA with an 

additional keto group at position 7. 

E. coli ALAD has been crystallised with 4-OSA and 4,7-DOSA. In both cases models 

show C1-C5 of the inhibitor to be bound with a Schiff base linkage between C4 and the 

amino group of Lys 247 and, similarly, to other structures with inhibitors bound in the P-

site, the CI carboxyl oxygen of the inhibitor makes hydrogen bonds with Ser 272 and Tyr 

311.(Jaffe et al, 2002) 

In the X-ray structures the positions of the C2 and C3 of each inhibitor are not equivalent, 

mimicking the reported alternate confirmations of laevulinic acid bound at the P-site. The 

position determined of C1-C4 of 4-OSA closely resembles that of bound PBG. The bond 

between 4,7-DOSA C5 and C6 has a distorted cw-configuration in order to accommodate 

the second Schiff base linkage between C7 and the amino group of Lys 194. No such bond 

exists with 4-OSA. Both the configuration around C5 and C6 and the positions of C5-C10 

are significantly different, suggesting that the A-site has more positional flexibility than 

that of the P-site.(Jaffe et al, 2002) 

This positional flexibility is essential to accommodate the multiple adaptations to the active 

site structure during the dimerisation of ALA to form PBG. In the case of both inhibitors 

the A-side ALA half, C8-C10, extends towards the lid region of the E. coli monomer, 

where extensive hydrogen bond linkages between the CIO carbonyl oxygens and arginine 
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residues occur. It has been proposed from this data that the observed multiple hydrogen 

bonds between the CIO carboxyl (equivalent to the A-side ALA) and Arg 204, Arg 215, 

Gin 219 and associated water molecules change confirmation to accommodate various 

positions of the A-side ALA during the course of the catalysed reaction.(Kervinen et al, 

2001; 4^,2002) 

Although the basic features of bond making and breaking reactions are still unknown and 

may not be conserved between species, the structures incorporating 4-OSA and 4,7-DOSA 

have allowed a better understanding of the potential role of the two active site lysines and 

other groups in their vicinity through the course of the reaction. Also, it has been suggested 

that the active site water molecules may play an important role in the reaction scheme, and 

show mechanistic importance in fluctuations between multiple conformations of the active 

site lid.(Erskine et al, 2001; Kervinen et al., 2001; Jaffe et al., 2002) 

5.5 Synthesis of compounds as inhibitors of P. sativum ALAD 

Compounds synthesised at Syngenta ((Jeallott's Hill, Bracknell, UK). 

Using the E. coli structure as a model, various compounds were modelled into the active 

site cleft of the enzyme using a standard modelling programme and were subsequently 

synthesised in collaboration with Syngenta (Jeallott's Hill, Bracknell, UK). All of the 

compounds (described under headings 5.5.1-5.5.11) were synthesised by myself following 

the advice of colleagues in the labs at Syngenta and routine protocols. 

5.5.1 The synthesis of maleamic acid. 

HOAc 

+ HzN COOH 
3 hrs 

COOH 
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Method: 

Maleic anhydride (4.17g, 0.0425mol) was dissolved in dry acetic acid (HOAc) (17.5mL) 

and mixed with glycine (3.19g, 0.0425mol) in HOAc (51mL). Reactants were mixed at 

room temperature for 3 hrs, over which time a white precipitate was observed to form. The 

white precipitate (maleamic acid) was filtered from the reaction mixture and washed with 

cold H2O and dried. 

5.5.2 The synthesis of (2,5-dioxo-2,5-dihydropyrrol-l-yI)-acetic acid. 

C O O H 1 hr 

+ 
T o l u e n e 

C O O H 

o 
Method: 

Maleamic acid (2.9Ig, 16.8mmol) was dissolved in dry toluene (500mL) and treated with 

triethylamine (3.55g, 35.1mmol). Reactants were refluxed with vigorous stirring for Ihr 

with removal of H2O in a Dean-Stark apparatus. The reaction was then left to cool to room 

temperature. The toluene was then decanted from the resulting orange oil and the solution 

was concentrated under reduced pressure to give a white solid (the triethylammonium salt). 

The solid was then dissolved in 50mL H2O and extracted with ethyl acetate (EtOAc) and 

dried over anhydrous MgSOi. The resulting solution was concentrated under reduced 

pressure to give (2,5-dioxo-2,5-dihydropyrrol-l-yl)-acetic acid, in the form of a white solid. 

The product was then purified on a silica column by LC and the purity determined by NMR 

and MS. Final yield = 257mg, 1.6mmol, 10%. 
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5.5.3 The synthesis of 2-benzoyl-2-ethoxycarbonylsuccinic acid diethyl ester. 

o O 

C2H5O2C. 
C O z E t 

Na COzEt 

COzEt 
CO2C2H; 

Method: 

Sodium metal slivers were added to triethyl 1,1,2-ethanetricarboxylate (1.45g, lOmmol) in 

dry tetrahydrofuran (THF) (50mL), which was then mixed with benzoyl chloride (2.46g, 

1 Ommol) in dry THF (2mL). The reaction was mixed for two hours at room temperature, 

after which time the Na slivers were still visible. The mixture was therefore refluxed for 

2hrs to dissolve the Na slivers fully, and the reaction mixture was then allowed to cool 

overnight. The resulting mixture was concentrated under reduced pressure and the products 

were partitioned between ether and H2O. The layers were separated followed by a further 

partition of ether. The organic fractions were combined and backwashed with saturated 

brine solution before drying over anhydrous MgS04. The extract was then concentrated 

under pressure, to give a yellow oil (3.276g) in a yield of -69%. Bulb to bulb distillation 

was conducted at 170°C, under reduced pressure, for 2 hours to yield 79% pure product (2-

benzoyl-2-ethoxycarbonylsuccinic acid diethyl ester). 
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5.5.4 Reaction of 2-benzoyl-2-ethoxycarbonyl-succmic acid diethyl ester. 

CO,Et D M F . H z O 

cOzia 

COoEt 

COoEt 

Method: 

2-benzoyl-2-ethoxycarbonylsuccinic acid diethyl ester (2.6g, 8mmol) was mixed with N,N-

dimethylformamide (DMF) (40mL), H2O (576pl) and LiCl (680mg, 16mmol). The 

reactants were mixed and refluxed for 2hrs at 150°C and then analysed by GC. The product 

mixture was concentrated under low pressure, followed by washing it four times with H2O, 

each time removing the aqueous phase and then backwashing with sodium bicarbonate and 

brine solution sequentially. The solvent layer was then dried over anhydrous MgS04 and 

concentrated under reduced pressure to yield a brown oil, which was analysed by TLC and 

NMR. There was an indication of a possible mixture of the carboxylate and ester 

intermediates. Therefore, the concentrated sample was separated on a silica column by LC, 

and the eluted fractions were analysed by TLC. Desired fractions were pooled and 

concentrated to yield 740mg of a product/intermediate mix. 

5.5.5 The synthesis of ethyl 4-oxo-4-phenylbutanoate. 

CO?Et 

O 

COoEt 
D M F , H2O 

LiC l 

COnEt 
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Method: 

The product from reaction 5.5.4 was, for the purposes of the reaction, assumed to be pure 

intermediate 2-benzoyl-succinic acid diethyl ester. 2-benzoyl-succinic acid diethyl ester 

(740mg, 2.7mmol) was dissolved in DMF (lOmL), H2O (93.6pl) and LiCl (llOmg, 

2.6mmol). The reactants were mixed and refluxed for 4 hrs at 150°C, after which time the 

reaction was left overnight to cool. The mixture was then concentrated under reduced 

pressure, and the concentrated mixture was treated with 30mL of ethyl acetate, washed 

three times with H2O and once with brine, removing the aqueous layer after each wash. 

The solvent phase was then dried over anhydrous MgS04 and concentrated under reduced 

pressure to yield 343mg (9% yield) of pure product. 

5.5.6 The synthesis of 4-oxo-4-pyridin-3-yI-butyric acid methyl ester. 

o 

NaCN 

,OMe 

O 
N 

Reference: 

Patent WO 2000-2000JP8090, US 99-450245 

"Preparation of 3-(2-aminoethylthio)methyl-4-oxo-4-(3-pyridyl)butanoic acid derivatives 

as neuroprotective agents." Bhaguat (2001)(Bhaguat 2001). 

