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Abstract

The species distribution o f biliverdin-IXa reductase (BVR-A) has been reinvestigated. It 

appears increasingly Hkely that birds and amphibia have the potential to express an active 

biliverdin-IXa reductase. The full length cDNAs encoding human, Danio rerio, murine, 

and Xenopus BVR-A w^ere successfully amplified and cloned into various expression 

vectors. To date human BVR-A pET41a-Mod, murine BVR-A ppMAL, and Xenopus 

BVR-A pGEX-KG transformed cultures have been induced with IPTG resulting in the 

expression o f recombinant proteins which display the appropriate molecular weights. The 

cloning and expression o f an active Xenopus BVR-A in this study and the detection o f 

biliverdin reductase activity in turkey erythrocyte cytosol extends the phylogenetic 

distribution o f BVR-A to include amphibians and possibly birds.

Phosphate has been shown to enhance NADH binding by human BVR-A as the apparent 

Km for NADH is decreased over 100-fold with no change in the apparent Vmax- 

Replacement o f residues around the nucleotide’s 2 ’ phosphate binding pocket was used 

to investigate the nature o f phosphate activation. It was shown that the R44A mutant not 

only abolished the kinetic discrimination between NADH and NADPH, but also the 

activation by phosphate during the NADH dependent reaction. It is clear that NADH 

binding is augmented by inorganic phosphate “mimicking” the 2 ’-phosphate o f NADPH. 

The kinetics o f the mammalian enzymes have been distorted by the effects o f substrate 

inhibition and by the activation o f NADH dependent activity by phosphate. It now seems 

likely that the nature o f the dual pH-cofactor specificity is due to the pH dependence of 

substrate inhibition which is additionally complicated by phosphate activation with 

NADH as cofactor. In order to overcome the effects o f substrate inhibition hampering the 

full characterisation o f these enzymes it was decided to develop a radiolabelled assay for 

BVR-A. It has been shown that the synthesis of radiolabelled 2 ’-[^^P] NADPH with a 

specific activity o f 243mCi/mmol is possible and that the TLC separation o f NADP^ 

from NADPH and NAD^ from NADH on PEI cellulose provides a convenient method to 

assay the activity o f this enzyme.

The substrate specificity o f BVR-A was investigated in the hope o f gaining an insight 

into factors determining substrate binding. These studies suggest that the most important 

determining factors for substrate binding are the charged propionate moiety on two



central pyrrole rings. In addition, biliverdin-IXa dimethylester was shown not to be a 

substrate for human BVR-A, while the reaction using biliverdin-IXa sulphonate as 

substrate was catalytically productive. Further studies using biliverdin isomers with 

conformational restraints suggest that significant modifications on the conformational 

volume occupied by the outer pyrroles o f biliverdin do not impede substrate binding. 

This may be interpreted in a model where the outer pyrroles are not intimately 

associated with the enzyme surface.

It has been suggested that BVR-A has functions beyond its recognised catalytic activity. 

One such fiinction is based on the enzymes ability to associate with zinc and as a result it 

has been suggested that BVR-A may play a role in either storage, or in the 

regulation o f gene. Atomic absorbance spectroscopy measurements show that Zn^^ can 

indeed associate with human BVR-A, however the molar ratio o f zinc to protein of

0.28:1 is o f the same order as that seen with a control protein (BSA) not normally 

considered to be a zinc protein. Under the same conditions alcohol dehydrogenase was 

shown to have a zinc to protein ratio of 1.8 to 1 in agreement with its known zinc 

stoichiometry (2:1). The mouse enzyme is ‘stickier’ for zinc with a molar ratio o f 0.67 to

1. Based on the crystal structure data for the rat enzyme there is no evidence for a zinc 

binding site and suggestions that BVR-A could function as a zinc finger protein or as a 

leucine zipper like protein are therefore unlikely.
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1.1 Haem and tetrapyrroles.

Tetrapyrroles are found as prosthetic groups in virtually all organism s. They fulfil a wide 

range o f  essential functions including oxygen transport and storage, energy m etabolism , 

detoxification o f  foreign compounds, light gathering and electron transport during 

photosynthesis. The functionality o f  the m olecule is provided by the ability to co-ordinate 

different metal ions at its centre with m ultiple oxidation states (Fe^^ and Fe^^), conferring 

on them  a very functional diversity. For exam ple hem o proteins are involved in a broad 

spectrum  o f  crucial biological functions including oxygen binding (hem oglobins), oxygen 

m etabolism  (oxidases, peroxidases, catalases, and hydroxylases), and electron transfer 

(cytochrom es). The functions o f  tetrapyrroles are not restricted to m etabolic functions as 

organism s use these m olecules in a m yriad o f  very different ways from their use as 

cam ouflage pigm ents to antioxidants and signalling m olecules.

1.2 The nomenclature and structure of tetrapyrroles

The haem  m olecule is com posed o f  four N -heterocyclic pyrrole residues linked by single 

bridging carbon atom s in the form o f  m ethene bridges. Overall, the basic structure is a 

planar, highly conjugated system as seen in Figure 1.1. The com m only used Fisher 

num bering system  (Fisher & Orth, 1937; cited in Lem berg & Legge, 1949 and Dolphin, 

1979) has been adopted to identify each o f  the four pyrrole rings. The rings are designated 

I, II, III, and IV (or alternatively A, B, C, D) and the m ethene bridges referred to as a ,  (3, y 

and 6 (Figure 1.1). Porphyrins are tautom eric with respect to the location o f  the two 

hydrogen atom s not involved in the peripheral conjugated system. The two hydrogen 

atoms m ay be associated w ith any two o f  the four nitrogen atoms. So traditionally the 

representation o f  one tautom eric form does not im ply the absence o f  another. The 

porphyrin ring o f  haem  is cleaved enzym atically at the a-m ethene bridge by haem 

oxygenase to form biliverdin-IX a.

Linear tetrapyrroles are often referred to as bilins. The carbon bridges o f  these bilins exist 

in either saturated (-CH 2.), or unsaturated (-CH=) forms. Bilenes, bilidienes and bilitrienes 

are structures w ith one, two, and three unsaturated bridges respectively. These linear

1
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Figure 1.1 The structure of haem (Protoporphyrin IX) and the Fischer 

labeling system.

Haem has four pyrrole rings interlinked by methene bridges denoted a , (3, y  and the 5. 

The pyrrole rings (A, B, C and D or alternatively I, II, III and IV ) co-ordinate an iron 

atom (Fe^^), at the center of the porphyrin complex. The letters M, V and P represent 

the conjugated groups along the tetrapyrrole moiety where M represents methyl 

groups (CH3), V represents vinyl (CH=CH2) groups and P represents the propionate 

(CH2-CH2-COOH) groups.



tetrapyrroles (or bilins) also have significant biological functions, being present in bile 

pigments o f animals, in light harvesting pigments o f algae and photosynthetic 

cyanobacteria and as the chromophore o f the light sensing pigments the phytochromes. In 

animals linear tetrapyrroles exist either as precursors in the formation o f haem or as the 

catabolic products of haem degradation. There is increased interest in linear tetrapyrroles 

in animals as they have been shown to have strong antioxidant properties and may be 

involved in signalling pathways (Stocker, 1990; Falchuck et al., 2002; Montorzi et a i ,  

2002; Maines, 2003).

1.3 The evolutionary origins of haem

Studies on the round worm Ascaris lumbricoides have revealed some interesting insights 

into the origins o f haem and haemoglobin. Both structurally and functionally, Ascaris 

haemoglobin is related to bacterial and mammalian haemoglobins. Haemoglobin in 

bacteria developed to destroy NO (the 'primordial gas' which evolved before atmospheric 

oxygen became abundant) while in mammals, haemoglobin evolved mainly as a carrier for 

oxygen and NO. In addition to its oxygen transport function, red blood cell haemoglobin 

forms NO complexes in the lung transporting NO to capillaries where, through activation 

o f guanylate cyclase, NO causes expansion of the capillaries facilitating increased oxygen 

transfer (Ignarro, 1992). Since Ascaris haemoglobin binds oxygen 25,000 times more 

tightly than human equivalent (Minning et al., 1999), its ability to deliver oxygen 

efficiently is hindered due to the fact that oxygen is so tightly bound that its dissociation is 

extremely low. Minning et al., (1999) showed that oxygen is removed through a novel 

enzymatic reaction with nitric oxide to produce nitrate. In essence the Ascaris haemoglobin 

acts as a deoxygenase, using NO to detoxify the oxygen around it. It appears that Ascaris 

haemoglobin is primarily involved in the elimination o f oxygen protecting the worm from 

NO which is present in the host gut or produced by the host's immune system. This ability 

to metabolize NO is very similar to the haemoglobin o f early bacteria, but the Ascaris may 

not be able to do it quite as efficiently. This view would be consistent with the 

evolutionary appearance o f simple bacterial haemoglobin when the earth's early 

atmosphere was anoxic, and toxic due to a high NO content.

2



1. 4 Precursors and formation of tetrapyrroles

The biosynthesis of all haem and tetrapyrroles begins with an initial pathway whereby two 

molecules of 5'-aminolaevulinic acid (ALA) combine to form porphobilinogen (PBG). 

Four molecules of porphobilinogen are then condensed to form a linear tetrapyrrole, 

preuroporphyrinogen, and this subsequently undergoes ring closure and rearrangement to 

produce uroporphyrinogen III. From here the pathway diverges and different modifications 

are introduced onto the macrocycle ring. This biosynthetic pathway is represented by the 

detailed schematic presented in Figure 1.2. In the late 1940s and early 1950s, the 

laboratories of Shemin and Neuberger investigated the basic aspects of haem biosynthesis 

and showed that glycine and succinyl CoA were the source of all haem. The use of isotopic 

tracers demonstrated that the haem nitrogen atoms and eight of the carbon atoms are 

derived from glycine (Shemin et al, 1948). Further studies (Shemin et al., 1950; Muir & 

Neuberger, 1950) showed that the C-2 carbon atom of glycine was incorporated into 8 of 

the positions in the haem macrocycle. The remaining 26 carbon atoms of haem were found 

to be derived from succinyl CoA (Gibson et al., 1958). We now understand that animals, 

yeast and purple photosynthetic bacteria use glycine and succinyl-CoA in the production 

of ALA, while glutamate is incorporated into ALA in plants and most bacteria (Beale & 

Castelfranco 1974a Beale & Castelfranco 1974b). ALA synthesis takes place in the 

mitochondria with the condensation of glycine and succinyl-CoA which is catalysed by the 

pyridoxal phosphate-containing enzyme 5-aminolevulinic acid synthase (ALA-S). This 

reaction is both rate-limiting and is the most regulated reaction of the entire pathway.

It has been shown that there are differences in the regulation and rates of haem synthesis in 

erythroid and non-erythroid cells. There are 2 different genes for ALA synthase, one of 

which is expressed ubiquitously (ALA-S 1), while the other (ALA-S2) is expressed in 

erythroid cells (Ponka et al., 1981 & Bishop 1990). The 5'-untranslated region of the 

erythroid-specific ALA-S2 mRNA contains the iron-responsive element (Melefors et al., 

1993), and as a result iron is responsible for the translational induction of erythroid ALA- 

S2. The availability of iron controls protoporphyrin IX levels in hemoglobin-synthesizing 

cells. In non-erythroid cells the ALA-S 1 catalysed rate-limiting step of haem production is 

in fact feedback-inhibited by haem (Shoolingin-Jordan, 1994). Some time before this.

3
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Figure 1.2 The intermediates and the enzymes involved in the haem synthetic 

pathway.

A; Glutamyl tRNA reductase

B: Glutamate semialdehyde aminomutase

C: 5-Aminolaevulinic acid synthase; located in the mitochondria.

D: Porphobilinogen synthase (ALA dehydratase) located in the cytosol.

E: Hydroxymethylbilane synthase (PBG deaminase) located in the cytosol.

F: Uroporphyrinogen III synthase (cosynthetase) located in the cytosol.

G: Uroporphyrinogen decarboxylase located in the cytosol.

H: Coproporphyrinogen oxidase; located in the mitochondria.

I: Protoporphyrinogen oxidase; located in the mitochondria.

J: Ferrochelatase; located in the mitochondria.



studies by Granick et al., (1975), showed that haem levels as low as 0.1 to 0.3 |iM 

decreased the level o f ALA-S by one-half in cultured chick embryo liver cells.

Mitochondrial 5-aminolevulinic acid (ALA) is transported to the cytosol, where ALA 

dehydratase (also called porphobilinogen synthase or hydroxymethylbilane synthase) 

condenses 2 molecules o f ALA to produce porphobilinogen. Porphobilinogen deaminase 

then catalyses the polymerization of four molecules o f porphobilinogen to produce pre- 

uroporphobilinogen. Uroporphyrinogen synthase catalyses the cyclisation o f pre- 

uroporphobilinogen forming uroporphobilinogen III, which is the universal precursor o f all 

cyclic and linear tetrapyrroles. Apart from the first step in tetrapyrrole biosynthesis, the 

pathway leading to the formation o f uroporphyrinogen III is similar in all living systems.

1.5 The localization of haem synthesis

Although haem is synthesized in virtually all tissues, there are two principal sites o f 

synthesis. Erythroid cells produce about 85% o f the haem being made in humans while the 

majority o f the remaining 15% is synthesized in the hepatocytes. In hepatocytes, haem is 

required mainly for incorporation into cytochromes, in particular, the P450 class of 

cytochromes, which are important in cellular detoxification, and also the cytochromes of 

the oxidative-phosphorylation pathway. In erythroid cells all o f  the haem is synthesized for 

incorporation into hemoglobin and this synthesis occurs once the cells have differentiated 

into reticulocytes (immature erythrocytes). On maturation o f the red cells synthesis o f 

haem and hemoglobin ceases and as a result, haem must survive over the life time of the 

erythrocyte (~ 120 days).