Method: 

3-Pyridinecarboxyaldehyde (10.7g, lOOmmol) was dissolved in DMF (20mL) and added 

over 10 minutes to a stirred solution of sodium cyanide (2.45g, 50mmol) in DMF (80mL) at 

room temperature. An exothermic reaction occurred with a colour change from yellow to 

red. The resulting solution was then stirred for 30 minutes, after which time methyl 

acrylate (8.6g, 200mmol) in DMF (80mL) was added dropwise over 50 minutes whilst 

continuing to stir the mixture. The reaction was then allowed to stir for a further 3 hours 

during which a colour change from red to brown occurred. After this time, acetic acid 
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(6.6mL) and water (30mL) were added after this time and stirring was continued for 5 

minutes. 

The mixture was then concentrated under reduced pressure, dissolved in water (360mL), 

and the pH was adjusted to 7.5 with solid sodium bicarbonate. The aqueous layer was 

extracted with chloroform (3 x 300mL). The chloroform layers were combined, washed 

with brine solution, dried over anhydrous MgS04, filtered and then concentrated under 

reduced pressure. This process yielded 16.6g of a brown liquid (crude extract). 

The crude extract was then purified by LC on silica column using 50% ethyl acetate in 

hexane. Fractions were analysed by GC, and those over 90% pure were pooled and 

concentrated to yield 407mg, 2.1mmol, a total yield of 2.1% of 4-oxo-4-pyridin-3-yl-

butyric acid methyl ester). 

5.5.7 The demethylation of 4-oxo-4-pyridiii-3-yl-butyric acid methyl ester 

o 

xOMe 

O 

NaOH, HgO 

THF 

N 

Method: 

Product 3.1 (lOOmg, O.Smmol) was dissolved in THF (5mL) and mixed with NaOH (83mg, 

2mmol) in H2O (ImL). The reactants were mixed for 30 minutes. The reaction mixture 

was acidified to pH5 using 5% citric acid solution and extracted with EtOAc (~20mL). The 

aqueous mixture was then further acidified to pH 3 and extracted with 2 x EtOAc (2 x 

-20mL). 
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5.5.8 The synthesis of 4-oxo-4-pyridm-2-yl-butyric acid methyl ester. 

o o 

.OMe 
NaCN, DMF 

OMe O 

Method: 

2-Pyridinecarboxyaldehyde (10.7g, lOOmmol) in DMF (20mL) was added over 10 minutes 

to a stirred solution of sodium cyanide (2.45g, SOmmol) in DMF (80mL) at room 

temperature (an exothermic reaction with a yellow to red colour change). The solution was 

stirred for a further 30 minutes before addition of methyl acrylate (8.6g, lOOmmol) in DMF 

(80mL) dropwise over 50 minutes. The reaction was stirred for a further 3 hours (with an 

observed red to brown colour change). Acetic acid (6.6mL) and water (30mL) were added 

to the mixture and stirring was continued or five minutes. The mixture was then 

concentrated under reduced pressure and allowed to cool overnight. 

The concentrated mixture was dissolved in water (30mL) and the pH adjusted to pH 7.5 

with solid sodium bicarbonate. The aqueous layer was extracted with chloroform (3X 

250mL). The chloroform layers were combined, washed with sodium chloride solution and 

dried over anhydrous Na2S04 and left to stand for 30 minutes. The dried chloroform layers 

were then filtered and concentrated under pressure to give a brown liquid (17.9g). 

Crystallisation was observed to occur in the crude mixture. Crystals were allowed to form 

and were filtered from the brown liquid and washed with ether. The crystals were analysed 

and deemed to be formed from an unwanted by-product of the reaction. The remaining 

crude extract was purified by LC on a silica column, and this yielded 168mg of 4-oxo-4-

pyridin-2-yl-butyric acid methyl ester (0.9% yield). 
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5.5.9 The demethylation of 4-oxo-4-pyridin-2-yl-butyric acid methyl ester 

o o 

xOMe 

O 

NaOH, H2O 

THF 

Method: 

Product 4.1 (1 ]7mg, 0.6mmol) in THF (5mL) was mixed with NaOH (99.6mg, 2.4mmol) 

in ImL H2O and the mixture was stirred for VA hours. The reaction mixture was acidified 

to pH 5 with 5% citric acid and then extracted with EtOAc (~20mL). The aqueous mixture 

was then further acidified to pH 3 and extracted with 2 x EtOAc (2 x ~20mL). The 

fractions were then combined, washed with brine solution, dried under anhydrous sodium 

sulphate, filtered and then concentrated under reduced pressure to yield -90% pure 4-oxo-

4-(pyridin-2-yl)butanoic acid (66mg), a yield of 56%. 

5.5.10 The demethylation of 4-(4-bromophenyl)-4-oxobutyric acid methyl ester 

Br^ ^ Br. 
O 

NaOH.HzO 

OMe THF 

O 

Method: 

4-(4-Bromophenyl)-4-oxobutyric acid methyl ester (1.36g, 5mmol) was dissolved in THF 

(50mL) and mixed with NaOH (8.3mg, 20mM) in H2O (lOmL). The reactants were stirred 

for 2 hours. The reaction mixture was then concentrated under low pressure and H2O was 

added to give a final reaction volume of 50mL, and then extracted with EtOAc (2 x 

~50mL). The solvent layers were then combined, dried over anhydrous Na2S04 and then 

concentrated under low pressure to yield l.Olg (4mmol) of 94% pure product 5.1 at a yield 

of 74%. 
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5.5.11 The demethylation of 4-biphenyl-4-yl-4-oxobutyric acid methyl ester 

NaOH, H2O 

"OMe ^ ^ OH 

d 0 

Method: 

4-Biphenyl-4-yl-4-oxo-butyric acid methyl ester (1.41g, 5mmol) was dissolved in THF 

(50mL) and mixed with NaOH (830mg, 20mmol) in H2O (lOmL) for two hours. The 

reaction mixture was then concentrated under reduced pressure and H2O added to give a 

final volume of 50mL, and then extracted with 2 x EtOAc (2 x 50mL). The solvent layers 

were the pooled, dried over anhydrous Na2S04 and again concentrated under reduced 

pressure, to give 970mg (4mmol) of 96% pure product 6.1, a yield of 69%. 

5.6 H NIVIR assignments 

H NMR shifts for maleamic acid 

6.41 

6.30 

2H, m, 63.91; IH, d, 86.30; IH, d, 66,41 
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H NMR shifts (2,5-dioxo-2,5-dihydropyrrol-l-yl)-acetic acid 

6.80 
O HO 

2H, s, 84,25; 2H, s, 66.80. 

H NMR Shifts 2-benzoyl-2-ethoxycarbonylsuccinic acid diethyl ester 

1.30. 
^ - x 4 . 1 2 

00 

7.40 

7.50 

1.30 

9H, m, 61.30; 2H, s, 63.25; 6H, m, 64.12; 2H, m, 67.40; IH, t, 67.5; 2H, m, 68.0. 
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H NMR Shifts Intermediate and Product Mix from reaction 5.5.4 

1.30 

6H, m, 61.30; 2H, d, 62.80; IH, t, 63.85; 4H, m, 64.12; 2H, m, 67.40; IH, t, 67.50; 2H, m, 

68.0. 

7.40 
, 0 ^ ^1.30 

Ij II 
7 . 5 0 " ^ ^ / 8 . 0 0 

7.40 

3H, t, 1.30; 2H, t, 62.35; 2H, t, 62.75; 2H, m, 64.12; 2H, m, 67.40; IH, t, 67.50; 2H, m, 

68.0. 
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H NMR Shifts ethyl 4-oxo-4-phenylbutanoate 

7.40 

7.50 8.00 

7.40 

3H, t, 1.30; 2H, t, 62.35; 2H, t, 62.75; 2H, m, 64.12; 2H, m, 67.40; IH, t, 67.50; 2H, m, 

68.0. 

H NMR Shifts 4-oxo-4-pyridin-3-ylbutyric acid methyl ester 

7.45 

8 . 8 0 \ . ^ 9 . 2 0 
N 

3.75 

2H, t, 62.80; 2H, t, 63.35; 3H, s, 63.75; IH, m, 67.45; IH, d, 68.25; IH, d, 68.8; IH, s, 69.2. 