Hemoglobin synthesis requires the coordinated production o f haem and globin. Globin is 

the protein that surrounds, protects and gives fimctionality to the haem molecule as an 

oxygen transporter. In haemoglobin there are two distinct pairs o f globin chains {i.e. four 

individual chains, each chain contains one haem molecule). O f these 4 chains, one pair is 

generally composed o f alpha globin chains while the second pair are non-alpha chains. The 

combination o f two alpha chains and two beta chains forms adult hemoglobin. Adult 

hemoglobin becomes the predominant haemoglobin within about 18 to 24 weeks o f birth.
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Other globins (zeta globin) are expressed during the first few weeks o f embryogenesis, 

thereafter the alpha globin gene product takes over. O f the other non-alpha type chains the 

epsilon gene is also expressed initially during embryogenesis while the gamma gene is 

expressed during fetal development. Around the time o f birth, the production o f gamma 

globin declines while there is a rise in beta globin synthesis. A significant amount o f fetal 

hemoglobin persists for seven or eight months after birth. Most adults have only trace 

amounts, if any, o f fetal hemoglobin after infancy. The predominant hemoglobin tetramers 

are hemoglobin A which is the normal ’adult’ hemoglobin that exists after birth and 

comprises o f a tetramer with two alpha chains and two beta chains (eL2^ 2)- Hemoglobin A2 

is a minor component o f the hemoglobin found in red cells after birth and during adulthood 

and it consists o f two alpha chains and two delta chains (a252). Hemoglobin A2 generally 

comprises less than 3% of the total red cell hemoglobin. Hemoglobin F is the predominant 

hemoglobin during fetal development. The molecule is a tetramer o f two alpha chains and 

two gamma chains (aiyi) (Bunn & Forget, 1986).

1. 6 The haem degradation pathway

The normal human erythrocyte has a life span o f about 120 days in adults and 70 days in 

infants after which time it is removed from circulation and degraded by the reticulo

endothelial system (spleen, liver and kidney). Eventually the apoprotein o f hemoglobin 

will be hydrolyzed to its constituent amino acids while the haem moiety is cleaved at the 

a-m eso carbon o f the haem by the microsomal enzyme haem oxygenase. This is the first 

step in the haem degradation process and results in the production o f iron, carbon 

monoxide, and biliverdin-IXa. For a full description o f the haem degradation refer to 

Figure 1.3. Due to the asymmetric nature o f the side chains, cleavage at any one o f the 

methene bridges will produce one o f four possible isomers o f the linear tetrapyrrole 

biliverdin (biliverdin-IXa, -IX(3, -IX7 and -1X5) as shown in Figure 1.4. The predominant 

naturally occurring isomer however is the biliverdin-IXa produced by haem oxygenase. 

All the eukaryotic and cyanobacterial haem oxygenases characterized to date produce 

biliverdin-IXa so it is interesting that Caignan et al., (2002), reported a haem oxygenase 

from Pseudomonas aeruginosa which produced biliverdin-IXa (70%) and biliverdin-IX/3 

(30%) isomers. The natural occurrence o f other isomers is not unknown as biliverdin-IX5 

has been found in the ovaries o f the marine snail Turbo cornutu (Benedikt et al., 1988) and
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Figure 1.4 The basic structure of the linear bilin skeleton.

(a) The structure o f bihverdin-IXa. M represents methyl groups (CH3), V 

represents vinyl (CH=CH2) groups and P represents the propionate (CH2-CH2-COOH) 

groups.

(b) Cleavage of haem at any one of the methene bridges will produce one o f four 

possible isomers of the linear tetrapyrrole biliverdin (biliverdin-IXa, -IX(3, -IX7  and - 

1X5). The predominant naturally occurring isomer however is the biliverdin-IXa 

produced by haem oxygenase. The other isomers shown in the table above differ by 

the positioning of the |3-substituents on the numbered carbons.



biliverdin-IXy in the butterfly Pieris brassicae (Rudiger et al., 1969). The precise origins 

of these isomers are unknown but the idea that novel heam oxygenases exist which could 

produce biliverdin IXjS, IX7 and 1X5 is an intriguing possibility.

Biliverdin is reduced to bilirubin by the enzyme biliverdin reductase using NADPH as 

cofactor. This is discussed in greater detail in Section 1.10. Bilirubin can adopt a folded 

conformation like that of a ridge tile type structure as displayed in Figure 1.5. This occurs 

as the dipyrrole sub-units rotate about the central methylene bridge and the structure 

becomes stabilized as the carboxyl groups of the propionic acid side chains hydrogen bond 

to the terminal pyrrole ring lactams (Figure 1.5). There are six hydrogen bonds in this 

conformation and it has a greatly reduced polarity as the acid groups within the molecule 

are hidden. This conformation accounts for bilirubins lipophilic properties, allowing it to 

cross physiological barriers such as the placenta and the blood-brain barrier. The molecule 

is therefore virtually insoluble in water and has remarkably high pKg values (both above 

8.0). Ionization or conjugation of the -COOH groups breaks the hydrogen bonding 

network, allowing it to interact with water (McDonagh & Lightner, 1985).

Although haem oxygenase functions in many cells it is particularly important in the 

reticuloendothelial system which is composed of monocytes and macrophages located in 

the reticular connective tissue of the spleen. Haem degradation capabilities are not just 

limited to the spleen however as Kupffer cells (hepatic resident macrophages) of the liver 

also function in this regard.

Q

Bilirubin being lipophilic complexes to albumin with a K<i of approx. 10' M, and this 

bound form circulates in blood plasma. Once the albumin bound bilirubin reaches the 

hepatic sinusoids the complex migrates across the sinusoidal endothelium into the space of 

Disse (Figure 1.6). There, any bilirubin released from albumin is taken by up by carrier- 

mediated active transporters on the basolateral membrane of the hepatocytes (Bissell, 

1972). These organic anion transporters (OATPs), transport both unconjugated and 

conjugated bilirubins from the space of Disse into hepatocytes. Once inside the hepatocyte, 

the intracellular bilirubin is bound to the a-class glutathione S-transferase (Zucker et al., 

1995) or Z-protein. In the hepatocyte the bilirubin is conjugated at the smooth endoplasmic 

reticulum (ER) with glucuronic acid, to form bilirubin monoglucuronide and also bilirubin
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Figure 1.5 The ridge-tile conformation of bilirubin.

The dipyrrole sub-units rotate about the central methylene bridge and the structure 

becomes stabilized as the carboxyl groups o f the propionic acid side chains hydrogen 

bond to the terminal pyrrole ring lactams. The resulting folded conformation adopts a 

ridge tile type structure.



Figure 1.6 Haem degradation pathways in the liver

a Bilirubin is formed mainly by the reticuloendothelial system and is transported 

via blood circulation to the liver, where it is conjugated and excreted. Bilirubin forms 

a stable complex with albumin in blood plasma which facilitates its circulation in 

blood to liver. Bilirubin is conjugated and removed from the bloodstream by the liver 

and eliminated via the bile duct, passing from the liver into the intestines.

b Cartoon diagram showing the close association o f hepatocytes with sinusoids 

(hepatic blood capillaries). This cellular organisation facilitates a rapid passage of 

nutrients from the blood to the peri-sinusoidal space ( ‘Space of Disse’). 

Unconjugated bilirubin and its albumin complex freely cross the sinusoidal 

endothelium into the space of Disse. Unconjugated bilirubin within hepatocytes is 

complexed to ligandin (GST-B). This helps the transfer o f unconjugated bilirubin to 

the smooth endoplasmic reticulum where it is conjugated using glucuronic acid by the 

specific bilirubin-UDP glucuronosyl transferase (U G TlA l). Organic anion 

transporters transport both unconjugated and conjugated bilirubins from the space of 

Disse, while bilirubin conjugates are secreted into the bile by MRP2 (cMOAT), one of 

the organic anion transporters present in the canalicular membranes.
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diglucuronide (Figure 1.7), in a reaction catalysed by bilirubin UDP-glucuronyl transferase 

(UGTIAl) another microsomal enzyme (Jansen et a i ,  1977). Approximately 90% of the 

glucuronides formed are diglucuronides and 10% are monoglucuronides. These conjugates 

are more water-soluble than bilirubin, and have a conformation that more readily passes to 

the biliary canaliculi. A small proportion o f this will find its way back into the blood 

plasma but in healthy individuals this tends to be very small, accounting for <5% of the 

total plasma bilirubin concentration. Once formed the bilirubin conjugates are secreted into 

the bile canaliculi by the ATP-dependent transporter MRP2 (also known as the canalicular 

multispecific organic anion transporter, cMOAT). Bilirubin diglucuronide normally 

accounts for about 80% of the bilirubin conjugates in the bile o f adult humans, while 

monoconjugates predominate in newborns. A tiny fraction (less than 2%) o f the total 

bilirubin in normal bile is unconjugated and this is mainly due to the hydrolysis o f the 

secreted conjugates.

Bilirubin conjugates then pass with the bile successively from the canaliculi, through the 

bile ductules, and eventually make their way to the gall bladder where they are stored 

before being emptied into the duodenum. In the small intestine, conjugated bilirubins are 

poorly absorbed, but are often hydrolyzed to unconjugated bilirubin by jS-glucuronidases 

from the enterocytes, (cells o f the intestinal epithelium) and also from enteric bacteria. In 

the colon the action o f anaerobic intestinal bacteria results in the deconjugation o f the 

bilirubin and with further modifications they produce the colourless urobilinogen, 

stercobilingogen and mesobilinogen, which all contain saturated methene bridge carbons. 

In the lower intestinal tract these urobilinogens spontaneously oxidise at the central 

methene bridge to form their corresponding bile pigments, stercobilin, mesobilin and 

urobilin, which are orange-brown in colour. These pigments are responsible for stool 

coloration. Some urobilinogen, which is water-soluble can be reabsorbed from the intestine 

into portal blood, taken up by liver and re-excreted. A small portion (~1% o f total bile 

pigments) however can find its way into the circulation but is excreted by kidneys into the 

urine. On exposure to air the colourless urobilinogen is slowly oxidised to yellow urobilin.

It is reported that about 3.8 mg.kg"' o f  bilirubin is produced per day in normal adults, and 

that 70% - 80% is from erythroid breakdown. The remainder originates from non erythroid 

sources such as haemoproteins, cytochrome P450 and catalase and a small portion o f daily
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Bilirubin is made more water-soluble once conjugated with glucuronic acid. The 

enzyme catalyzing this reaction is bilirubin-UDP glucuronosyl transferase (U G TlA l) 

Ionization or conjugation o f the -COOH groups breaks the hydrogen bonding 

network, allowing it to interact with water.



bilirubin is derived from the destruction o f young or developing erythroid cells (Granick & 

Beale, 1978).

1.7 Physiological significance of haem degradation

Recent studies on haem oxygenase and other constituents o f the haem degradation pathway 

have underlined the important protective functions o f various components within cells. The 

protection provided comprises o f anti-inflammatory, anti-apoptotic, and anti-proliferative 

actions (Otterbein et al., 2003) which are mediated by haem oxygenase, haem and the 

degradation products, carbon monoxide (CO), biliverdin, bilirubin and free iron (Fe ) 

(Berberat et al., 2003; Ryter et al., 2004, Nakano et al., 2004, Ott et al., 2005, and 

Zuckerbraun et al., 2003).

Bilirubin has been shown to suppress p38 MAPK which in turn has anti proliferative 

effects. Similar effects have been reported with the upregulation o f HO-1 (Lavitrano et al., 

2004). Studies also show that individuals with high normal or slightly elevated levels of 

bilirubin have less atherosclerosis-related diseases than individuals with low normal levels 

o f bilirubin (Novotny & Vitek 2003). When biliverdin is administered to a cell, biliverdin 

reductase is induced and Kravets et al., (2004) reported that biliverdin functions as a 

transcription factor leading to the induction o f HO-1. Bilirubin has been shown to be an 

effective scavenger o f peroxyl radicals generated in vitro (Stocker et al., 1987; Stocker & 

Ames 1990). Sedlak & Snyder (2004) recently showed that a mechanism o f bilirubin to 

biliverdin recycling results in cytoprotection through the elimination o f reactive oxygen 

species. Such protective effects arise when lipophilic reactive oxygen species oxidise 

bilirubin back to biliverdin. Bilirubin is again produced through the actions o f biliverdin 

reductase and this protective cycling process is allowed to continue. Sedlak & Snyder 

(2004) proposed that this is an extremely efficient system and that bilirubin has the 

potential to detoxify a 10000-fold excess o f oxidants.

Interleukin 10 (IL-10) is a potent anti-inflammatory molecule and acts on macrophages and 

other cells. It is known to suppress TN F-a expression in stimulated macrophages. This 

suppression requires the presence o f HO-1 (Lee et al., 2002) and in the absence o f IL-10 

the expression o f HO-1 or the introduction o f CO or biliverdin to the macrophages 

produced the same effect as IL-10.



Another product o f the haem oxygenase catalysed reaction, Fe^^ leads to the opening of 

channels which exports Fe^^ from the cell. It also causes an increase in the ferritin 

synthesis as Fe^^ binds the IRP repressor protein which prevents translation o f ferritin 

mRNA which has an iron response element (IRE). Also the formation o f carbon monoxide 

during the haem oxygenase reaction may have potential downstream effects and may 

function in a similar manner to nitric oxide. The mRNA encoding HO-2 was found to co- 

localise in the brain with mRNA for soluble guanyl cyclase, while zinc protoporphyrin-IX 

which is a potent inhibitor o f HO, was shown to deplete endogenous guanosine 3’,5’- 

monophosphate (cGMP) (Verma et al., 1993). Carbon monoxide was shown to modulate 

secretion o f corticotrophin releasing factor from rat hypothalamic cultures (Pozzoli et al., 

1994).

1.8 Biliverdin in plants and bacteria.

Plants are light sensitive and have evolved to respond to the intensity, direction, spectrum, 

and periodicity o f light in the environment. They have achieved this feat through light 

sensors or photo-receptors. Studies, mainly with Arabidopsis have revealed the presence of 

a multiplicity o f receptors, which respond to light stimuli (Fankhauser 2001). One such 

group o f photoreceptors are the phytochromes o f which there are five types phyA-phyE. 

They absorb mainly red/far-red light although PhyA is an exception which responds to 

broad-spectrum light (Quail, 2002).

These photoreceptors proteins occur as homo-dimers o f approximately 124kDa and each 

unit has covalently attached a linear tetrapyrrole chromophore. The phytochromes contain 

a very highly conserved photosensory domain which is responsible for the covalent 

attachment o f the tetrapyrrole via thio-ether linkages to cysteine residues.

It has also been shown that significant conformational changes occur in the phytochrome 

protein upon light excitation. Phytochromes exist in two spectral forms, Pr and Pfr. 

Absorption o f a photon o f red light triggers the “Z” to “E” isomerization o f the C-15 

double bond between rings C and D o f the linear tetrapyrrole in the inactive Pr (red light 

absorbing form) to the active Pfr form (far-red light absorbing). Conformational changes in 

the protein backbone are required to maintain this high energy state Pfr, however it can
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reconvert to Pr by a slow non-photoinduced reaction (dark reversion) or much faster upon 

absorption of further far-red light.

The precursor of the linear tetrapyrroles found in cyanobacteria is haem (Cornejo & Beale 

1991). The ubiquitous haem oxygenase (ferredoxin-linked in cyanobacteria) cleaves haem 

at the IX a position resulting in biliverdin-IXa production. Biliverdin-IXa has two possible 

fates; the reduction of biliverdin-IXa by the cyanobacterial biliverdin reductase to yield 

bilirubin IXa, or the biliverdin is used in the synthesis of phycobilin molecules necessary 

for light harvesting in the cyanobacteria (Figure 1.8). Schluchter & Glazer (1997) show 

that blocking the conversion of biliverdin to bilirubin interferes with normal 

phycobiliprotein biosynthesis in cyanobacteria. This implicates the cyanobacterial 

biliverdin-IXa reductase in the control of light sensing in cyanobacteria.

1.9 Haem Oxygenase

The first step in the haem degradation is the cleavage of its alpha-methene bridge to form 

the Imear tetrapyrrole biliverdin-IXa, catalyzed by haem oxygenase. Tenhunen et al., 

(1968) were the first to report a haem oxygenase activity in the microsomal fraction from 

liver, spleen and kidney of rat. The enzyme catalyses the rate limiting production of 

equimolar amounts of biliverdin-IXa and carbon monoxide. Braggins et al. (1986) 

described the discovery of two forms of haem oxygenase designated HO-1 and HO-2, and 

more recently a third form HO-3 was described (McCoubrey et al., 1997). Haem 

oxygenase is membrane bound however some groups have expressed a soluble 

recombinant rat and human HO-1 which lacks the 23 carboxy terminal amino acid 

membrane anchor (Wilks & Ortiz de Montellano 1993). The HO-1 catalysed oxidation of 

haem involves sequential a-meso-hydroxylation, oxygen dependent fragmentation of the 

a-mesoverdohaem to verdohaem and oxidative cleavage of verdohaem to biliverdin 

(Figure 1.9). The a-meso-hydroxylation proceeds via the P450 reductase dependent 

reduction of the iron to the ferrous state. Most naturally occurring haem is in the form of 

protoporphyrin IX.

HO-1 is induced by stress factors such as cytokines, heavy metals, hypoxia and oxygen- 

free radicals resulting from a variety of disease conditions including ischemia reperfusion
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Figure 1.8 The proposed phycobilin biosynthetic pathway in plants

Biliverdin-IXa has two fates in the cyanobacterial biliverdin reductase (from 

Schluchter & Glazer, 1997). Biliverdin-IXa can be used to synthesise phycobilin 

molecules which are necessary for light harvesting in the cyanobacteria or it can be 

reduced by the cyanobacterial BVR-A.



(Tacchini et a i, 1993, Choi et al., 1996 and Lee et a i,  1996) and also by haem itself. With 

exposure to stress stimuli, HO-1 increases in all of these cell types, potentially increasing 

the levels of endogenous CO.

The regulation and expression differences between the HO isoforms are due to differences 

in their respective promoter regions. The HO-1 promoter contains the heat-shock elements 

AP-1, a cyclic nucleotide-response element, and metal regulatory element, whereas the 

HO-2 promoter contains only a single glucocorticoid response element. A report by 

Immenschuh (1998) indicated that cyclic guanosine monophosphate (cGMP), a second 

messenger up-regulated by nitric oxide (NO), can stimulate transcriptional regulation of 

HO-1 through activation of cyclic nucleotide-response element and AP-1.

The electrons required for catalytic turnover of the enzyme are provided, in mammalian 

systems, by NADPH-cytochrome P450 reductase (Yoshida et al., 1980 and reviewed by 

Maines 1997). The enzyme binds an equivalent of haem, thus forming a haem-protein 

complex in which the haem iron is coordinated to a histidine in a manner similar to that 

seen in myoglobin. The distal site of the haem is then used to coordinate and activate 

oxygen that leads to the regiospecific hydrogenation of the a-meso carbon of the haem. 

This is the first of three cycles of oxygenation reactions catalysed by haem oxygenase. At 

the second oxygenation step, the enzyme converts the a-hydroxyhaem to verdohaem with 

the release of CO by consuming one equivalent of oxygen and electron. In the final 

oxygenation step, the verdohaem is converted to biliverdin-iron complex, which is released 

from the enzyme as ferrous iron and biliverdin to conclude the turnover (Oritz de 

Montellano, 1998, Liu & Ortiz de Montellano, 1999)

Wang & Ortiz de Montellano (2003) provided evidence that P450 reductase and biliverdin 

reductase bind competitively to HO-1. They also established that the binding sites for the 

two proteins partially overlapped and defined some of the residues involved. Since 

biliverdin reductase accelerates the catalytic turnover by promoting product (biliverdin) 

release (Liu & Ortiz de Montellano, 2000), it is possible that the cytosolic concentrations 

of biliverdin reductase may have regulatory effects on the activity of HO-1. Wang & Ortiz 

de Montellano (2003) remind us that HO-1 and P450 reductase are membrane-bound 

proteins, whereas biliverdin reductase is a cytosolic protein and the localisation of the first
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two proteins in the membrane would effectively concentrate them and this is likely to 

enhance their interaction at the expense o f the interaction o f H O -1 and biliverdin reductase.

1.10 Biliverdin Reductase

Biliverdin reductases are small cytoplasmic oxidoreductases, which are ubiquitously 

expressed, and catalyse the reduction o f biliverdin to bilirubin. There are two types of 

biliverdin reductases, biliverdin-IXa reductase (BVR-A), the major component o f human 

adult liver, and biliverdin-IX;8 reductase (BVR-B). Yamaguchi et al., (1993) were the first 

to report cytosolic biliverdin-IXjS reductase activity in human liver. It was later shown that 

biliverdin-IX/3 reductase and flavin reductase were identical, and it was confirmed that 

biliverdin-IX|3 reductase has the ability to reduce riboflavin (Shalloe et al., 1996). 

Biliverdin-IXP is produced after haem cleavage at the (3-meso position, while biliverdin- 

IX a is produced on cleavage at the a-m eso position (see Figure 1.4 for the differences 

between isomers). Kinetic studies on these enzymes indicate that BVR-B has the ability to 

reduce jS, y  and 5 isomers o f biliverdin more efficiently than BVR-A, however BVR-B is 

unable to reduce biliverdin-IXa (Yamaguchi et al., 1994).

It has been shown that in the human fetus, bilirubin-IXp is the major catabolite o f haem 

degradation, and is detectable at 14-15 weeks (Blumenthal et al., 1980) and remains as the 

major bile pigment at 20 weeks (Yamaguchi and Nakajima 1995). It is also interesting that 

BVR-B activity is considerably lower than BVR-A activity in the adult liver, however at 

26 weeks o f fetal gestation the activity o f both BVR-A and BVR-B is approximately equal. 

Because o f the increased solubility o f bilirubin-IXp, the fetus does not need the 

conjugation system catalysed by UDP-glucuronyltransferase, to eliminate the bilirubin 

produced. UDP-glucuronyltransferase is not expressed until the first week o f birth, and a 

delay in its expression results in the onset o f the condition known as neonatal jaundice. The 

switch in haem degradation from the IXP pathway to the IX a pathway may be coupled to 

the switch from fetal to adult hemoglobin as described in Section 1.5.

BVR-A is found in most mammals but also in fish (Elliot & Mantle 1995, Fang & Lai, 

1987) and in the cyanobactera Synechocystis sp. 6803 (Schluchter & Glazer, 1997) and 

Nostoc sp. PCC 7120 which will be discussed in this report. In all species the liver, spleen
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and kidney tissue seem to have the highest distribution of BVR-A (Colleran & O ’Carra, 

1977) however there is wide variation of the enzyme present when comparing like tissues 

o f different species (Rigney et al., 1988). It is worth noting that BVR-A has been detected 

in tissue which are not particularly associated with haem degradation such as lungs, brain, 

intestine, and muscle (Tenhunen et al., 1970a).

BVR-A occurs as a cytosolic monomer of molecular weight 34 kDa in rat, pig and ox 

kidney (Kutty & Maines 1981: Noguchi et al., 1979: Phillips & Mantle 1981). The human 

enzyme was shown to exhibit a slower mobility on SDS-PAGE, migrating with an 

apparent Mr of 40,000 Da, even though the predicted Mr according to its amino acid 

sequence is ~34,000Da. The difference in molecular weight has been attributed to post- 

translational modifications (Maines et al., 1996).

The gene encoding rat BVR-A is 12,270 bp in length and consists of 5 exons and 4 introns 

(McCoubrey et al., 1995). The promoter region was also reported to contain binding sites 

for AP-1 (activated c-jun / c-fos dimer), HNF-5 (hepatic nuclear factor 5) and INF-1 

(initiation factor 1). Meera-Khan et al., (1993), localised the gene for human BVR-A to 

chromosome 7 (7pl4-cen: 43,764,797 -  43,83,457)), meanwhile the Jackson laboratory 

(available on line at http://www.informatics.jax.org/) has recently mapped the mouse 

BVR-A gene to chromosome 2 (cM position 62.0: 126584521 - 126610938).

Maines et al., (1996) have suggested that human BVR-A is a zinc metalloprotein which 

contains one atom of zinc per enzyme molecule. This was based initially on the primary 

sequence of the enzyme which has similarity with a zinc binding domain. Using atomic 

absorption spectroscopy and also ^^Zn-exchange analysis of both tissue purified enzyme 

and recombinant enzyme they have shown experimentally the presence of zinc. However 

the determination of the crystal structure of the rat enzyme (Kikuchi et al., 2001) shows 

clearly that there cannot be coordination of zinc in the aM  helix of the rat enzyme, which 

corresponds to the zinc binding domain proposed in the human enzyme (Figure 1.10). 

Maines et al., (1996) also reported that zinc inhibits NADPH-dependent but not NADH- 

dependent activity and so proposed that the NADH and NADPH binding regions are 

differentiated due to their ability to interact with Zn. Ahmad & Maines (2002) proposed 

that human biliverdin-IXa reductase is a leucine zipper-like DNA-binding protein and
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Figure 1.10 (a) The proposed zinc binding domain of human BVR-A

The zinc binding domain o f human BVR-A proposed by Maines et al., (1996). This 

observation is based primarily on the primary structure o f the enzyme.
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Figure 1.10 (b) The structure of rat biliverdin-IXa reductase

Stereo views of rat biliverdin-IXa reductase with all helices and sheets labelled. 

Every 20 C a carbon atom is also identified. This picture was reproduced from 

Kikuchi et al., 2002).



carbon. The C-10 then undergoes a nucleophilic addition o f hydride from the NADPH 

cofactor bound at the active site. The kinetic characterization o f BVR-A has been 

complicated by the fact that the enzyme is subject to profound substrate inhibition even at 

low micro molar concentrations. To further compound matters the product bilirubin, has 

limited solubility in solution due to the formation o f intramolecular hydrogen bonds. 

Another interesting kinetic observation associated with biliverdin reductase which is 

apparently unique among all enzymes is the fact that it displays a dual pH/ cofactor- 

dependency, preferring NADH at pH 6.7 and NADPH at pH 8.5 (presented in Figures 1.11 

and 1.12). The cyanobacterial enzyme however exhibits a distinctive pH activity profile, 

the pH optimium for both NADPH and NADH dependent enzyme activities being 5.8 as 

shown in Figure 1.14 (Schluchter & Glazer 1997).

Two different groups have looked at the role o f cysteine residues (C73, C280, and C291) 

in the rat and human enzymes (McCoubrey et al., 1994 and Kikuchi et al 2001). 

McCoubrey found that the modification o f the Cys73, to alanine completely inactivated the 

enzyme with NADH at pH 6.75 and NADPH at pH 8.7 and suggested that the loss of 

activity was not due to changes in three-dimensional characteristics o f the protein. They 

also suggested that although the two mutations near the C-terminus (Cys 280 and Cys 291) 

significantly reduced activity with both the cofactors, these mutations did not inactivate the 

enzyme. Comparison o f Km values for these mutations suggest that Cys 280 functions in 

biliverdin binding, whereas Cys 291 is predominantly involved in cofactor binding. This 

data is at variance with Kikuchi’s later experiments where the Cys 73 Ala mutation had 

only moderate effects on the enzyme’s activity relative to that o f the wild type.

The unusual properties associated with BVR-A, its substrates and products have conspired 

against the complete kinetic characterisation o f this enzyme. In fact the basic kinetic 

constants associated with BVR-A still remain obscure. Firstly, the reaction product 

bilirubin-IXa is relatively insoluble. Although there are several strong polar groups present 

with two oxydipyrryl moieties (lactams), and two carboxyl groups, it is the formation of 

internal hydrogen bonds between the propionate side chains and the terminal lactams 

which severely decrease the solubility o f bilirubin in aqueous solution. In contrast bilirubin 

in its di-anion form shows little tendency towards aggregation. Brodersen (1979) showed 

that the logarithm o f solubility varies linearly with pH, and although insoluble in acidic
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water, soluble bilirubin concentrations greater than lOmM in alkaline water were 

measured. To alleviate the aggregation problems especially at lower pH values, BSA has 

been traditionally added to bind bilirubin-IXa. The addition o f BSA however increases the 

extinction coefficient o f bilirubin from 27,000 M’’ cm’’ to 55,000 M'Vcm'* (Phillips 

1981). A larger extinction coefficient provides increased sensitivity for the detection o f 

bilirubin at 460nm which is clearly an advantage for initial rate studies o f BVR-A as the 

measurement o f initial rates for substrate concentrations as low as 1 |j,M are feasible. There 

are disadvantage to making BSA additions to the assay mix however as BSA also binds the 

substrate biliverdin-IXa and in effect reduces the free concentration o f biliverdin. This 

proves problematic when calculating kinetic constants for BVR-A as biliverdin 

concentrations need to be adjusted to provide a better estimation o f the concentration of 

free biliverdin in solution. This is important as the free biliverdin-IXa concentration is the 

crucial variable when studying initial rate kinetics. The enzyme suffers from potent 

substrate inhibition (even at low micromolar concentrations o f biliverdin) which hampers 

attempts to kinetically characterise the enzyme. At physiological pH, biliverdin 

concentrations as low as 2 |o,M display inhibitory effects. Attempts to fit curves to initial 

rate data exhibiting substrate inhibition at low concentrations o f biliverdin are thwarted by 

the lack o f data on the ascending limb of saturation curves. Consequently, the conventional 

spectrophotometric assay precludes reliable estimation o f parameters such as the Michaelis 

constant for biliverdin. The development o f a new assay which would allow the detection 

o f sub micro molar quantities of the products o f this reaction would be extremely 

informative. The ability to monitor the BVR-A catalysed reaction using nanomolar 

biliverdin would provide much needed data regarding BVR-A activity and would 

overcome the limitations o f the conventional assay. It would also help in the enzymatic 

determination o f biliverdin levels in vivo (which are probably sub micromolar). This is not 

feasible with the current spectrophotometric methods. The development o f such an assay 

was initiated over the course of this work.