'H NMR Shifts 4-oxo-4-pyridin-3-ylbutanoic acid 

O 

8.25 2.80 

7.45 
3.35 

; . 8 0 \ .;:::^9.20 
N 

12.00 

o 

2H, t, 62.80; 2H, t, 63.35; IH, m, 67.45; IH, d, 68.25; IH, d, 68.8; IH, s, 69.2; IH, s, 

612.00. 
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H NMR Shifts 4-oxo-4-pyridin-2-ylbutyric acid methyl ester 

7.50 

7.85 

3.70 

(.70 

2H, t, 62.80; 2H, t, 63.60; 3H, s, 63.70; IH, m, 67.50; IH, m, 67.85; IH, d, 68.05; IH, d, 

68.70. 

H NMR Shifts 4-oxo-4-pyridin-2-ylbutanoic acid 

7.50 

7.85 

2H, t, 62.80; 2H, t, 63.60; IH, m, 67.50; IH, m, 67.85; IH, d, 68.05; IH, d, 68.70. 

H NMR Shifts 4-(4-bromophenyl)-4-oxobutanoic acid 

7.50 

2H, t, 62,40; 2H, t, 62.80; 2H, d, 67.80; 2H, d, 67.50. 
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H NMR Shifts 4-biphenyl-4-yl-4-oxobutanoic acid 

11.80 

2H, t, 82.80; 2H, t, 83.35; IH, s, 811.80. At resonances between 87.4-8.1 multiplets can be 

seen corresponding to aromatic rings. 

5.7 Compounds synthesised by Dr K-M. Cheung (Southampton UK). 

In addition to those synthesised in conjunction with Syngenta (Jeallott's Hill, Bracknell, 

UK) a library of compounds was also synthesised by Dr K-M. Cheung (Southampton UK). 

5.8 IC50 estimation 

All of the synthesised compounds, including those synthesised by Dr K-M. Cheung 

(Southampton UK), were tested for inhibition against the P. sativum ALAD. 

Concentrations of 20mM, 2mM, 0.2mM and 0.02mM of the synthesised compounds were 

incubated at 37°C with the pure enzyme for one hour prior to assay as described in Chapter 

Two. The resulting data was then corrected against standard curves for the inhibition of the 

enzyme from the DMSO and methanol solvents used for preparation of the soluble 

compound solutions. Finally, bar charts were plotted for each compound showing the 

percentage inhibition of the enzyme by each compound, and the IC50 values calculated 

(results shown below). Results were qualitatively compared against the inhibitor 2-

hydroxy-5-nitrobenzaldehyde (1) a known inhibitor of the P. sativum ALAD enzyme 

(Norton, 1999). 
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Compound IC50 
value 

Source of 
Compound 

(1) 2-hydroxy-5-nitrobenzaldehyde 132MM Sigma-
Aldrich, UK 

(2) 7-(benzylthio)-4,6-dioxoheptanoic acid 

O O 

(3) 4-oxo-4-(pyridin-3-yl)butanoic acid 

-N 

xCOOH 

184|iM 

187pM 

Dr K-M. 
Cheung, 
Southampton, 
UK 

Syngenta, 
Jealott's Hill, 
UK 

O 

,COOH 
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(4) 4-(furan-2-yl)-4-oxobutanoic acid 

COOH 

253^iM Dr K-M. 
Cheung, 
Southampton, 
UK 

(5) 4-oxo-4-phenylbutanoic acid 

,COOH 

O 

283nM Dr K-M. 
Cheung, 
Southampton, 
UK 

(6) 4-oxo-4-(pyridin-2-yl)butanoic acid 

'N 

,COOH 

o 

283MM Syngenta, 
Jealotf s Hill, 
UK 

(7) 4-oxo-4-(pyridin-4-yl)butanoic acid 

N 

308^iM Syngenta, 
Jealott s Hill, 
UK 

XOOH 

O 
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(8) l-(pyridin-3-yl)pentane-l,4-dione 

.N 

XOMe 

O 

Syngenta, 
Jealott's Hill, 
UK 

(9) 4-biphenyl-4-yI-4-oxobutanoic acid 

,COOH 

0 

(10) 4-(4-bromophenyl)-4-oxobutanoic acid 

Brv 

,COOH 

o 

(11) 5-(benzyloxy)-4-oxopentanoic acid 

,COOH 

472MM 

1.6mM 

I.9mM 

Syngenta, 
Jealott s Hill, 
UK 

Syngenta, 
Jealott's Hill, 
UK 

Dr K-M. 
Cheung, 
Southampton, 
UK 

O 
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(12) 5-(benzyIthio)-4-oxopentanoic acid 

,COOH 

O 

2.0mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(13) 4-(2-(carboxymethyl)phenyl)-4-oxobutanoic acid 

O 

'COOH 

XOOH 

2.0mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(14) 3-acetyl-4-oxoheptanedioic acid 

XOOH 

,COOH 

O O 

2.1mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(15) 3-(l,3-dioxoisoindolin-2-yl)propanoic acid 
.0 

COOH 

2.2mM Dr K-M. 
Cheung, 
Southampton, 
UK 



(16) 4,6-dioxo-6-(l,3-dioxoisoindolin-2-yl)hexanoic acid 

° 

2.5mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(17) (2,5-dioxo-2,5-dihydropyrrol-l-yl)-acetic acid 

A 
0 

3.4mM Syngenta, 
Jealott's Hill, 
UK 

(18) 5-nierc 

HS 

apto-4-oxopentanoic acid 

,COOH 

0 

4.1mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(19) 5-fluon 

F ^ 

0 

j-4-oxopentanoic acid 

,COOH 

4.4mM Dr K-M, 
Cheung, 
Southampton, 
UK 
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(20) 4-oxo-4-(pyridin-3-yl)butanoic acid 

,COOH 

CI 

o 

(21) 4-oxo-4-(lH-pyrrol-2-yl)butanoic acid 

COOH 

4.6mM 

6.0mM 

DrK-M. 
Cheung, 
Southampton, 
UK 

Dr K-M. 
Cheung, 
Southampton, 
UK 

(22) (E)-4-oxohept-2-enedioic acid 

HOOC^ ^COOH 

o 

8.8mM DrK-M. 
Cheung, 
Southampton, 
UK 
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(23) 3-(2,5-dioxo-2H-pyrrol-l(5H)-yl)propanoic acid 

.0 

COOH 

9.1mM Syngenta, 
Jealott's Hill, 
UK 

(24) Maleamic acid 

O 

'N ' 
H 

,0H 

COOH 

o 

1.7mM Syngenta, 
Jealott's Hill 
UK 

(25) 2-(l,3-dioxoisoindolin-2-yl)acetic acid 

COOH 

l l .SmM Dr K-M. 
Cheung, 
Southampton, 
UK 
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(26) 4-oxo-4-(thiophen-2-yl)butanoic acid 

COOH 

12.0mM Dr K-M. 
Cheung, 
Southampton, 
UK 

(27) 4-oxoheptanedioic acid 

O 

HOOC' "COOH 

89.0mM DrK-M. 
Cheung, 
Southampton, 
UK 

(28) 4-oxo-4-(pyridin-2-yI)butanoic acid 

COOH 

Not 
inhibitory 

Dr K-M. 
Cheung, 
Southampton, 
UK 

Although the exact method of binding was unknown, the predicted conformation of the 

three compounds that gave the best inhibition are shown in Figures 5.4, 5.5 and 5.6. 
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Figure 5.4 The predicted conformation of inhibitor 2 (7-(benzylthio)-4,6-dioxoheptanoic acid) to Lys 

250 of the P. sativum ALAD subunits. The carboxylic group of the compound can be seen orientated 

towards Tyr 273, Tyr 315 and Ser 276 of the predicted structure. 

Lys250 

Ik 

rfil273 

Figure 5.5 The predicted conformation of inhibitor 3 (4-oxo-4-(pyridin-3-yI)butanoic acid) to Lys 250 of 

the P. sativum ALAD subunits. The carboxylic group of the compound c a n be seen orientated towards Tyr 

273, Tyr 315 and Ser 276 of the predicted structure. 
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Figure 5.6 The predicted conformation of inhibitor 4 (4-(furan-2-yl)-4-oxobutanoic acid) to Lys 250 of 

the P. sativum ALAD subunits. The carboxylic group of the compound can be seen orientated towards Tyr 

273, Tyr 315 and Ser 276 of the predicted structure. 