The most unusual feature associated with the kinetics o f BVR-A is the fact that it is said to 

have two distinct pH optima. NADH is preferentially used between pH 6 and 7 while 

NADPH is the preferred cofactor between pH 8.5 and 8.7. Both native and recombinant 

human and rat BVR-A enzymes (Maines et al., 1983, Yamaguchi et al., 1994, Maines et 

al., 1996, and Kutty & Maines 1981) the ox kidney enzyme, (Rigney et al., 1986) and the
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pig spleen enzymes (Noguchi et al., 1979) all share this interesting pH dependent 

behaviour. O f the non mammalian enzymes studied the salmon liver has a slightly lower 

pH optimum between 5.5 and 6.2, while its NADPH dependent activity displayed 

increasing activity at the extremes o f the pH ranges studied, and showed minimal activity 

at physiological pH. Although all the enzymes mentioned can use both cofactors to 

catalyse the reduction o f biliverdin-IXa, it is important to note that o f the biliverdin-IXa 

reductases examined from various species NADPH is the preferred cofactor with apparent 

Km values close to two orders of magnitude below that for NADH.

The crystal structures resolved by Kikuchi et al., (2001) and Whitby et al., (2002), show 

that there is only one nucleotide binding site in BVR-A, which is defined by the Rossmann 

fold which comprise o f the residues found spanning the loop located between /31 and aA . 

It has been reported that the nicotinamide moieties o f both NADH and NADPH are 

proposed to extend into the active site o f BVR-A in a well defined position and orientation 

(Kikuchi et al., 2001). If  there is only one binding site for both the nucleotides, and the C4 

carbon positioning o f the NADH and NADPH nicotinamide rings are identical, one must 

question why there is such a difference in activity when using each nucleotide as cofactor 

over the pH ranges studied.

1.11 Proposed Study

On the basis o f the advances made in genomic and EST sequence information in recent 

years it is proposed that a phylogenetic survey would provide a greater insight into the 

distribution o f BVR-A in many organisms. This may shed some light on the intriguing 

observation that while ancient cyanobacteria clearly express a BVR-A that is related to the 

“vertebrate” forms, there is no evidence for BVR-A in lower eukaryotes from yeast to 

worms and indeed there is a question as to whether birds, reptiles and amphibians express a 

functional BVR-A. Due to ongoing efforts within our group to construct a BVR-A knock 

out mouse I propose to clone and express the mouse enzyme and raise antibodies against it 

to facilitate the characterization o f the mouse enzyme.

I also propose to investigate the nature o f the two distinct pH optima and determine why 

NADH is preferentially used between pH 6 and 7 while NADPH is the preferred cofactor
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between pH 8.5 to 8.7 for the mammalian enzymes. A comparison with the cyanobacterial 

enzyme will also be made in this regard.

An investigation into the nature o f the biliverdin binding site will also be undertaken. The 

substrate specificity o f BVR-A using a number o f biliverdin isomers, some o f which have 

conformational restraints, are to be analysed. This study is to be further extended 

encompass the analysis o f CD spectra to determine whether a particular ‘chiral’ form of 

biliverdin-IXa is adopted in the substrate binding pocket o f the various BVR-A’s enzymes. 

The development o f a radioactive assay that utilizes [^^P]-labelled NADPH will be 

undertaken to help kinetic studies at low concentrations o f biliverdin-IXa and also to 

provide a means to enzymatically measure biliverdin levels in tissues.

A re-evaluation o f the levels of zinc in mouse and human BVR-A will clarify whether 

BVR-A is a zinc metalloprotein. In tandem a structural review o f the proposed BVR-A 

DNA binding domains will be examined.
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Chapter Two 

Materials and Methods



2.1 DNA Purification and Manipulation Techniques

2.1.1 Electrophoresis of DNA

DNA was routinely subjected to electrophoresis through 1% agarose gels, which were 

made by melting 100 ml o f 1% (w/v) agarose in TAE buffer (40 mM Tris-HCl, 20 mM 

acetic acid, 1 mM EDTA pH 8.5). The melted agarose/TAE was then poured and allowed 

to set in an ‘ATTO AE-6100’ (8 cm x 10 cm) gel box. Samples 20 |o,l (not exceeding 50 ng 

DNA) were mixed with 5 |o,l sample volume of loading dye (0.4% orange G, 0.03% 

bromophenol blue, 0.03% xylene cyanol, 15% Ficoll, 0.625% SDS, 50 mM EDTA, 10 mM 

Tris-HCl pH 8), and were then loaded into the gel wells submersed in TAE buffer. Gels 

were run at lOOV for approximately 1 hour using an ‘ATTO Crosspower 3500’ power 

pack.

2.1.2 Determination of the concentration and purity of nucleic acids

The purity o f DNA and RNA was determined by establishing the A260/A280 ratio using a 

He>,ios Thermo-Spectronic spectrophotometer. Pure DNA and RNA solutions show a 

A260nm /A280nm ratio o f between 1.6-1.9. A high absorbance at A280nm indicates 

contamination with proteins. For all spectrophotometric measurements, 10 mM sodium 

phosphate pH 7.5 was used as diluent. The absorbance o f RNA and DNA solutions was 

measured at 260 nm and an approximate concentration was calculated using the following 

conversion factors:

Pure dsDNA: A260nm X Dilution factor X 50 = dsDNA Concentration (|j,g/ml)

Pure ssDNA: A260nm X Dilution factor X 37 = ssDNA Concentration (|ig/ml)

Pure ssRNA: A260nm X Dilution factor X 40 = ssRNA Concentration (|ig/ml) 

Approximate molecular weight o f nucleic acids:

MW of ssRNA = (length in nucleotides x 320.5) + 159.0 

MW of ssDNA = (length in nucleotides x 303.7) + 79.0 

MW of dsDNA = (length in nucleotides x 607.4) + 157.9 

pM = ((ng/m l)x 10^)/ M W
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The concentration and purity o f DNA/RNA samples was also estimated by direct 

comparison to standard markers o f known concentration on 1% agarose gels as described 

in Section 2.1.1.

2.1.3 Digestion of DNA

All restriction endonucleases used in this study were obtained from Roche Diagnostics Ltd. 

DNA fragments and vectors ( 0 . 1 - 1  |o,g) were generally digested with 10-20 units o f the 

required restriction enzyme for at least 3 hours at 37°C in the recommended reaction 

buffer.

C om ponent

Nuclease free water X

Endonuclease A 0.5

Endonuclease B * (0.5)

10 X Sure Cut Buffer 5

DNA (typically between lOOng and l^g) 5

Total Volume 50

*Supplement with nuclease free  water during sequential digests.

The final volume for each reaction was 50 |o.l recommended ‘sure/cut’ reaction buffer. 

Sequential digestions were performed in cases where the endonucleases were mutually 

incompatible in the recommended individual reaction buffers.

2.1.4 Ligation of DNA fragm ents

All ligations were performed using the ‘Takara Ver. 2.1 DNA Ligation Kit’. Vector and 

insert DNA were initially digested with the appropriate restriction enzyme as described in 

Section 2.1.3. To prevent self ligation o f the plasmid during the ligation reaction, the 

vector DNA was treated with Takara Bacterial Alkaline Phosphatase (BAP) to remove 5' 

phosphates. Following heat inactivation o f the restriction enzymes at 65°C for 15 minutes, 

1 fxl BAP was added to the restriction digest reaction and then incubated for 1 hour at 

55°C. Prior to ligation, both the digested insert and vector were purified using the 

‘QIAquick PCR purification kit’, following the standard protocol outlined in Section 2.1.8. 

Ligations were typically performed by incubating 300 ng o f insert to 100 ng vector in a 10 

|o,l volume with ‘Takara ligation solution I’ and incubated overnight at 16°C.

20



2.1.5 Purification of plasmid DNA and PCR products

Small (up to 5 |ig) and large scale (70 -  100 |xg) purification o f plasmid DNA was 

achieved using the Promega Wizard Plus SV Miniprep DNA purification system and the 

‘'Qiagen Plasmid Midi Kits ’ which allowed the isolation o f between 70 and 100 |xg o f pure 

plasmid DNA. For a summary o f these purifications, see Sections 2.1.6 and 2.1.7.

2.1.6 Large scale purification of plasmid DNA from overnight cultures

A single colony o f the selected bacterial strain transformed by the desired plasmid was 

used to inoculate 5 ml LB medium (10 g/1 Bacto tryptone, 10 g/1 sodium chloride, and 5 g/1 

yeast extract) containing the appropriate selective antibiotic. This starter culture was then 

incubated for ~8 hours at 37°C with shaking at 270 rpm. After this time 50|il o f the starter 

culture was used to inoculate 25 ml o f selective LB medium. This culture was then grown 

at 37°C for 16 hours with shaking at 270 rpm. Bacterial cells were harvested by 

centrifugation at 6000 x g  for 15 min at 4°C. The supernatant was removed and the 

bacterial pellet re-suspended in 4 ml o f the Qiagen Plasmid Midi Kit Buffer P I . Once fully 

resuspended 4 ml Buffer P2 (lysis buffer) was added. The suspension was then mixed 

thoroughly by inverting the sealed tube 6 times, and then incubated at room temperature 

(15-25°C) for 5 min. Chilled Buffer P3 (4 ml) was added and mixed immediately by 

inverting the tube 6 times. Chilled P3 precipitates genomic DNA, proteins, and other cell 

debris. The suspension was then incubated on ice for 15 min and then centrifuged at 

20,000 X g  for 40 min at 4°C. The supernatant containing plasmid DNA was removed 

promptly and loaded onto a pre-equilibrated ‘QIAGEN-tip 100’ (the column was 

equilibrated by applying 4 ml ‘Buffer QBT’ and allowing the column to empty by gravity 

flow). Once the sample was loaded the ‘QIAGEN-tip’ was allowed to drain completely by 

gravity flow. The ‘QIAGEN-tip’ was then washed with 2 x 10 ml ‘Buffer QC’. The 

plasmid DNA was eluted by the addition o f 5 ml Buffer QF. DNA was precipitated by 

adding iso-propanol (3.5 ml) at room-temperature to the eluted DNA. Once mixed the 

suspension was centrifuged immediately at 15,000 x g  for 30 min at 4°C. The supernatant 

was carefully removed and the iso-propanol treated pellets washed with 70% ethanol (2 

ml) and centrifuged at 15,000 x g  for 10 min. Again the supernatant was carefully
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Strain Genotype

BL21(DE3)

TGI

D H 5a

XLl-Blue

BL21 (DE3)

BL21(DE3)-RIL

hsdSgal (lclts857 indl Sam7 
Nin5 lacUV5-T7 gene 1)

supE hsdA 5  thi A  (lac-proAB) 
F[traD36proAB+ laclq la cZ A M l5]

supE44 AlacU169 (080 la c Z A M l5)
Hsd R17 recAl endAl gyrA 9 6  thi-1 relAl

15 F  ::Tn 10proA+ B+ lacP,
A(lacZ)Ml5/recAl, endAl, gyrA96, (Nalr), thi, 
hsdR17(rj( niK^), glnV44, relAl, lac

F - ompTgal [dcm] [Ion] hsdSB (rB~ m f ;  an E. 
coli B strain) with DE3, a I prophage 
carrying the T7 RNA polymerase gene

Strain": E. coli B F -  ompT hsdS(rB~ ms-) dcm + 
T ef gal X (DE3) endA Hte [argU ileYleuW  
Cani]*

Table 2.1 Genotypes of E. coli strains used in recombinant DNA experiments



removed. The resulting pellet was air-dried for 10 min, and finally the DNA was re

dissolved in 100 1̂1 nuclease free water.

2.1.7 Small scale purification of plasmid DNA from overnight cultures.

A single colony o f  the desired bacterial strain transform ed with the appropriate plasm id 

was used to inoculate a culture o f  LB medium  (5 ml) containing the appropriate selective 

antibiotic. The culture was then incubated for 16 hours at 37°C with shaking at 270 rpm. 

A fter this tim e the bacterial cells were harvested by centrifugation at 6000 x g  for 15 m in 

at 4°C. The supernatant was rem oved and the pellet resuspended w ith 250 |j,l cell 

resuspension solution from the ‘W izard M iniprep K it’ (Prom ega). Cell lysis solution was 

then added and the solution inverted 4 tim es to mix. A lkaline protease solution (10 |xl) was 

added, and the solution incubated for 5 minutes at room  tem perature. N eutralisation 

solution (350 |al) was then added and m ixed by inverting 4-6 times. The solution was 

centrifuged at maximum speed in a bench top centrifuge at room  tem perature for 10 

minutes. The supernatant was transferred into the provided ‘W izard’ spin colum ns and 

centrifuged at top speed for 1 minute at room  tem perature. The flow  through was discarded 

and the colum n reinserted into the collection tube. W ash solution (750 |j,1) was added to the 

colum n follow ed by centrifugation for I minute. The flow through was discarded and the 

wash step repeated once again with 250 |o,l o f  the w ash solution and centrifuged for 2 

m inutes at room  tem perature. The spin colum n was placed in a new  1.5ml m icrocentrifuge 

tube and 100 |u,l o f  nuclease free water was added to the spin colum n and let stand for 1 

m inute. The colum n was centrifuged for 1 minute at top speed and the eluent containing 

DNA was stored at -20°C.

2.1.8 Purification of amplified PCR products.

PCR products were purified using the ‘QIA quick PCR purification k it’. The 

m anufacturer’s protocol was followed at all stages. In sum m ary 5 volum es o f  binding 

‘buffer PB ’ were added to 1 volum e o f  the PCR sample mix. The m ixture was then applied 

to a ‘Q IA quick spin colum n’ w hich was contained in a ‘collection tube’. The colum n was 

centrifuged for 60 seconds at 13,000 rpm in a bench top centrifuge. The flow through was 

discarded and the column placed back into the collection tube. ‘PE w ash buffer’ was then
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added to the column which was centrifuged for 60 seconds. The flow through was

discarded, and the column centrifuged for an additional 60 seconds to remove all traces of

ethanol. The column was placed into a clean 1.5 ml microcentrifuge tube and the bound 

DNA was eluted with 50 )il ‘EB elution buffer’.

2.1.9 DNA Sequencing

2.1.9a Terminator Cycle Sequencing Ready Reaction

All sequencing reactions were carried out using the ‘ABI PRISM BigDye Terminator 

Cycle Sequencing Ready Reaction Kit’ (Perkin Elmer Applied Biosystems Division, 

Foster City, CA). Separate reactions for forward and reverse primers were set up as 

follows:

BIG DYE Terminator V I. 1 Cycle Seq RR-100 (ABI 436774) 8^1

Plasmid miniprep (DNA ~500ng) 3^1

Primer (2pmol/p,l) 1.6^1

Nuclease free water 7.4^1

Total Volume 20jal

Terminator sequencing reactions were then subjected to the following cycling program 

using an ‘MJ Research PTC-200 Peltier Thermal Cycler’.

1 96°C lOsec

2 50°C 5 sec (or normal annealing temperatures for that primer)

3 60°C 4 minutes

4 Goto step 1 25 times

5 4°C

After amplification, unincorporated dye terminator was removed using a Qiagen ‘DyeEx 

2 .0’ spin column. These mini columns contain ready to use pre-hydrated gel filtration 

resin. On centrifugation unincorporated dye terminators contained in sequencing reactions 

are retained in the gel-filtration material while the DNA fragments are recovered in the 

flow-through. In summary, these spin columns were vortexed gently to re-suspend the
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resin and placed in a 2 ml collection tube. Columns were then centrifuged for 3 min at 

3000 rpm in an ‘Eppendorf 5415D’ centrifuge before being transferred to a clean 

centrifuge tube. Each 20 |j,1 terminator cycle sequencing reaction was applied to the centre, 

and just proud o f the column gel bed. The columns were centrifuged for 3 min at 3000 rpm 

and the eluate containing the purified DNA was retained and dried using a ‘Thermo Savant 

SpeediVac’. Before sample loading, 6 )j,l o f  sample loading dye (250 |il o f  50 mg/ml blue 

dextran + 1250 )il deionised formamide) was added to each sample and boiled for 2 

minutes to denature the DNA.

2.1.9b Preparation of Sequencing Gel

Gel plates were washed, rinsed thoroughly with distilled water and allowed to dry. The 

bottom plate was placed at one end o f the gel pouring apparatus, with the inside surface 

facing up. Spacer strips were placed and aligned to the long edge o f the plate and clamped 

in position. The other sequencing glass plate was placed at the end o f the first plate in 

preparation for gel pouring. A 5% acrylamide gel was then prepared as follows. Urea (11 

g) was dissolved in 16 ml nuclease free water and stirred until fully dissolved. To this, 3 ml 

Long Ranger Gel Mix (Cambrex) was added, followed by 3ml lOX TBE. The solution was 

stirred gently and filtered through a Nalgene 115ml filtration device (0.2 |im). Fresh 10% 

(w/v) ammonium persulphate (150 |j,l) and finally 21 |j.l o f  TEMED were added to the 

mixture while swirling to mix. The solution was then loaded into a 50 ml syringe and as 

quickly as possible, the mixture was dispensed onto the plates, while moving the top plate 

over the bottom plate until the two plates were fully aligned. Extreme care was taken not to 

introduce bubbles while pouring the gel. The plates were clamped and the comb was 

inserted into the top o f the gel. Freshly poured gels were let stand for at least 2 hours until 

set. The exterior plate surfaces were washed to remove particulate matter and allowed to 

dry. The plate was inserted into the gel holding apparatus and locked into position with the 

heating block overlaid on an ABI 377 DNA sequencer. Buffer trays were attached and 

filled to the mark with 1 X TBE. The comb was inserted about 1mm into the gel. The gel 

was pre-run for ~ 1 hour to reach the recommended operating temperature o f 52°C, 

followed by the plate check run. Into individual wells, 1 |il o f  each sample was loaded 

between the comb teeth. The gel was run over a 7 hour period to facilitate full sequence 

acquisition.
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2.1.10 Total RNA Purification and Reverse Transcriptase Polymerase Chain

Reactions

2.1.10a The isolation of total RNA from animal tissues

A Balb/c strain mouse was sourced through the Bioresources Unit, Trinity College Dublin. 

Following sacrifice by cervical dislocation, the required tissues were quickly removed, 

stripped o f excess connective tissue using scissors and washed with RNase free water 

(Ambicon). Care was taken to minimise transfer o f connective tissue and excess blood. 

The tissue was sliced into small pieces on a petri dish containing RNA Later solution. All 

solutions and tubes used were sourced as RNase free grade materials, while dissection and 

homogenisation materials used for during this process were rendered RNase-free by 

treatment with RNaseZap. Tissue (100 mgs o f each) was weighed and placed in RNase 

free microcentrifuge tubes. 1ml Trizol solution was added to the tissue samples and 

homogenised with a hand held homogenizer. The homogenate was stored for 5 minutes at 

room temperature, after which time 0.1 ml o f BCP (l-bromo-3-chloropropane) was added. 

BCP is used in place o f chloroform, and minimises the contamination o f the RNA with 

DNA (Chomczynski & Mackey K (1995). It is also less toxic. The suspension was shaken 

vigorously for 15 seconds and then let stand at room temperature for 5 minutes and then 

centrifuged at 12000g for 15 minutes at 4°C. The aqueous phase (RNA separates into the 

upper aqueous phase) was removed and the RNA precipitated by the addition o f iso

propanol (0.5ml). The samples were stored at room temperature for 5-10 minutes followed 

by centrifugation at 12000 x g  for 8 minutes at 4°C. The RNA pellet was washed with 75% 

ethanol and centrifuged at 7500 x g  for 5 minutes at 4°C. The RNA pellet was then air 

dried for 5 minutes. The pellet was resuspended in 100 |j,l RNase free water and heated to 

60°C for 10 minutes to fully dissolve the RNA.

2.1.10b First Strand cDNA synthesis

First strand cDNA synthesis was performed using the Invitrogen SuperScript^*^ III Reverse 

Transcriptase Kit. Gene specific primers were designed with a GC content <50%  and 

between 21 to 25 base pairs in length.
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To a sterile minifuge tube the following components were added:

1 |il o f  a 2 pmol/|j,l stock gene specific primer 

1 |Lig total RNA 

1 |il 10 mM dNTP mix

The volume was then adjusted to 14 |il with sterile distilled water.

The mixture was then heated to 65°C for 5 minutes followed by incubation on ice for 1 

minute. The mixture was centrifuged briefly to collect the material and the following 

components were added and mixed by pipetting up and down:

4 )o,l 5X strand buffer 

1 u lO . lM D T T

1 |L il superscript™  III RT (200 units/ul)

The mixture was incubated for 1 hour at 55°C to allow cDNA synthesis followed by heat 

inactivation o f the reverse transcriptase at 70°C for 15 minutes. To remove template RNA 

1 |il o f RNase A (Qiagen 7 units/ul) was added, mixed and incubated for 10 minutes at 

room temperature. A ‘Qiaquick PCR Purification Kit’ was then used to purify the newly 

synthesised cDNA. The ‘Qiaquick Spin’ handbook instructions were followed throughout 

this purification procedure to the final elution step when 50 fxl o f the ‘Qiaquick elution 

buffer’ was used to elute the cDNA fi'om the spin column.

2.1.10c PCR from primer specific first strand cDNA aliquots.

The concentration and purity o f the final preparation o f total RNA was analysed as 

described in Section 2.1.2. Initial PCR mixtures such as that outlined below were prepared 

and run over a gradient program. Template concentration was also varied until clean PCR 

products were produced after examination on 1% agarose gels as described in Section 

2 . 1 . 1 .
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Component Volume 1

Nuclease free water 40.5^1

10 X Pfu DNA polymerase reaction buffer 5|il

dNTPs (25mM each dNTP) 0.5^1

DNA template 1^1

Forward Primer (lOOng/ul) l(xl

Reverse Primer (lOOng/ul) 1^1

Pfu Turbo DNA polymerase (2.5units/|il) 1^1

Cycle

Number Conditions Time (Minutes)

1 95°C 1

2 95°C 1

3 54°C to 60°C 1

4 68°C 2

5 Go to step 2, 21 times

6 5

7 Hold at 4°C

2.1.11 Site directed mutagenesis of plasmid cDNA inserts

The introduction of site directed mutations into plasmid DNA was achieved by 

amplification of the plasmid using PfuTurbo DNA polymerase (Stratagene). Two 

complimentary oligonucleotides of 27 base pairs were synthesized (MWG) incorporating 

the required base pair changes in their sequences. Details of primer design are presented in 

Figure 4.13. On annealing and primer extension incorporation of the oligonucleotide 

primers generates a mutated plasmid containing staggered nicks. Following the 

amplification reaction, the product is treated with Dpn I. The Dpn I endonuclease 

(recognition sequence: 5'-G^A'^TC-3' where ^ represents the digestion site and ”̂ A 

represents methylated adenine) is specific for methylated and hemimethylated DNA and is 

therefore used to digest the parental DNA template. Upon digestion the intact vector DNA 

containing the desired mutations is transformed into XL 1-Blue super-competent cells.
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Parental DNA with target sites for 
mutation

Design of primers facilitating 
the introduction of the desired 
mutation.

PCR amplification of plasmid 
using mutagenic primer and 
Pfu Turbo DNA polymerase.

Digestion of methylated 
parental DNA using 
DpnI.

Transformation of the mutated 
plasmid into competent bacteria 
where it recircularises.

Figure 2.2 Site directed mutagenesis of plasmid DNA encoding biliverdin IXa 

reductase

Synthetic primers containing the desired mutation are extended during temperature 

cycling by PfuTurbo DNA polymerase. Incorporation of the oligonucleotide primers 

generates a mutated plasmid containing staggered nicks. The PCR product is treated 

with Dpn I (specifically digests methylated DNA) which results in the digestion of the 

parental DNA template. DNA containing the desired mutations is then transformed 

into XL 1-Blue supercompetent cells.



2.2 Bacterial strains and culturing techniques

2.2.1a Preparation of fresh competent cells for storage

Competent E. coli were prepared by treatment of cells with rubidium chloride, as described 

by Inoue et al. (1990). The bacterial strains used are detailed in Table 2.1. An overnight 

culture (5 ml) was used to inoculate 500 ml Psi broth (detailed in the table below) which 

was incubated at 37°C with aeration to an absorbance at 600 nm of 0.5. At this point the 

cultures were placed on ice for 15 min. The cells were pelleted at 5000 x g for 5 minutes. 

The supernatant was discarded and 200 ml buffer I (30 mM potassium acetate, lOOmM 

rubidium chloride, 10 mM calcium chloride, 50 mM manganese chloride, 15% (v/v) 

glycerol, pH 5.8 with dilute acetic acid) was added to resuspend the pellet. The suspension 

was then left on ice for 15 min. The suspension was then centrifuged at 4000 x g for 5 

minutes and the pellet re-suspended in 20 ml buffer II (lOmM MOPS, 75mM calcium 

chloride, lOmM rubidium chloride, 15% (v/v) glycerol and the pH adjusted to 6.5 with 

0.5N NaOH). The suspension was left on ice for 15 minutes. The cells were then aliquoted 

into 250 |al samples and snap frozen in either an ethanol-dry ice bath, or liquid nitrogen. 

Once frozen aliquots were transferred to a -70°C freezer.

Psi broth

Bacto yeast extract 5 g / L

Bacto tryptone 2 0 g / L

Magnesium sulfate 5 g / L

pH to 7.6 with potassium hydroxide

2.2.1b Transformation of competent cells

The required cells were thawed on ice just before individual transformations. DNA (30- 

200 ng) samples were added to 50^1 aliquots of these cells, and the suspension subjected to 

heat shock treatment (30 min on ice, 2 min at 42°C and finally 2 min on ice). 1ml of LB 

broth was then added and the cells incubated at 37“ for 1 hour. The cells were then 

centrifuged briefly and resuspended in 100 nl LB and plated onto LB plates containing 

lOO^ig/ml of the desired antibiotic. The plates were incubated overnight at 37°C.
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Generally transformation o f 50 |j,l cells with 2-10 |o.l o f a ligation reaction yielded between 

1x10* to 1x10^ cfu's/|j,g plasmid DNA (pET41aMod).

2.2.1c Preparation and transformation of E. coli cells by electroporation.

A single colony o f the desired E. coli strain was used to inoculate a 5 ml culture o f LB. 

This starter culture was grown overnight at 37°C with shaking at 270 rpm. The starter 

culture was then used to inoculate a 500 ml flask o f LB, which was grown to an 

absorbance o f 0.5 units at 600 nm. The culture was then placed on ice for 10 minutes and 

centrifuged at 5,000 x g for 15 min at 4°C, in pre-chilled centrifuge tubes. The cell pellet 

was resuspended gently in 5 ml o f ice cold water. Once fully resuspended, 500 ml o f ice 

cold sterile distilled water was added and the cells were gently mixed and centrifuged for 

15 minutes at 5,000 x g. Care was taken at every step to ensure the cells and all equipment 

were maintained at 4°C throughout the centrifugation steps. The cells were once again 

resuspended and washed in 500 ml ice cold sterile distilled water. The pellet was then 

suspended in 10 ml o f ice cold water and centrifuged at 4°C in a sterile pre-chilled 

polypropylene tube at 5000 x g for 10 minutes. The resulting pellet was gently resuspended 

in 500 )j,l ice cold sterile distilled water. Aliquots (50 fil) o f the cell suspension were placed 

into pre-chilled electroporation cuvettes containing 1 )j,l DNA sample (30-200 ng plasmid 

DNA). The cuvette was placed in the sample unit o f  a Gene Pulse electroporator and the 

pulse was applied (25 |j.F 2.5 kV and 200 ohms). The cell suspension was then incubated at 

37°C in 1 ml SOC medium for 1 h with shaking at 270 rpm. The cells were then plated 

onto LB plates containing the appropriate antibiotic and incubated at 37°C overnight.