5.9 Discussion 

The intention of the inhibitor investigations was to attempt to discover candidates for 

agrochemical purposes. For compounds to be suitable for this purpose, IC50 values of 

<10)iM and below would have to be observed. Unfortunately, no compounds met this 

criterion. From these studies the 4-ketoacid motif can be seen to be very important for 

substrate recognition and therefore competitive inhibition, as has been reported previously 

(Nandi and Shemin, 1968), due to the requirement of the enzyme for the formation of a 

Schiff base between the substrate and the amino group of the active site lysines. The P. 

sativum enzyme does not seem to require an amino group for compound recognition and 

the substitution of this amino group with a variety of pentane and hexane structures did not 

seem to affect the ability of the compounds to bind the enzyme. In fact these compounds 

were observed to be among the best inhibitors from those synthesised. Substitution at 
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various points of the rings with N or O, did not seem to improve the inhibition of the 

compounds except in the case of compound 3, where introduction of a N at postion 3 of the 

benzene ring halved the IC50 in comparison to the primitive form (5). The fact that no 

compounds were synthesised with an amino group present at position 5 of the carbon chain 

could explain the lack of any compounds with IC50 values in the nanomolar range. No 

differences were observed when an additional keto group was introduced at C5. 

Compounds based on a cyclopentane-1,3-dione showed a very low inhibition of the 

enzyme, with IC50 values ranging from 2.2mM (15) up to ll.SmM (25), indicating a 

potential lack of productive binding at the enzyme active site. 

Since most of the compounds synthesised were based on the modification of the amine end 

of the substrate ALA and, in general, synthesis of longer chain compounds have been 

indicated as being more successful inhibitors of ALAD, further work should be undertaken 

to synthesise inhibitors of greater lengths so as to mimic intermediates of the catalytic 

process. In addition, compounds could be synthesised so as to investigate the dependence 

of the enzyme on the carboxylic group of the substrate for recognition. 
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Chapter Six: Investigations into the molecule found bound at the 
active site of human erythrocyte ALAD 

6.1 Introduction 

Until recently, the structures that have been gained for ALAD from yeast (Erskine et al, 

1999), P. aeruginosa (Frankenberg et al., 1999) and E. coli (Erskine et al., 1999) have all 

been gained through co-crystallisation with either substrate or inhibitor molecules, namely 

ALA, laevulinic acid, or 4,7-dioxosebacic acid. These structures have shown that the 

enzyme is a homo octamer comprised of a tetramer of dimers, with each monomer of the 

dimer containing an active site independent of the neighbouring subunits. It has been 

proposed that the subunit interactions between monomers in the dimer are essential for the 

catalytic activity of the enzyme, but the actual concrete evidence of the mechanism has 

been elusive. 

Recently a structure for erythrocyte human ALAD determined in our laboratories by Mills-

Davies (2000) showed electron density at the active site for a bound molecule, which at the 

time was assumed to be the enzyme catalysed product PEG (Figure 6.1). This assumption 

was based upon previous work by (Jaffe and Markham, 1988; Jaffe et al. 1990) who had 

conducted experimental work on the E. coli and bovine forms of ALAD, that indicated the 

presence of a PBG-like molecule from NMR studies. 

146 



TMI8 

Tyr205 

Val278 

Jyr276 

GIn225 

^ :a#132 Lys252 

Lysl99 
Memo 

TyrI9i6 

Figure 6.1 The active site of human ALAD from the crystal stucture o f human erythrocyte ALAD . The 

molecule PBG was built into the available electron density observed at the active site. Proposed interactions 

are shown between Lys-199 and the PBG molecule (Mills-Davies, 2000). 

The most recent breakthrough has been the publication of a high resolution native yeast 

structure (Erskine, 2003). Again, in this structure there is an area of electron density at one 

active site of each dimer showing the binding of an unknown molecule. This electron 

density has allowed the authors to build a proposed intermediate into the available electron 

density based upon the mechanism first proposed by Shoolingin-Jordan where the C-C 

bond between the substrate molecules is formed first in the catalytic mechanism (Figure 

6.2). From these results the authors proposed a reaction scheme incorporating the proposed 

intermediate (Figure 6.3). 
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Figure 6.2 The electron density map of the putative intermediate covalently bound to the Lys263 of 

yeast ALAD at 1.6A resolution. 

The P-site is on the right-hand side and the A-site is formed by residues o n the left-hand side, including the 

zinc ion. The tip of the other invariant lysine (Lys-210) can be seen in the foreground to the left of Lys-263 

but has been partially omitted for clarity. Image provided by J. B. Cooper, Southampton University (Erskine 

et al, 2003). 

148 



HOOC 

HOOC 

Lys199 

NH-^ 

/ A 

HOOC 

H,N 
H H 

H,N 

COOH 

COOH 

COOH 

COOH COOH 

COOH 

Lys199 

Lys199 Lys252 

COOH 

Lys199 

NH, 

COOH 
COOH COOH 

COOH 

Lys252 

COOH 

Lys252 

COOH 

COOH 
COOH 

COOH 

Figure 6.3 A possible mechanism for ALAD (Erskine et al., 2003). 

Two Schiff bases are proposed to form utiHsing Lys252 and Lysl99. T h e Schiff base formed with Lysl99 

may allow proton abstraction at the C-3 position of A-side ALA, which could lead to nucleophilic attack on 

the P-side ALA forming the C-C bond linking the two substrates. The C - N bond would then form followed by 

the loss of the second deprotonation of the A-site substrate to yield the putative intermediate found in the 

crystallised enzymes. It is thought that the final steps of catalysis may require conformational changes of the 

enzyme. The putative intermediate is labelled with a star ( " ^ ^ ) . 
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The structure of human erythrocyte ALAD shows binding of the molecule at only one 

active site of each dimer, which has given rise to the proposal that ALAD, or at least the 

Zn^^ dependant form of the enzyme, possesses half-site reactivity. 

In addition to structural studies, work by Butler (2003) has deduced that the molecule 

bound at the active site of the human ALAD was not a pyrrole, as it did not react with 

Erlich's reagent. Therefore it could not be PEG, as proposed in the human erythrocyte 

ALAD structure, as it did not have the free a-position available for the reaction with the 

aldehyde of the Erlich's reagent(Figure 6.4). 

COOH COOH 

COOH COOH 

HoN 

PBG 2-dimethylaminobenzaldehyde Coloured complex 

Figure 6.4 The reaction of P B G with 2-dimethylaminobenzaldehyde 

(core component of Erl ich's reagent) to form a coloured complex. 

Native mass spectrophotometric analysis of the human recombinant ALAD (Butler, 2003) 

obtained a single species with a mass of 291579 Da, 1247 Da greater than the sequence 

predicted mass of the octamer (290332 Da). The difference was assigned to the presence of 

4 molecules of PBG (4 x 226 = 904) associated with 8 Zyl^ ions (8 x 65 = 520) bound to 

the octamer, a total of 1424 Da. In light of the proposed molecule bound to four of the 

active sites of the octamer, it is proposed that it is more likely that the difference observed 

is due to the presence of 4 molecules of the proposed intermediate (4 x 242.25 = 969) 

(Figure 6.5) associated with 4 ions (4 x 65.1 = 261.6) and an associated NH4"̂  ion 

molecule derived from the buffers used for the technique (18Da), giving a total expected 

mass increase of 1248.6 Da, a figure very close to the observed mass difference. 
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Figure 6.5 The proposed intermediate found bound at the active site o f yeast ALAD 

6.2 Experiments to determine the origin of the molecule observed at the 

active site of human recombinant ALAD 

Since it had already been shown that the molecule bound at the active site of human 

recombinant ALAD was not PBG, but that the molecule closely resembles PEG (as first 

considered by Mill-Davies (2000)), it was assumed that the molecule bound must, in some 

form, be an intermediate of the enzyme catalysed reaction. In order to test this hypothesis, 

various experiments were designed and performed using 14C-radiolabelled ALA, so as to 

characterise the nature of the molecule bound at the active site. Human recombinant 

ALAD was purified as described in Chapter Two. 

6.2.1 Production of the ^^C-radiolabelled molecule bound at the active site of 

human recombinant ALAD 

To determine that the observed molecule was indeed derived from the substrate, ALA, 

experiments utilising ''^C-ALA with a specific activity of 51.5mCi/mmol were undertaken. 

Initially the tracer, '"'C-ALA (lOnmoles), was mixed with unlabelled ALA (600nmoles), to 

act as a carrier, and the mixture was incubated with Img of human recombinant ALAD 

(30nmoles of subunit) in lOOmM Tris/HCl, pH 7.0, containing 50|iM ZnCli and 5mM 

DTT. The reaction was incubated for lOmins at 37°C so as to allow turnover of substrate 
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by all available subunits. The reaction mixture was then loaded onto a Pharmacia PDIO 

column and eluted in the same buffer as used for the incubation. Fractions were eluted in 

0.5ml samples in Eppendorf tubes. The fractions were then assayed for protein 

concentration and carbon-14 counts (Figure 6.6). Additionally, it was checked that the 

enzyme was still active by conducting enzyme assays (described in chapter 2). 