2.2.2 Preparation of E.coli cells for SDS-PAGE

The volume of E.coli culture required to give an Aeoo reading o f 0.2 (compared to an LB 

reference blank) was centrifuged at 12,000 x g  for 5 minute at room temperature. The 

supernatant was discarded and the pellet was resuspended in 20 |il o f  SDS sample buffer. 

Samples were boiled for 5 minutes immediately before being loaded onto the gel.
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2.3 Protein electrophoresis and immunoblotting

2.3.1 Sodium dodecyl sulphate -  polyacrylamide gel electrophoresis (SDS- 

PAGE) sample preparation

Samples were prepared for electrophoresis by boiling the required amount of protein 

sample (routinely 5 |ig for pure protein samples and 100 (ig for lysates) in sample buffer 

for 3 minutes. The sample buffer consisted o f 2% (w/v) SDS, 0.5% (v/v) 2- 

mercaptoethanol, 25 mM Tris-HCl, pH 6.8, 0.0012% (v/v) bromophenol blue and 10% 

(v/v) glycerol. Dilute solutions of protein were concentrated by precipitation with ice-cold 

12.5% (w/v) trichloroacetic acid (TCA) for 20 minutes. The precipitate was centrifuged at 

7500 X g  for 5 minutes. The pellet was washed twice in ice cold acetone (0.8 ml) and 

allowed to dry before being resuspended in sample buffer. Dilute samples were also 

concentrated in a freeze drier.

2.3.2 Gel preparation and electrophoresis

SDS-PAGE was carried out by the method of Laemmli (1970). In summary all of the 

components of the resolving gel were mixed and poured into an ATTO slab gel mould and 

covered with a layer of water while polymerising. Once set the water was removed, the 

stacking gel added and a 1mm thick Teflon comb with 12 wells was inserted. Once set the 

comb was removed and the wells were washed with distilled water before use. All gels 

were run in an ATTO AE-6400 minigel system. The electrophoresis buffer contained 400 

mM glycine, 0.1% (w/v) SDS, 50 mM Tris-HCl pH 8.3. Electrophoresis was carried out at 

30 mA/gel until the tracking dye reached the bottom of the gel (approx. 45 minutes).

12% Acrvlamide Resolving Gel 5% Acrylamide Stacking Gel

Total volume (10ml) ml

H20 3.3

30% Acrylamide Mix 4

1.5M Tris-HCl (pH8.8) 2.5

10% SDS 0.1

10% ammonium persulphate 0.1

TEMED 0.004

Total volume (4ml) ml

H20 2.7

30% Acrylamide Mix 0.67

1.5M Tris-HCl (pH8.8) 0.5

10%>SDS 0.04

10%) ammonium persulphate 0.04

TEMED 0.004
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Solutions for preparing resolving gels for Tris-glycine SDS-polyacrylamide gel 

electrophoresis are detailed in the table above. Generally individual gel lanes were loaded 

with 5 ng protein in sample buffer. Sample buffer contained 2% (w/v) SDS; 10% glycerol; 

0.001% (w/v) bromophenol blue and 5% 2-mercaptoethanol in 25 mM Tris-HCl pH 6.8. 

Samples were denatured by boiling for 2-3 minutes at 100“C.

2.3.3 Staining and de-staining procedures

Gels were stained for 10 -  15 minutes in a solution o f 10% (v/v) acetic acid; 50% (v/v)

methanol and 1.25% (w/v) Coomassie Blue R for 10 minutes. Destaining was carried out

overnight in 10% (v/v) acetic acid and 30% methanol.

2.3.4 Raising antisera

2.3.4a Preparation of protein for immunisation schedule

Antisera were raised against the recombinant protein in New Zealand White Rabbits. On 

the day before commencing the schedule a 10 ml blood sample was taken from the rabbit. 

This was used to prepare a sample o f pre immune serum. The blood sample was allowed to 

clot at room temperature for 1 hour. The clot was detached from the walls o f the glass 

container and stored overnight to allow the clot to retract. Serum was decanted and 

centrifuged at 10000 x g  for 10 minutes to remove any remaining blood cells. The resulting 

supernatant was stored at -20°C in 0.5ml aliquots. Between 250 and 400 ^g o f pure protein 

in lOmM sodium phosphate pH 7.2 was mixed with an equal volume o f Freund’s complete 

adjuvant (final volume of 1.2 ml). The mixing was carried out by placing the solutions in a 

tightly capped 20 ml glass bottle which was firmly attached to a vortex whirl mixer at full 

speed for 2 hours at room temperature. The emulsion formed (0.5 ml) was injected into 

multiple sites on the back o f the rabbit on day one o f the immunisation schedule. On day 

21 a booster injection was prepared in the same manner except that Freund’s incomplete 

adjuvant was used. The emulsion was injected intramuscularly into the leg. A second 

booster was prepared in the same way and injected on day 31 o f the schedule. On day 38 a 

test bleed was carried out in which 10 ml o f blood was taken from the rabbit. The serum 

was prepared as described above with the pre-immune serum. A dot blot assay was used to
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determine the antibody titre o f this serum. If the titre was sufficiently high the rabbit was 

exsanguinated by cardiac puncture under anaesthetic on day 39. If  the titre was lower than 

desired a third booster injection was prepared in an identical manner to the previous 

booster and administered on day 53. Exsanguination was carried out one week after this 

and the collected blood treated as described above.

2.3.4b Determination of antibody titre using a dot blot assay

Nitrocellulose paper was cut into 5 strips (7 x 4cm). Nine dots were marked with a lead 

pencil on each strip leaving at least 1 cm between each dot. Samples (2 |il) containing 

varying amounts o f BVR-A (1 ng -1 |ig) in lOmM sodium phosphate pH 7.2 was applied 

directly onto the marked dots on each strip. As a control, 2 (il 10 mM sodium phosphate 

pH 7.2 containing no enzyme was applied onto the first dot on each strip. The strips were 

allowed to dry at room temperature and were then placed in TTBS blocking solution (3% 

Marvel in TTBS (0.5 M NaCl, 0.05% (v/v) Tween 20 in 20 mM Tris-HCl buffer, pH 

7.5)) and incubated overnight as detailed in Section 2.3.5. Pre-immune serum (1:20) was 

made up in 1% (w/v) Marvel in TTBS. The first nitrocellulose strip was soaked in pre- 

immune serum solution and the remaining strips placed in antibody solution diluted 1:20, 

1/200, 1/500 and 1/1000 in 3% Marvel TTBS. The nitrocellulose strips were incubated in 

these antibody solutions for 1.5 hours and then rinsed briefly in TTBS. The strips were 

then washed for 15 minutes in TTBS, followed by three 5 min washes in TTBS. The 

nitrocellulose strips were incubated for 1.5 hours in a 1:1000 dilution o f  secondary 

antibody (goat anti-rabbit IgG peroxidase conjugate) solution in 1% (w/v) Marvel in 

TTBS. Finally, the strips were washed for 5 min, three times in TBS (500mM NaCl, 20 

mM Tris-HCl pH 7.5). The protein dots were developed by incubating the blot in ‘Sigma 

FAST DAB’ solution’. This solution was made by dissolving one o f each kit tablet in 5 ml 

water. This yielded a ready-to-use buffered solution containing DAB (3,3’- 

diaminobenzidine tetrahydrochloride). Dots normally appeared within 5-lOsec.

2.3.5 Western Blotting

Directly after SDS-PAGE, protein bands were transferred electrophoretically from the 

polyacrylamide gel onto nitrocellulose using a ‘semi-dry’ transfer unit (Hoefer Scientific 

Instruments, Model no. TE70). The gel and nitrocellulose were sandwiched in the cassette
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according to the manufacturer’s instructions. Before use the filter paper was soaked in 

transfer buffer (190 mM glycine, 13 mM SDS, 15% v/v methanol 25mM Tris-HCl pH 8.3. 

Transfer was achieved by applying a constant current o f 110 mA for Ihour. During this 

time the complete transfer o f pre-stained protein markers (NEB Broad Range: Cat No 

P7708S) was evident, which indicated an efficient transfer. Immuno-detection o f biliverdin 

reductase on nitrocellulose was carried out using rabbit anti-BVRA antiserum as the 

primary antibody. These antibodies were raised against the various purified recombinant 

BVR-As as described in Sections 2.4. After transfer, the nitrocellulose sheets were washed 

overnight in TTBS containing 5% Marvel skimmed milk powder. The following morning 

the blot was rinsed 3 times with TTBS and then incubated for 1 hour in a solution o f the 

primary antibody (1/1000 primary antibody) in TTBS containing 5% (w/v) Marvel. Again 

the blot was washed 3 times in TTBS, taking 5 minutes for each wash. A 1/1000 dilution 

o f goat anti rabbit IgG conjugated horse radish peroxidase in 5% w/v Marvel in TTBS was 

added to the blot, and rolled at 4°C for 1 hour. The blot was given 3 final washes, in TBS 

buffer. The protein bands were developed by incubating the blot in ‘Sigma FAST DAB’ 

solution’ as described in Section 2.3.4b.

2.4 Protein expression and purification

2.4.1 Activity measurements of recombinant glutathione-S-transferase fusion

proteins

Glutathione-S-transferase activity was assayed using l-chloro-2, 4-dinitrobenzene (CDNB) 

as substrate, as described by Haibig et al. (1974). Production o f DNP-glutathione is 

detectable by monitoring the increase in absorbance at 340 nm. The reaction mixture had a 

final volume o f 2 ml and contained 1 mM glutathione, 1 mM CDNB and 50 |il enzyme 

fraction in 1.85 ml o f 100 mM sodium phosphate pH 6.7. All reactions were carried out at 

30°C. Stock solutions o f 40 mM glutathione in reaction buffer, and 40mM CDNB in 100% 

ethanol were used. On addition o f the CDNB (50 |j,l) to the buffer the solution went cloudy 

but with rapid mixing the CDNB went into solution
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2.4.2 Protein Purification Techniques

Four 5ml cultures were prepared by aseptically inoculating each vial with a single bacterial 

colony. The LB medium contained a final concentration o f  100 fig/ml ampicillin (or other 

desired antibiotic). The cultures were incubated overnight at 30°C with shaking at 270 rpm 

and then transferred into four sterile 500 ml flasks o f  LB also containing 100 ng/ml 

ampicillin. The Aeoo was monitored at half hourly intervals and when the absorbance 

reached 0.4 expression o f  the fusion protein was induced by the addition IPTG to a final 

concentration o f  0.2 mM. The cells were induced overnight at 30°C with shaking at 270 

rpm.

The cells were harvested by centrifugation at 7,700 x g  for 10 minutes. The supernatant 

was decanted and the pellets were frozen overnight to weaken the cell walls. On thawing, 

the pellet was resuspended in ice cold PBS (0.9% sodium chloride in 10 mM sodium 

phosphate pH 7.2 containing 0.1 mM DTT). To this suspension lysozym e was added to a 

final concentration o f  40 |ig/ml cell resuspension. The cells were then allowed to stand for 

1 hour at 4"C. Full cell wall lysis was achieved by sonication with a Braun microprobe for 

5 second bursts over a period o f  5 minutes, keeping the suspension on ice at all stages o f  

this treatment. The sonicated cells were then centrifuged at 19,000 x g for 45 minutes, and 

the resulting supernatant transferred to a cool clean tube for further manipulation. The 

supernatant was retained and loaded onto a glutathione affinity column (1.8 x 15cm 

containing 15 ml gel) to bind the glutathione-S-transferase/biliverdin reductase fusion 

protein. Once loading was complete the column was washed extensively with PBS until the 

A 280 reached less than 0.03. The fusion protein was then eluted with 200 ml o f  50mM Tris- 

HCl pH8 containing lOmM reduced glutathione. Fractions collected were monitored for 

BVR-A activity and fractions showing peak activity and high A 280 values were pooled.

Dialysis tubing (SiC visking tubing (24/32”) was prepared by boiling in 250 EDTA for 

5 minutes. The tubing was extensively washed in deionised distilled water before use. 

Purified fusion protein was dialysed overnight against 25 litres o f  10 mM sodium 

phosphate pH 7.2. While dialysing thrombin cleavage was also achieved. Lyophilised 

human thrombin (1000 units) was dissolved in 1 ml PBS giving a final concentration o f  

lunit / (il. From this stock solution 1 unit o f  thrombin was added for each mg fusion 

protein purified. The thrombin was included in the dialysis tubing with the fusion protein.

34



The cleaved protein was then passed through a glutathione affinity column pre-equilibrated 

with 200 ml lOmM sodium phosphate pH 7.2. On loading the non-bound fractions were 

collected. Peak protein fractions were determined by measuring the A 280 and pooled after 

retaining a small sample which was then subjected to SDS-PAGE analysis (see Section 

2.3.2).

2.4.3 Purification of Synechocystis PCC 6803 biliverdin-IXa reductase.

The pHisPl plasmid coding for the archaebacterium Synechocystis BVR-A (a 

cyanobacterial biliverdin-IXa reductase) was kindly provided by Dr.Wendy Schluchter, o f  

the Department o f  Molecular and Cell Biology, University o f  California, Berkeley, 

California. LB medium, 4 x 500ml flasks were prepared and autoclaved. A 1.5 x 10 cm 

column was packed with a 10ml bed volume o f  Ni2^ agarose and equilibrated with 200 ml 

loading buffer (20 mM Tris-HCl, 100 mM NaCl, 20 mM imidazole, pH 8). Each starting 

culture (4 x 10ml LB with 100 )ig/ml final concentration o f  spectinomycin) was inoculated 

with E.coli BL21 DE3 transformed by the pHisPl plasmid coding for Synechocystis BVR- 

A and incubated overnight m an orbital shaker at 30°C and at 270 rpm. These 10 ml 

overnight cultures were then transferred to 500 ml flasks o f  LB containing spectinomycin 

at a final concentration o f  100 ^g/ml. The cells were incubated at 30°C with shaking at 270 

rpm until the absorbance at 600 nm reached 0.6 - 0.7, at which point IPTG (400 |iM  final 

concentration) was added to each flask and the incubation continued for a further 8 hrs at 

30°C. The cells were spun down at 8000 x g  for 15 minutes at 4°C. The supernatant was 

discarded and the pellets frozen overnight. The cells were re-suspended in 100 ml ice cold  

resuspension buffer (100 mM sodium chloride in 50 mM Tris-HCl pH 7.8). Lysozyme was 

then added to the cell suspension to a final concentration o f 40 ^g/ml. The suspension was 

then incubated on ice for 1 hour. The cells were sonicated on ice with a DAWE Soniprobe 

7532A with micro-tip output setting 4, over a period o f  5 minutes with 5 second bursts. 

Once sonication was complete the suspension was centrifuged at 19000 x g for 45 min at 

4°C to remove cell debris. The supernatant was transferred immediately to 50 ml tubes 

stored on ice and samples taken for SDS PAGE and measurements o f  BVR-A activity 

analysis. Nickel agarose (5 ml) was added to each tube and rolled at 4°C for 20 minutes on 

a bench top roller. The suspension was then loaded into a scintered glass column (1.8 x 

15cm) and washed with loading buffer until the absorbance at 280 nm reached 0.03. The
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column was then washed with 50 ml o f 100 mM NaCl, 50 mM imidazole, 20 mM Tris-HCl 

pH 8, followed by 50 ml o f 100 mM NaCl, 200 mM imidazole, 20mM Tris-HCl, pH 8. The 

eluted fractions were analysed using SDS PAGE as outlined in Section 2.3.1. Peak 

fractions were pooled and imidazole removed by gel filtration on a G-25 column as 

described in Section 2.4.8

2.4.4 Preparation and purification of human biliverdin IX a reductase

Each starting culture (4 x 10ml LB with 50|Ug/ml final concentration o f kanamycin and 

50(j,g/ml chloramphenicol) was inoculated with E.coli BL21 DE3 RIL transformed with 

human BVR-A pET41aMod plasmid and incubated overnight at 30°C with shaking at 

270rpm in an orbital shaker. Details o f the construction o f this his-tagged GST fusion 

protein are presented in Section 3.8. The 10ml overnight cultures were then transferred to 

500ml flasks o f LB containing 50 )ag/ml chloramphenicol and kanamycin at a final 

concentration o f 50 )ig/ml, and incubated at 30°C with shaking at 270rpm until the 

absorbance at 600 nm reached 0.6-0.7. At this point IPTG (200 j^M final concentration) 

was added to each flask and allowed to incubate for a further 10 hrs at 20°C with agitation. 

The suspension was centrifuged at 8000 x g for 15 minutes at 4°C. The supernatant was 

discarded and the pellets frozen overnight. The cells were resuspended in 100 ml o f ice 

cold buffer A (100 mM sodium chloride, 1% glycerol, 50 mM sodium phosphate pH 7.8), 

containing lysozyme (40 )ig/ml o f the cell resuspension). The suspension was incubated on 

ice for 1 hour before sonication on ice with a DAWE Soniprobe 7532A with microtip over 

a period o f 5 minutes, with sonication for 5 seconds followed by 5 seconds without 

sonication. Once sonication was complete the suspension was centrifuged at 19000 x g for 

45 min at 4°C to remove cell debris. The supernatant was transferred immediately to 50ml 

tubes stored on ice and samples taken for SDS PAGE and measurement o f BVR-A 

activity. To the supernatant, 6 ml o f 5-hexyl glutathione Sepharose (3ml settled gel in 3ml 

Buffer A) was added and rolled for 30mins at 4°C. The suspension was then loaded by 

gravity flow into a column (1.5 x 10cm) and with a ‘safety layer’ o f 5ml of 5-hexyl 

glutathione Sepharose. The affinity resin was washed with 10 bed volumes o f Buffer A 

until the absorbance at 280nm was less than 0.03. The 6xHis tagged GST-hBVR-A fusion 

protein was eluted with 200 ml o f 5mM S-hexyl glutathione in Buffer A and collected in 

3ml fractions. The absorbance at 280 nm of each fraction was determined and peak
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fractions were pooled. Thrombin (1 unit/mg) o f protein was added and the samples were 

dialysed over 9 hours with 3 changes against 5 litres o f 50 mM sodium phosphate, 100 mM 

sodium chloride 1% glycerol pH 7.8 at 4°. Dialysis tubing (SiC visking tubing (24/32”) 

was prepared by boiling in 250 |^M EDTA for 5 minutes. The tubing was extensively 

washed in deionised distilled water before addition o f protein sample. The sample was then
• 9+  •passed through a Ni agarose affinity resin column which removed the His-tagged GST 

which had been cleaved from the h-BVR-A moiety. The flow through absorbance at 280 

nm was monitored and peak protein containing samples were concentrated by centrifuging 

through a centricon filtration device as described in Section 2.4.9.

2.4.5 Purification of murine BVR-A (ppMAL expression vector).

Starter cultures o f LB (5ml; supplemented with 100 (ig/ml ampicillin) were inoculated 

with a single colony o f E.coli BL21 transformed with mouse BVR-A/ppMAL plasmid (see 

Section 3.5 for details o f the construction o f the mBVR-A/ppMAL vector). These starting 

cultures were incubated overnight at 27° with orbital shaking at 270 rpm. Overnight 

cultures were then transferred into sterile 500 ml flasks o f LB also containing 100 fj.g/ml 

ampicillin. The absorbance at 600 nm was monitored at half hourly intervals, and once the 

absorbance reached 0.7, expression was induced by the addition o f a final concentration of 

0.2 mM IPTG. The cells were induced for 12 hours at 27°C with shaking at 270 rpm.The 

cells were harvested by centrifugation at 7,700 x g for 10 minutes. The supernatant was 

decanted and the pellets were frozen overnight. On thawing, the pellet was re-suspended in 

(1/20'*’ original culture volume) ice cold 50 mM sodium phosphate pH 7.8 containing 100 

mM sodium chloride and 0.1 mM DTT. To this suspension, lysozyme (40|ig/ml o f the cell 

resuspension) was added and the cells allowed stand for 1 hour at 4“C. Cell wall lysis was 

achieved by sonication with a DA WE Soniprobe 7532A (micro-tip output setting 4), over a 

period o f 5 minutes with 5 second bursts. The suspension was kept on ice at all stages. The 

sonicated cells were then centrifuged at 19,000 x g for 45 minutes. The supernatant was 

promptly removed, and loaded onto amylose affinity column (1.5 x 10cm scintered glass 

column) to bind the MBP/BVR-A fusion protein. Once loading was complete the column 

was washed extensively with 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 

pH 7 until the absorbance at 280nm of the wash fractions fell below 0.03. The ppMAL 

fusion protein was eluted at this point with 10 mM maltose in 50 mM Tris-HCl, 150 mM
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NaCl, 1 mM EDTA, 1 mM DTT, pH 7. The eluate was tested for BVR-A activity and the 

absorbance at 280 nm was measured to determine protein content and the peak fractions 

were pooled. PreScission™ Protease from Amersham Biosciences (1 unit cleaves 0.8mg 

fusion protein over 16 hours at 4°C in the elution buffer used) was supplied in a 2 units/|il 

stock. PreScission™ Protease specifically cleaves the MBP fusion tag between the Gin and 

Gly residues o f the recognition sequence LeuGluValLeuPheGln/GlyPro which has been 

engineered in the fusion protein linker domain o f ppMAL expressed proteins. After the 

overnight incubation with PreScission'*''^ Protease the sample was dialyzed against three 5L 

changes o f 25 mM NaCl, 20 mM Tris-Cl pH 8 for at least 2 hours each. A column (1.5 x 

10cm) o f DEAE-cellulose was pre-equilibrated with 25mM NaCl, lOmM Tris-HCl, pH 8 

(200ml). The fusion protein cleavage mixture was loaded onto the column while collecting 

2.5 ml flow-through fractions and subsequently washed with 50 ml o f the equilibration 

buffer. A gradient (2 x 30ml) from 25 mM NaCl to 500 mM NaCl in 20 mM Tris-HCl pH 

8 was used to separate the mBVR-A from the MBP. Peak fractions were analysed using 

SDS PAGE described in Section 2.3.1.

2.4.6 Purification of Rat Biliverdin-IXa Reductase.

The pHis-Parallel 1 plasmid coding for rat BVR-A was kindly provided by Professor John 

Phillips, University o f Utah, Salt Lake City. LB medium, 4 x 500 ml flasks were prepared 

and autoclaved. A 1.5 x 10cm column was packed with a 10 ml bed volume o f Ni2^ 

agarose and equilibrated with 200 ml loading buffer (20 mM Tris-HCl, 100 mM NaCl, 20 

mM imidazole, pH 8). Each starting culture (4 x 10ml LB with 100 jxg/ml final 

concentration o f ampicillin) was inoculated with E.coli BL21 DE3 transformed by the 

pHis-Parallel 1 plasmid coding for rat BVR-A and incubated overnight in an orbital shaker 

at 30°C and at 270 rpm. These 10 ml overnight cultures were then transferred to 500 ml 

flasks o f LB containing ampicillin at a final concentration o f 100 (J.g/ml. The cells were 

incubated at 30°C with shaking at 270 rpm until the absorbance at 600 nm reached 0.6-0.7, 

at which point IPTG (200|o,M final concentration) was added to each flask and the 

incubation continued overnight at 30°C. The cells were spun down at 8000 x g  for 15 

minutes at 4°C. The supernatant was discarded and the pellets frozen overnight. The cells 

were re-suspended in 100 ml ice cold resuspension buffer (100 mM sodium chloride in 50 

mM Tris-HCl pH 7.8). Lysozyme was then added to the cell suspension to a final
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concentration of 40|ig/ml. The suspension was then incubated on ice for 1 hour. The cells 

were sonicated on ice with a DAWE Soniprobe 7532A with micro-tip output setting 4, 

over a period of 5 minutes with 5 second bursts. Once sonication was complete the 

suspension was centrifuged at 19000 x g for 45 min at 4°C to remove cell debris. The 

supernatant was transferred immediately to 50 ml tubes stored on ice and samples taken for 

SDS PAGE and measurements of BVR-A activity analysis. Nickel agarose (5 ml) was 

added to each tube and rolled at 4°C for 20 minutes on a bench top roller. The suspension 

was then loaded into a scintered glass column (1.8 x 15 cm) and washed with loading 

buffer until the absorbance at 280 nm reached 0.03. The column was then washed with 50 

ml of 100 mM NaCl, 100 mM imidazole, 20mM Tris-HCl pH 8, followed by 50 ml of 100 

mM NaCl, 150mM imidazole, 20 mM Tris-HCl, pH 8, and finally with 100 mM NaCl, 

200mM imidazole, 20 mM Tris-HCl, pH 8. The eluated fractions were analysed using SDS 

PAGE as outlined in Section 2.3.1. Peak fractions were pooled and imidazole removed by 

gel filtration on a G-25 column as described in Section 2.4.8

2.4.7 Preparation of cytosolic fractions from murine tissue

Tissue cytosols were prepared essentially by the method of Habig et ai, (1974a). Tissues 

were removed from the mice and washed in ice cold homogenising buffer (0.25M sucrose, 

ImM EDTA in 10 mM Tris-HCl pH 7.2), weighed and homogenised in three volumes of 

homogenisation buffer using an Ultra-turrax T-25 homogeniser. The homogenates were 

centrifuged at 49,460 x g  for 45 min at 4°C in a fixed angle rotor, using a Sorval RC-5B 

centrifuge. The resulting supernatants were filtered through glass wool to remove lipid, 

prior to protein determination and BVR-A activity measurements.

2.4.8 Desalting protein samples using Sephadex G-25 gel filtration.

Gel filtration on Sephadex G-25 was used to desalt protein solutions and to separate 

protein from low molecular weight substances such as glutathione and imidazole. The resin 

initially was swollen in water according to the manufacturer’s instructions (Ig swells to 5 

ml bed volume). The column (62 x 3.2 cm) was poured and equilibrated with lOOmM 

NaCl in lOmM sodium phosphate buffer pH 7.2 at 4°C. The included and excluded 

volumes were determined using solutions of p-nitrophenol (lOmg/ml) and blue dextran (5 

mg/ml) respectively. As a general rule a sample volume height of no more than half the
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column diameter was loaded at any time. The column flow rate was established to be 

~1 ml/minute. Eluted fractions were monitored through the absorbance at wavelengths of 

maximum extinction for each sample.

2.4.9 Chromatofocusing of BVR-A.

The polybuffer exchanger PBE-94 (Sigma) was pre-equilibrated with start buffer (25 mM 

imidazole/HCl pH 7.4) before packing the column (30 x 1.5 cm containng a 50 ml bed 

volume PBE). Once poured the column was washed with 400 ml o f start buffer and finally 

the pH o f the run through was checked making sure that the pH of the run through was the 

same as that o f the starting buffer. All samples to be chromatofocused were dialysed 

against start buffer (25mM imidazole pH 7.4/HCl). Prior to loading the sample, 5 ml of 

eluent Polybuffer 74 (1/8 dilution o f Poly buffer 74; pH 4) was run through the column. 

The sample was applied (< 0.5 bed volumes) at a flow rate o f 1 ml/min. Elution was 

achieved by running 14 column volumes o f eluent buffer through the column. Fractions 

were analysed using the Bradford protein assay as described in Section 2.4.10. A sample 

(20 |o,l) o f  each fraction was taken and run on SDS PAGE as described in Section 2.3.1. 

Regeneration o f the poly buffer exchanger was achieved by washing at least 5 bed volumes 

o f IM  NaCl through the column. The column was then re-equilibrated with start buffer, 

until the eluent pH matched that o f the washing buffer.

2.4.10 Protein concentration techniques

Disposable Amicon Centriplus 15 ml YM-10 centrifugal filter devices with a molecular 

weight cut off o f 10 KDa were used when it was necessary to concentrate protein samples. 