It was immediately obvious that most of the carbon-14 label eluted with the later fractions 

from the PDIO column, indicative of smaller molecules. Since a relatively small amount of 

tracer was added to the carrier this was not altogether unexpected as through the course of 

the ten minute incubation period, the majority of the ALA, whether ''^C-labelled or 

unlabelled, would have been converted to PBG, and then separated on the PDIO column. 

As expected the protein eluted in the early fractions due to its size, and was easily 

identifiable though the use of the activity and protein assays, confirming that the enzyme 

was still viable and that the substrate had not formed a dead-end complex. More 

importantly, it was also observed that a small amount of the '"'C-radiolabel remained 

associated with the enzyme after the PDIO column, confirming the theory that the observed 

molecule was indeed an intermediate of the enzyme catalysed reaction. 

6.2.2 Stoichiometry of the ALA binding to human recombinant ALAD 

lOnmoles of ''^C-ALA was used as a radioactive tracer in 600nmoles of unlabelled ALA 

carrier. The lOnmoles of ''^C-ALA had a specific activity of 515.5nCi which should have 

given a total of 1133000dpm. 

On elution from the PDIO column the human recombinant ALAD (Img) had a count rate of 

on average 11250dpm. Bearing in mind that the labelled '"^C-ALA had been diluted 1:60 

and that the enzyme was subjected to 10 turnovers (only 1 in 10 molecules of labelled ALA 

would remain bound, with the remainder being converted to PBG), it can be assumed that if 

all of the substrate used had been '"'C-radiolabelled, then Img (SOnmoles of subunit) of 
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human recombinant ALAD would be associated with 6750000dpm or 59.57nmoles of 

ALA. Based upon this data, it is proposed that each subunit of enzyme binds 2 molecules 

of ALA. 

6.2.3 Turnover of the putative intermediate 

Enzyme with the associated labelled molecule from the previous experiment (300fJ.g, 

lOnmoles) was incubated with excess unlabelled ALA (600nmoles) with the aim of causing 

turnover of the associated '"^C-labelled molecule and in doing so demonstrating that the 

molecule was subject to turnover and therefore a reaction intermediate. As before, after 

incubation, the sample was subjected to gel filtration on a PDIO column and 0.5ml fractions 

collected. The fractions were assayed for protein concentration and carbon-14 counts 

(Figure 6.6). Additionally, it was checked that the enzyme was still active by conducting 

enzyme assays (described in chapter 2). 

Approximately 3.5% of the '"'C-label remained associated with the enzyme while the rest 

eluted in the later fractions, indicative of smaller molecules. This experiment confirmed 

that the molecule is displaced by the addition of ALA, and indeed is subject to turnover in 

the presence of ALA. Therefore the molecule can be assigned as an intermediate rather 

than a cofactor. 
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Figure 6.6 Graphs to show association of C-ALA with human recombinant ALAD. 

Graph A shows the results from incubation of recombinant human A L A D with ' ' 'C-ALA. It is clear that, 

although the majority of the '' 'C-radiolabel is converted into PBG (fractions 11-21), a percentage of it remains 

associated with the protein (fractions 5-10). 

Graph B shows the results from incubation of the enzyme associated wi th ''^C-radiolabel with unlabelled 

ALA. The majority of the '"^C-radiolabel is found in the latter fractions (fractions 11-22), indicating that the 

'''C-labelled intermediate has been displaced from the enzyme. 
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6.2.4 The effect of PBG and laevulinic acid on the turnover of the intermediate 

It had already been established that ALA causes turnover and release of the intermediate 

and so other molecules were considered as candidates to cause turnover. PBG, the product 

of the catalysed reaction, was used in order to determine whether the product can complete 

the turnover of the enzyme. 

Enzyme with the associated labelled molecule from the previous experiment (300)ig, 

lOnmoles) was incubated with excess unlabelled PBG (SOOnmoles). As before, after 

incubation, the sample was subjected to gel filtration on a PDIO column and 0.5ml fractions 

collected. Again the fractions were assayed for enzyme activity, protein concentration and 

carbon-14 counts (Figure 6.7). It was observed that PBG did cause turnover of the 

intermediate bound, as again the '"^C-radiolabel was observed to elute in the later fractions 

from the column, with only 10% of the '''C-radiolabel remaining associated with the 

enzyme. 

In order to conform that the intermediate was being converted to PBG, the ALAD inhibitor 

laevulinic acid (LA) was used. LA is a substrate analogue of ALA which lack the amine 

group of the substrate. Enzyme associated with ''^C-radiolabel (SOOjiig, lOnmoles) was 

incubated with excess LA (600nmoles) and separation was conducted as previously on a 

PDIO gel filtration column. Similarly to the incubations with ALA and PBG, the ''Re-

labelled fractions occurred in the latter fractions (Figure 6.7), indicating that the '"̂ C-

radiolabel had dissociated from the enzyme, with only 8% of the '"^C-radiolabel remaining 

associated with the enzyme. However, due to the small amounts of molecule in the latter 

fractions, release of PBG could not be tested directly with Erlich s reagent which is not 

sensitive enough for such small amounts of PBG. 
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Figure 6.7 Graphs to show the effect of incubation with laevulinic acid and PBG on the association of 

radiolabeled ALA with human recombinant ALAD. 

Graph A shows the results f rom incubation of the enzyme associated wi th '^'C-radiolabel with PBG. The 

majority of the ''^C-radiolabel is found in the latter fractions (fractions 11-22), indicating that the ''^C-labelled 

intermediate has been displaced from the enzyme. 

Graph B shows the results from incubation of the enzyme associated w i t h '"'C-radiolabel with LA. The 

majority of the ''^C-radiolabel is found in the latter fractions (fractions 11-22), indicating that the ''^C-labelled 

intermediate has been displaced from the enzyme. 
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In order to test for PEG within the latter fractions from the experiment conducted using LA, 

the fractions were pooled and loaded onto a 2ml Dowex-50 column, which had been pre-

equilibrated with 10ml of AnalaR water. After loading of the sample, the column was 

washed with a further 10ml of AnalaR water after which the PEG was eluted using a O.IM 

solution of acetic acid. Single drops of the eluent were collect into Eppendorf tubes and 

each fraction was tested for PEG using capillary tubes; A small volume was allowed to 

enter the capillary and the same end was then briefly dipped into a small drop of Erlich's 

reagent until an equal volume had entered the tube. Erlich's positive fractions were 

subsequently pooled and run on a TLC plate in 4:1:1 mix of acetic acid:isopropanol:water 

(Figure 6.8). 

— I 
PEG Scrnpte 

Figure 6.8 The TLC plate showing the migration of the concentrated sample from the previous 

experiment against PBG. 

The TLC clearly shows that the intermediate has been converted to PEG when LA has been 

added to the enzyme associated with the '"'C-labelled intermediate. 

6.3 Discussion 

Previous work by Mills-Davies (2000) and Jaffe (1988,1990) has suggested the presence of 

a ligand that was tightly bound at the active site of ALAD. The exact nature of this ligand 
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had not been determined, however Jaffe postulated that the pyrrole-like compound 

observed by NMR studies could be a derivative of PEG, which had been modified by a 

contaminating protein. Mills-Davies suggested that the molecule found bound at the active 

site was PEG, due to the nature of the electron density available. Butler conducted 

experiments to determine the nature of the molecule at the active site of erythrocyte human 

ALAD, results for reaction with Ehrlich's reagent were negative indicating that the 

molecule was not PEG. 

Native mass spectroscopy indicated a molecular mass close to that expected if the enzyme 

had four molecules of PEG and 4 Zn ions associated with it. However, in light of recent 

research by Erskine et al. (2003) on the nature of the postulated intermediate, the data can 

better be attributed to the octameric form of the enzyme associated with four molecules of 

the proposed intermediate and four ions. This data agrees with the observations of 

half-site reactivity for the human erythrocyte that has previously been reported (Mills-

Davies, 2000). 

The experiments in this chapter confirm that the molecule that has been observed at the 

active site of both erythrocyte human ALAD and yeast ALAD is a true intermediate of the 

reaction mechanism by which ALAD catalyses the reaction of two molecules of ALA to 

PEG. It has been confirmed that the molecule can be released from the enzyme by addition 

of ALA, PEG and LA in excesses. 

In addition, through the experiments conducted with LA, it has been shown that the 

turnover of the intermediate to PEG is possible and is likely to be triggered by the presence 

either ALA or PEG in vivo. Since ALA, PEG and LA all cause release of the intermediate, 

it is clear that the amine group is not essential to cause the dissociation and conversion to 

PEG. However, it seems likely that the transformation of the intermediate into a released 

product is a part of the specific enzyme mechanism. Thus the bound intermediate is 

maintained throughout a fairly rigorous and lengthy purification process and also 
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throughout the crystallisation process and only is released by an active site specific ligand 

such as PBG, ALA or LA. 

Observations of half-site reactivity are primarily based upon the crystal structure of the 

dependant human erythrocyte ALAD, where the intermediate appears to be found 

bound at the active site of one subunit within the dimer. In contradiction, the results gained 

here indicate that two molecules of ALA are found associated with every monomer. This 

could well be the result of half-site reactivity, whereby the formation of the intermediate at 

four sites in the octamer is the rate-limiting step of the mechanism. This formation of the 

intermediate could allow two molecules of ALA to bind at the other four sites, however, the 

reaction would not be able to continue until the intermediate in the other four sites had been 

subjected to turnover. Alternatively the binding of substrate to the available active sites 

could cause the turnover of the intermediate to PBG. 

In my opinion it would be of great interest to crystallise the human erythrocyte ALAD with 

additional ALA so as to potentially obtain crystals with molecules associated at every 

active site, half with the intermediate bound, and half with ALA bound. Crystallisation of 

the human erythrocyte ALAD, after first using sodium borohydride in conjunction with an 

incubation step with ALA so as to trap ALA to the active site, may be a second course of 

action to obtain this information. 

With respect to the turnover experiments, further work would be helpful to quantify the 

exact concentrations required for turnover of the intermediate and the length of time 

required for this process to occur. Of particular interest would be experiments to determine 

whether the bacterial and plant forms of ALAD follow the same process. The 

dependant enzymes would indeed be a very interesting area to study in respect of this 

phenomenon. 
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Chapter Seven: Crystallisation of a recombinant human ALAD 

7.1 Introduction 

The first structure of a mammalian ALAD was solved by Mills-Davies in 2000 (Accession 

No. 4.2.1.24) (Mills-Davies, 2000). The human erythrocyte ALAD structure revealed a 

ligand, bound at the active site of one subunit within each dimer, that was reminiscent of 

the product PBG. When PEG was modelled into the electron density present at the active 

site, the match was good although not perfect. However, the resolution of the structure 

was only to 2.8A and there were certain areas of the structure where modelling was difficult 

due to absence of any clear electron density. 

Since there were areas of the human erythrocyte structure that were unclear, particularly, in 

monomer b which did not show a ligand molecule bound, attempts were made by Butler 

(Butler, 2003) to crystallise a recombinant form of the human ALAD in order to collect 

better diffraction data and hopefully to obtain a more complete structural view of the 

enzyme. 

Based upon the crystallisation conditions employed for the crystallisation of the native 

human erythrocyte ALAD, Butler(ButIer 2003) designed crystal screens using O.IM Mes 

buffer at pH 6.2, pH6.4 and pH6.8. The concentration of ammonium sulphate was varied 

from IM to 1.6M and the dioxane concentration from 0-10% (see Table 7.1 for secondary 

screen conditions). Resulting crystals were then screened for the best candidates for 

freezing and data collection. One large crystal (-1mm in length) was subsequently frozen 

with the addition of 40% glycerol as cryoprotectant and taken to the ESRF at Grenoble, 

where diffraction data to 2.8A was collected. 
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A B c D E F 
O.IM Mes pH 6.2 
0% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.2 
0% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.4 
0% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.4 
0% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.8 
0% dioxane 
1 .CM Ammonium 
sulphate 

O.IM Mes pH 6.8 
0% dioxane 
1.6M Ammonium 
sulphate 

1 

O.IM Mes pH 6 2 
1% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.2 
1% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.4 
1% dioxane 
I .OM Ammonium 
sulphate 

O.IM Mes pH 6.4 
1% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.8 
1 % dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.8 
1% dioxane 
1.6M Ammonium 
sulphate 

2 

O.IM Mes pH 6.2 
5% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.2 
5% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.4 
5% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.4 
5% dioxane 
1.5M Ammonium 
sulphate 

O.IM Mes pH 6.8 
5% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.8 
5% dioxane 
1.6M Ammonium 
sulphate 

3 

O.IM Mes pH 6.2 
10% dioxane 
1 .CM Ammonium 
sulphate 

O.IM Mes pH 6.2 
10% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.4 
10% dioxane 
1 .OM Ammonium 
sulphate 

O.IM Mes pH 6.4 
10% dioxane 
1.6M Ammonium 
sulphate 

O.IM Mes pH 6.8 
10% dioxane 
l.OM Ammonium 
sulphate 

O.IM Mes pH 6.8 
10% dioxane 
1.6M Ammonium 
sulphate 

4 

Table 7.1 Secondary screen conditions used for the crystallisation of recombinant human ALAD. 

7.2 Data processing 

The resulting data images were processed using MOSFLM, following the guidelines 

discussed in Chapter Two. 

The putative space group was predicted through the use of the integrated autoindex 

program of MOSFLM. The program predicted a space group of P422 with cell dimensions 

of 127.08 X 127.08 x 91.23. This higher symmetry space group allows the collection of 

fewer images, typically around 45° in this case, in order to obtain a full dataset and 

therefore the most amount of unique data. An added advantage to this space group is that 

all the required data can normally be collected from a single, crystal as was the case in 

these experiments. 

MOSFLM was then used to refine the detector parameters, using least square refinement 

and the profile fitting parameters were determined and post-refinement of the crystal 

orientation, beam parameters and cell parameters were performed. 

Once data had been processed, SCALA was utilised to examine the quality of the data, such 

as distribution of the reflections in relation to the resolution, completeness of the data, 

mosaicity and intensities. Finally, the intensities were converted to structure-factor 

amplitudes. The statistics for the recombinant human ALAD can be viewed in Table 7.2. 
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Statistics for entire dataset 

Resolution range (A) 29.35-2.80 

Rmerge ( % ) 13.4 

Completeness (%) 99J 

Multiplicity 9.2 

Mean I/a (I) 3.4 

Statistics for outer shell 

Resolution range (A) 2.95-2.80 

Rmerge ( % ) 1&7 

Completeness (%) 99J 

Multiplicity 9.1 

Mean I/<j (I) 1.7 

Table 7.2 The statistics for the 2.8A dataset collected and processed from a recombinant human ALAD 

crystal. The data indicated the presence of two subunits per asymmetric unit. 

7.3 Molecular replacement of recombinant human ALAD 

Molecular replacement was carried out using the program MOLREP. Since the structure of 

the human erythrocyte ALAD had already been solved, this was obviously used as the 

search model, thereby reducing associated problems with molecular replacement. A radius 

of integration of 30A gave the best results (Tables 7.3 and 7.4) and a model with the new 

coordinates was outputted by MOLREP. The model was opened in MOLPACK and the 

symmetry related subunits were checked for the correct orientation and packing in 

comparison to the previously solved native human erythrocyte ALAD structure. 

162 



Peak number a P Y Rf/a 

1 2&45 0.00 104.64 6.97 

2 8&,86 &00 0.00 6.05 

3 60.67 &00 0.00 3J3 

4 8533 87 112.14 2 2 2 

5 59JD 1L96 204^4 1.99 

6 33X# 13J^ 210.00 1.99 

7 5J3 45J9 9 4 J 5 1.98 

8 78.29 51.05 162.95 1.97 

9 40.23 88^5 112.40 1.97 

10 26.71 90.00 25&15 1.93 

Table 7.3 A table listing the top ten rotation peaks for the molecular replacement of human 

recombinant ALAD. 

Two potential rotation peak search hits (highlighted in yellow) can be observed as having Rf/ o above the 

standard values. 

Peak number X Y Z Density/a 

1 0.985 0.496 0.952 82^2 

2 0.485 0.996 0.953 18.96 

3 0.485 0.996 0.452 17.74 

4 0.984 0/W6 0.009 13^0 

5 0.984 &496 0 2 7 0 12.01 

6 0.987 0.496 &062 12.01 

7 0.986 0.496 0J^3 11.77 

8 0.985 0.996 0.954 11.45 

Table 7.4 A table listing the calculated translation peaks for the molecular replacement of human 

recombinant ALAD 

The proposed translation peak search hit (highlighted in yellow) can be seen to have a very high density/o 

value in comparison to the other proposed peaks. 
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7.4 Refinement of the molecular replacement solution 

The molecular replacement solution was displayed at all times using TURBO FRODO and 

refinement was undertaken using a combination of SHELX and RESTRAIN. 

Refinement using SHELX involved rigid-body refinement followed by torsion-angle 

simulated annealing and individual B-factor refinement. 

After each refinement step, as the phases improved, rebuilding of the output model was 

undertaken in TURBO-FRODO and the residues were rebuilt into observed electron 

density, ensuring that angles and bond lengths were of acceptable parameters. Such model 

building was undertaken using the Fq-Fc and the 2Fo-Fc maps. 

Since the search model used had certain residues removed and stretches of the sequence 

had been replaced with polyalanine sequences, due to lack of distinctive electron density, 

the first task was to rebuild these residues using the available electron density. 

After two rounds of refinement, the phases improved sufficiently to provide enough 

electron density so as to build the catalytic into the density at each active site. 

Additionally, as was observed with the native erythrocyte human ALAD structure, there 

was electron density indicating a bound ligand at the active site of one subunit within each 

dimer. Unfortunately, the electron density for the ligand molecule did not improve through 

the refinement process enough to model in an exact structure of the molecule. However, as 

before, it resembled a porphobilinogen like structure. 

7.5 The structure of recombinant human ALAD 

The structure of the recombinant form of human erythrocyte ALAD is, as expected, very 

similar to that of native human erythrocyte ALAD. Improvements in the recombinant 

human erythrocyte ALAD structure have been made with the inclusions of four residues in 

the monomer containing the bound ligand molecule, and twenty-eight residues in the 

second monomer. It had not been possible to build these into the human erythrocyte ALAD 
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structure. Additionally, it has been possible to build the catalytic zinc ion into the active 

sites in both of the monomers within the dimer, not only the active site containing the 

bound ligand molecule. The gross appearance of the native and the recombinant human 

ALAD forms are, however, very similar. 

7.5.1 The recombinant human ALAD monomer 

The monomer of the recombinant human ALAD exhibits a structure very similar to that of 

other ALADs whose structures have been solved. The monomer adopts the classical TIM 

barrel fold formed by eight p-sheets interspersed by eight segments of a-helix (Figure 7.1a). 

The overall structure is formed from the following secondary elements numbered from the 

to the C-terminus: pi, a2, p4, a3, P5, a4, P6, a5, P7, a6, pS, a7, P9, a9, piO and alO. 

The residues comprising these elements are listed in Table 7.5. The active site of the 

monomer is formed from the loop regions that connect the C-terminal end of the P-sheets 

and a-helices. The other main component of the monomer is the i V - t e r m i n a l arm region 

which extends away from the barrel region and comprises the first twenty-eight amino 

acids of the sequence. 

Additionally, there is a further structural element that is present in the four monomers with 

the ligand molecule bound at the active site. This is the loop region that has been 

previously documented for the native erythrocyte human ALAD and is observed to act as a 

"lid" to the active site. This comprises amino acid residues 197 to 220. 
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Symbol Human A residues Human B residues Secondary Structure 

1-7 1-7 CwU 

8^^ 8-10 310-helix 

11-13 11-13 turn 

a l 14-20 14-20 a-helix 

21-30 21-30 CwW 

pi 31-38 31-38 P-strand 

39^W 3-43 turn 

132 44-46 44-46 P-strand 

47-53 47-53 P-hairpin turn 

p3 54-57 54-57 P-strand 

58-61 58-61 coil 

a2 62-70 62-70 a-helix 

71-74 71-74 turn 

p4 75-80 75-80 P-strand 

81-99 81-99 coil 

a3 100-111 100-111 a-helix 

112^15 112-115 turn 

P5 116-121 116-121 P-strand 

122-142 122-142 coil 

a4 143-159 143-159 a-helix 

160-163 160-163 turn 

p6 164-167 164-167 P-strand 

168-173 168-173 turn 

a5 174-184 174-184 a-helix 

185-191 185-191 turn 

P7 192-199 192-199 P-strand 

200-205 200-205 coil 

Active site loop 
206-212 206-212 a-helix 

Active site loop 
213-223 213-223 coil 

224-230 224-230 coil 

a6 231-243 231-243 a-helix 

244-248 244-248 turn 

pg 249-253 249-253 P-strand 

254-257 254-257 310-helix 

al 258-267 258-267 a-helix 

268-272 268-272 turn 

P9 273-278 273-278 P-strand 

aS 279-290 279^90 a-helix 

291-295 291-295 turn 

a9 296-310 296-310 a-helix 

311-313 311-313 turn 

p io 314-317 314-317 P-strand 

318-319 318-319 turn 

alO 320-325 320-325 a-helix 

326-328 326-328 turn 

Table 7.5 The secondary structure elements of recombinant human erythrocyte ALAD. 
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7.5.2 The recombinant human ALAD dimer 

The strongest interactions within the octamer are those between pairs of monomers that 

result in the formation of dimers. These interactions are principally between the TV- t e rmina l 

arm regions of one monomer (residues 1-20) and the a6 helix (residues 231-243) of the 

neighbouring monomer within the dimer (Figure 7.1b). The way in which the interactions 

between monomers occur gives the dimer the overall shape of a twisted number "69". 

(b) 

Figure 7.1 The structure of recombinant human ALAD. 

(a) The structure of the monomer is based around the TIM barrel fo ld with an extended A'-terminal arm 

region. The two active site lysines are shown in black. 

(b) The structure of the dimer gives the appearance of the number "69" with the main interactions 

between the monomers mediated by their TV-terminal arm regions. 

(c) The octamer is best described as a tetramer of dimers and has a solvent channel of 15-2OA running 

through its centre. 

7.5.3 The recombinant human ALAD octamer 

The best description of ALAD is as a tetramer of dimers. The axis of each dimer is 

orientated towards the centre of the 4-fold axis of the octamer, through which runs a large 

solvent filled channel 15-20A diameter. The majority of the interactions between the 

dimers are again mediated by the outside of the T V - t e r m i n a l arm regions as is shown in 

Figure 7.1 c. 
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7.5,4 The recombinant human ALAD active site 

As with other ALAD structures, the active site cleft of the recombinant human ALAD is 

comprised of amino acid residues located at the C-terminal ends of adjacent ^-strands and 

is dominated by two invariant lysine residues, Lysl99 and Lys252. 

The lysine side chains emerge from a hydrophobic pocket predominantly filled with 

tyrosine side chains. However, the active site also contains a number of invariant polar 

residues which have been indicated to have possible roles in substrate binding and catalysis. 

Based on similar structures, Lys252 would form the Schiff base to the P-side substrate and, 

indeed, has a more hydrophobic environment than its neighbouring Lysl99. Ser279 and 

Tyr318 are implicated in substrate binding and orientation within the active site, based 

upon their proximity to the active site lysines. These two residues are again conserved 

between all ALAD structures that have been solved as yet. Additionally, Phe208 may also 

define packing of the substrate within the active site (Figure 7.2) since the phenyl ring can 

interact with the methylenes of both substrate molecules. 

The catalytic zinc is coordinated between cysteine residues 122,124 and 132. Interestingly, 

the zinc was found to be present in both subunits of the dimer, not just in the monomer with 

the ligand density at the active site as noted previously (Mills-Davies, 2000). There was no 

evidence of a second "structural" zinc in the structure. 

There was evidence for a ligand molecule bound at the active site of one monomer within 

each dimer. The ligand molecule, proposed as a catalytic intermediate, could be modelled 

into the active site cleft (Figure 7.3) but the results were not absolutely conclusive, since 

sufficient electron density was not available to confirm the exact molecule bound. 
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Figure 7.2 A view of the active site of recombinant human ALAD 

The active site lysines can be seen, with the P-site lysine (Lys252) apparently interacting with the bound 

ligand molecule (residues are shown modelled into the F Q - F C electron density maps (shown in blue)). 

Unfortunately, as can be seen from the figure, the 2Fo-Fc electron difference density map (shown in green) is 

not conclusive enough to determine the type of molecule bound. The catalytic zinc can be observed to be 

tetrahedrally coordinated between the three invariant cysteine residues. Phe208, Ser279 and TyrSlS are all 

located at the boundaries of the active site and may also have a role in substrate packing. 
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Figure 7.3 The proposed intermediate bound at the active site of human recombinant ALAD. 

The proposed intermediate can be seen bound to Lys252 with was no evidence of binding to the other 

invariant Lysl99 which is located in the foreground to the left of Lys252 (omitted for clarity). 

7.6 Discussion 

The purpose of this study was to improve the original human ALAD model first solved by 

Mills-Davies (Mills-Davies, 2000) in which there were stretches of the protein that were 

unresolved due to poor electron density. This has been achieved and those sections of the 

protein that were poorly resolved have been defined, giving a clear indication of the 

importance and confirmation of the active sites of both subunits within a dimer. 

Unfortunately, the resolution of the structure bound at the active site was not improved and, 

despite our best efforts, the precise structure of the molecule bound at the active site of the 

monomer could not be elucidated conclusively. Nevertheless, the proposed intermediate 

recently proposed by Erskine et al. (2003) for the yeast enzyme could be modelled into the 
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density present at half of the active sites of the human enzyme with the intermediate bound 

to Lys252 but with no covalent link to Lys]99, the other invariant lysine residue at the 

active site of the human erythrocyte ALAD. 

The structure confirms the similarities observed between species of ALAD, with the 

majority of the contacts of the overall structure mediated between the A^-terminal arms of 

neighbouring monomers forming dimers. The overall structure is that of an octamer with a 

15-20A solvent channel running through the centre. There was no evidence for a structural 

zinc binding site as has been previously been reported (Jaffa, 2000) from kinetic analysis of 

the enzyme. There was electron density for at the catalytic sites in all eight subunits 

of the octamer, in contrast to the structure determined by Mills-Davies, where a large 

portion of the structure of the second monomer was disordered. The fact that there is 

density at the active site of one monomer of each dimer provides new evidence for the 

possibility of half-site reactivity for the Zn^^ dependant forms of the enzyme, as has 

recently been suggested by the structure produced by Erskine et a/.(2003). 

Future work would have to include further modification of the crystallisation conditions, so 

as to improve the crystals obtained and therefore the resolution of the data achievable. 

Better quality data, to a higher resolution, should conclusively prove the nature of the 

molecule bound and the interaction of the molecules with the surrounding residues within 

the active site. 
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Chapter Eight: Final Conclusions 

The work described above encompasses extensive investigations on the ALAD enzymes 

from P. sativum and from human and E. coli sources. 

A new gene construct, encoding a recombinant P. sativum ALAD, has been synthesised 

with suitable codon bias at the 5'-end to facilitate expression in E. coli. The DNA sequence 

lacks the chloroplast targeting sequence (Boese, 1991) that could have led to difficulties in 

protein folding. The nature of the chloroplast targetting sequence was deduced by 

comparing the known //-terminal sequence of the native pea enzyme with the predicted 

sequence deduced from the DNA sequence of the P. sativum gene and the TV-termini of E. 

coll and human forms of ALAD. The newly synthesised P. sativum clone has been used to 

produce milligram amounts of purified protein by the design of a novel growth and 

purification protocol and these measures have reduced the overall time required for the 

purification process compared with previously published protocols. 

The research has revealed the conditions for optimal activity of the f A L A D and 

factors affecting the catalysis of PEG formation. The studies have also highlighted large 

differences in pH optima and temperature optima (see figure 8.1) between the ALAD from 

E. coli. 
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Temperature Optimum Pi sum sativum ALAD 

25 30 

T e m p e r a t u r e 

Figure 8.1 The effects of temperature on recombinant pea ALAD over a 30°C temperature range, with 

a temperature optimum at ~25°C. In comparison, the E. coli ALAD shows a temperature optimum of 

The properties of the substrate, 5-aminolaevuHnic acid, a very reactive compound, have 

been investigated by NMR with respect to its chemical dimerisation to form a pyrazine 

under various buffer conditions that have traditionally been used for the assay of ALAD 

enzymes. Results have shown that the chemical dimerisation at more alkaline buffer pHs 

and at higher temperatures is significant enough to affect assay results substantially. This 

has ramifications with regard to the way that ALAD assays need to be conducted in the 

future. 

The stability of the purified P. sativum enzyme has been investigated extensively and the 

dissociation of the octameric enzyme over time has been observed. From these results it 

was possible to devise conditions that allowed enzyme to be effectively stored over a period 

of a year, rather than a week, without significant loss of activity. These storage conditions, 

that involved rapid freezing in liquid nitrogen, could be applied for use with other proteins 

that are unstable under standard conditions. 
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The main aim of the study in this thesis was to crystaUise the P. sativum ALAD and to 

solve the X-ray structure. Crystals of the enzyme were obtained quite early in the PhD 

programme (see figure 8.2) but they did not diffract well enough to allow a structure to be 

determined. A substantial amount of effort went into modifying the crystallisation using a 

range of different conditions to optimise crystal quality. Crystals that diffracted to below 

3A were obtained that showed high promise. The range of techniques and conditions used 

for this study would be useful for optimising the crystallisation conditions for other proteins 

and the research has highlighted areas of interest, such as the ability to grow crystals over 

large pH ranges and the different crystal forms observed under such conditions. 

Figure 8.2 Example of a crystal yielded by secondary crystallisation screening. 

Although a data set for P. sativum ALAD at 3 A has been obtained, it has not yet been 

possible to solve the phase problem and a 3-dimensional structure has not yet been 

obtained. Modification of a recombinant bacterial growth protocol has allowed simple and 

repeatable preparation of a selenomethionine labelled P. sativum ALAD variant, but this 

did not yield suitable crystals for calculation of phases. The project is therefore well set up 

for the continued attempts to solve the structure of P. sativum ALAD. This is important 

since a plant ALAD structure is not yet available. The modified conditions used to prepare 

selenomethionine labelled ALAD have been adapted successfully in the laboratory for the 

study of other enzymes. 
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The studies into the inhibition of P. sativum ALAD, using novel knowledge-based 

compounds, has not yielded any significant enzyme inhibitors, however, it has given some 

insight into which direction further research should proceed with regard to the refinement 

of inhibitors structure for species-specific inhibition. However, until a 3-dimensional 

structure is available for higher plant ALAD, it will be difficult to design species-specific 

inhibitors. 

The thesis also incorporates a collaborative study, with Dr Butler, on the structure 

determination of recombinant human ALAD that has been solved at a resolution of 2.8A 

and the structure refined. Previous studies in the laboratory had solved the structure of 

native human ALAD isolated from erythrocytes. The recombinant structure has given us 

more information with regard to the active site lid region of the human protein and has 

confirmed the presence of a tightly bound enzyme intermediate complex (Figure 8.3). 

Studies into the nature of the compound bound at the active site of the have identified it as a 

true intermediate of the reaction mechanism of dependent enzymes. This strengthens 

the mechanism proposed by Erskine et al. (2003) whereby the C-C bond is formed prior to 

the formation of the C-N bond in the reaction mechanism (see figure 6.3). It also gives 

evidence that the turnover of this intermediate is the rate limiting step of the reaction 

mechanism and that the product can only be released by a subsequent turnover. This has 

been demonstrated conclusively by turnover experiments using radioactively labelled 

intermediate and substrate. 
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Figure 8.3 The proposed intermediate bound at the active site of human recombinant ALAD. 

The proposed intermediate can be seen bound to Lys252 with was n o evidence of binding to the other 

invariant Lysl99 which is located in the foreground to the left of Lys252 (omitted for clarity). 

In my opinion, there is still much to research in respect to the enzyme ALAD. It is not yet 

clear whether the reaction mechanism for Zn^^ dependant enzymes is exactly the same as 

that for the Mĝ "̂  dependant enzymes, and indeed the role of a metal ion in the reaction 

mechanism of any ALAD. 

The changes in quaternary structure of the enzyme in response to specific factors, such as 

protein concentration and pH, requires further study in order to investigate the possible 

change from octameric structure to hexameric. Such changes have been suggested in the 

case of specific mutations to the human enzyme - for instance it has been suggested that the 

human Phe 12 Leu mutant exists in a hexameric form rather than as an octamer. In the 

plant enzyme it is possible that a change fi-om octameric to hexameric structure may play a 

role in the physiological regulation of the enzyme in vivo. 
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