The filtration devices were initially rinsed with deionised water and centrifuged until at 

least 7 ml passed through the membrane. The remaining deionised water was discarded and 

15 ml of the sample to be concentrated was loaded into the filtration reservoir. The device 

was then spun at 3,000 x g for approximately 2 hours at 4°C. The sample was checked at 

half hour intervals to ensure that the reservoir did not dry due to excessive centrifugation. 

An absorbance at 280 nm gave an indication o f  the concentration o f protein. A Markwell 

protein assay, as described in Section 2.4.10a, was performed to obtain a more precise 

protein concentration value for these concentrated samples.
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For crystallisation purposes the smaller Millipore microcon centrifugal filter devices were 

used. These have a maximum sample volume of 0.5 ml and again were centrifuged at 3000 

X g in an Eppendorf 5415R bench-top centrifuge.

2.4.11a Protein Determination

For routine column monitoring the absorbance o f fractions was measured at 280 nm and a 

value o f 1 was assumed to be equivalent to a protein concentration o f 1 mg/ml (Thome, 

1978). When required protein concentrations were determined using the method of 

Markwell et a i, (1978). Bovine serum albumin was used as the standard protein and a 

series o f standards were made up ranging from 0 -100 |xg o f protein. Reagent C was 

prepared by mixing reagent A (100 ml: 2% (w/v) sodium carbonate, 0.4% (w/v) sodium 

hydroxide, 0.16% (w/v) potassium tartrate and 1% (w/v) SDS and reagent B (1 ml, 4% 

copper sulphate). BSA standard or unknown protein sample (0.5ml) was added to reagent 

C (1.5 ml), in duplicate. These samples were allowed to stand at room temperature for 10 

minutes before Folin-Ciocalteau’s phenol reagent (0.3 ml: 50% w/v) was added. The 

colour change was allowed to develop for 45minutes and the absorbance at 660 nm was 

determined. The BSA standards were used to construct a standard curve from which the 

protein concentration o f the unknown samples was determined.

2.4.11b Bradford protein determination in multiwell plates

This assay was used to determine protein concentration in samples eluted from the various 

chromatography columns described. This assay was performed in a 96 well plate. BSA 

standards, 5 |il of 0.1-1.0 mg/ml solutions were added in triplicate to separate wells, while 

5|il sample buffer (used as blank) and 5 ^1 unknowns were added to individual wells. To 

each well 250 |xl of the Bradford Reagent was added and mixed on a shaker for 

approximately 30 seconds. The samples were incubated at room temperature for 20 

minutes after which time the absorbance at 595nm was measured. The BSA standards were 

used to construct a standard curve from which the protein concentration o f the unknown 

samples was determined.
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2.5 Kinetic and ligand binding studies

2.5.1 Kinetic studies on biliverdin IX-a reductase.

The standard assay for m onitoring BVR-A activity contains:

lOOmM sodium phosphate pH  7.2
lOO^M NA D PH (or 700^M  NADH)
20^M biliverdin IX -a
37^M BSA

All reactions were perform ed at 30°C. Reactions w ere generally started by the addition o f 

enzym e. The B eer-Lam bert Law (A= £.c.l) was used to obtain exact concentrations o f 

nucleotide and biliverdin IX a. Extinction coefficients for these substrates are:

B iliverdin IX -a  at 660nm e =  12.5 x 10^ 1.m ol *.cm’’

NAD (P)H  at 340nm e  =  6.22 x lO^l.m or'.cm "’

For saturation kinetics data points were fitted to  the M ichaelis equation outlined in 

Equation 2.1 using the least squares fitting program  ‘W inCurve Fit, version 1.3’ (Kevin 

Raner Software, Mt. W averley, Australia).

Vn.a. [S]
Equation 2.1 ” K ^ + [ S ]

The rectangular hyperbolas generated by these fits were used to obtain values for the 

apparent Km and Vmax •

2.5.2 Recording of CD spectra and stopped flow CD measurements

Both steady state and kinetic CD spectra were collected on an A pplied Photophysics 7i*- 

180 Fluorim eter/CD /Stopped Flow Spectrophotom eter using either the equilibrium  sample 

handling unit (ESHU) or the kinetic sam ple handling unit (KSHU). Instrum ent hardware 

was set up as outlined in the Applied Photophysics t:* -180 users m anual. During kinetic 

CD applications the m ost intense lam p for the w avelength o f  interest was fitted to the 

system  and the instrum ent control panel was set up to ‘kinetics m ode’ with ‘circular
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dichroism’ selected as signal. The xenon lamp was fitted to the system where equilibrium 

CD spectra were measured. The polariser was set across the instrument light path for all 

CD detection experiments and with recordings below 200 nm, the instrument was purged 

with nitrogen at a flow rate of 3 litres per minute. All buffers used during these studies 

were degassed and filtered through ^Sarstedt Filtropur S 0.2/jm' filtration devices before 

use. On the software spectrometer control panel the spectrum mode was selected and 

circular dichroism activated on the signal section of the control panel. The monochromator 

was set at the desired wavelength range, and a step size of Inm for the spectrum required 

was set in the details window. The monochromator entrance and exit slit widths were then 

set at Inm standard or 2 nm for far UV spectra applications. The AutoPM button was 

activated to switch on the automatic CD detector high voltage adjustment within the 

instrument. An appropriate scan time was then set by entering a suitable number of 

samples per step of the scan. Blank solutions were loaded in the sampling handling unit 

and a baseline recorded for the sample. In situations where automatic baseline subtraction 

was desired the ‘enable baseline option’ was selected. Samples of interest were then loaded 

into the sample handling unit and the absorbance spectrum measured. During kinetic 

measurements, once the sample was loaded onto the KSHU the flow circuit was primed 

with sample before measurements were taken. Generally a minimum of 5 shots were 

measured and averaged during each measurement.

2.5.3 Absorbance spectrum measurements

Instrument hardware was set up as outlined in the Applied Photophysics 7r*-180 users 

manual. In the software ‘Spectrometer Control Panel’ spectrum mode was activated. 

Absorbance was then selected in the signal section of the control panel and following this 

the CD detector was ticked in the absorbance signal section. The desired wavelength range 

and step size for the spectrum was set in the monochromator details window. Also in his 

window the monochromator entrance and exit slit width were set to Inm. Appropriate scan 

times were set by entering a suitable number of samples to be recorded at each step of the 

scan. The appropriate blank solution was loaded into the sample handling unit and in the 

absorbance signal section of the Control Panel, the calibrate button was activated to record 

a baseline for the blank. Samples to be measured were then loaded in the sampling 

handling unit and the absorbance spectrum was recorded.
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2.5.4 M easurement of stopped flow absorbance kinetic traces

Absorbance stopped-flow kinetic traces were collected using the KSHU. Instrument 

hardware was set up as outlined in the Applied Photophysics ti*-180 users manual. Once 

kinetics mode in the software control panel was selected, absorbance in the signal section 

was then activated. The CD detector was then ticked in the absorbance signal section of the 

control panel. The desired wavelength for the measurement was set under the 

monochromator details window, and entrance and exit slit widths was set to the 

recommended Inm width. The appropriate blank solution was then loaded into the KSHU 

and washed through the sample circuit. The instrument was then calibrated to register a 

baseline for the sample. The reaction to be measured was loaded into the KSHU and again 

the flow circuit was primed. At least 6 measurements were taken and averaged.

The results of stopped flow experiments discussed in Section 4.4 were fitted to a curve of single 

exponential with slope (see Eqution 2.2).

Equation 2.2 y = a .e ''‘’‘’+ b . x +  c

2.5.5 Fluorescence Binding Studies on BVR-A

Nucleotide binding to BVR-A was monitored by studying the quenching of the protein 

fluorescence using a Perkin-Elmer luminescence spectrophotometer (LS 506). Data was 

processed using the Perkin Elmer FL WinLab scan application. The excitation wavelength 

was set at 295nm (half band width, 5nm) and the emission wavelength was set to scan 

from 310nm to 400nm (half band width, 5nm). All solutions used in fluorescence 

experiments were filtered through a 0.45(j.m filter before use and an acid washed quartz 

cuvette was used throughout to minimise noise interference. BVR-A enzymes ( l ^M final 

concentration) were diluted in lOOmM of the desired buffer to a final volume of 2 ml. 

Quenching of protein fluorescence was achieved by the sequential addition of NADP^

(from a lOOjuM stock) and NAD^ (from a ImM stock). The fluorescence intensity (Fmeas) 

was measured after each addition of nucleotide. The Fmeas was corrected for the ‘inner filter 

effect’ as described by Levine (1977) using a correction factor:
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F  corr F  meas X antilog ((6excit + eemiss)[nucleotide](pathlength/2))

Where 6excit and Cemiss are the molar extinction coefficients o f the nucleotide at the 

excitation and emission wavelengths, respectively, and the pathlength is 1cm. Once the 

peak o f the protein fluorescence had been determined from an initial scan, Fmeas was 

measured at the wavelength after the addition of nucleotide. The extinction coefficients 

were then determined at 295nm and at 345/350nm by detecting the absorbances of known 

concentrations o f nucleotide in lOOmM sodium phosphate pH 7.5, under conditions where 

Beer’s law is obeyed. The dissociation constants K<j were calculated from a titration plot o f 

AF (the change in fluorescence upon each addition o f nucleotide) against nucleotide 

concentration.

2.5.6 Determination of protein bound zinc by atomic absorption

spectrophotometry

Absorption spectrophotometry was used to measure zinc levels. The technique has been 

extensively reported since Hackley et a i ,  1968. The highest quality reagents available and 

distilled deionised water were used in the making o f all solutions. A model 357 AA/AE 

spectrophotometer (Instrumentation Laboratory) with an oxygen/acetylene flame, a hollow 

cathode current o f 3 mA, Inm band pass and a monochromatic wavelength o f 213.9 nm 

was used for zinc detection. The system was calibrated using the buffered solutions 

without protein. The sample absorption characteristics were integrated by the 

spectrophotometer over 3 s and the resulting readings were recorded. ZnC h  was used to 

create a standard curve over the range 0-0.5 ppm. Bovine serum albumin, equine liver 

alcohol dehydrogenase, human and murine biliverdin-IXa reductase were all analysed for 

the presence o f zinc. Human BVR-A was expressed in E.coli using LB supplemented with 

100|uM ZnCl2 , and also in non-supplemented LB. Expressed BVR-A was then purified to 

homogeneity. Samples (1.5 ml; 0.5-1 mg/ml) which had been supplemented with ZnCU 

were dialysed against a 200 times volume of 100fa,M ZnCl2 in lOOmM Tris-HCl pH 7.2 for 

3 hours. These samples were then passed through 5 ml HiTrap™ Desalting Column 

(Amersham). The eluent fractions were collected and analysed for protein content and also 

for zinc using atomic absorption spectroscopy.
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2.5.7 Preparation of biliverdin IXa

Biliverdin-IXa was prepared from commercial bilirubin-IXa by the method o f McDonagh 

(1979). Bilirubin (450mg) were dissolved in 100 ml o f nitrogen purged DMSO. The 

bilirubin was oxidised by the addition of (377mg) 2,3-dichloro-5,6-dicyano-p- 

benzoquinone (DDQ) while stirring. The reaction was terminated after 2 minutes by 

adding 1.5L o f ice cold distilled water. Precipitated biliverdin IX a was recovered by 

centrifugation at 13,500 x g for 20 minutes at 2°C. The pellet was washed 4 times with 100 

ml o f ice cold water, and dried overnight in a freeze drier. Silica gel 60G (15g) was 

resuspended in methanol acetone (1:1, v/v) and packed in a 4x4 cm scintered glass column. 

The dried biliverdin-IXa, lOOmg, was dissolved in the above solvent and applied to the 

equilibrated silica bed. The column was washed with solvent until a clear eluent was 

obtained. Application o f (70:30:0.3, v/v) chloroform-methanol-acetic acid was used to 

elute the dark green band o f biliverdin. This material was dried overnight under reduced 

pressure in a desiccating vessel. Purity o f the fraction was ascertained by thin layer 

chromatography on a 20 x 20 cm Silica plate using chloroform-methanol-acetic acid 

(90:10:1, v/v) as the mobile phase.

2.5.7b Preparation of biliverdin ditaurate

Bilirubin-IXa ditaurate (53mg) was dissolved in 20 ml sterile distilled water in a round 

bottomed flask. To this 30mg o f DDQ was added and mixed. The solution was allowed to 

react for 5 minutes after which time Silica gel (3g) was added to the flask. The biliverdin 

ditaurate was dried onto the silica gel by rotary evaporation. A silica gel 60G column o f 20 

ml bed volume was equilibrated in ethyl acetate (100 ml). To this the dried biliverdin 

ditaurate / silica material was loaded onto the column. The column was washed with 300 

ml ethyl acetate to remove the hydrogenated quinine. The column was then washed with 

150 ml o f ethyl acetate methanol (4:1, v/v) to elute unreacted quinone and unreacted 

bilirubin ditaurate. Finally the biliverdin ditaurate was eluted with 100% methanol and 

dried to a powder by rotary evaporation.
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2.5.8 Separation of adenine nucleotides and nicotine adenine dinucleotides

The potent substrate inhibition encountered during kinetic analysis o f BVR-A has proved 

to be a major stumbling block in fully understanding its enzymatic behaviour, and the 

determination o f many o f its kinetic parameters (discussed in Chapter 4). Since [^^P]- 

NADPH is not commercially available, it was necessary to develop a convenient method 

which would produce [ P] labelled NADPH and NADH. Furthermore on assaying 

biliverdin reductase the development o f a fast, effective and analytical method which 

would allow the detection o f the reaction products was also necessary.

2.5.9a Separation of adenine nucleotides and nicotine adenine dinucleotides on

DEAE

One o f the methods studied primarily due to its capacity to bind nucleotides was the 

technique o f ion exchange chromatography using DEAE mini-columns. A 10 ml plastic 

mini-column (Biorad) was filled with a 50% DEAE 52 suspension which had been 

equilibrated overnight in multiple changes o f 200mM potassium phosphate pH 7.5 (i.e. 

until the pH remained constant at pH 7.5). Once settled the 5 ml bed volume in the column 

was washed extensively with 150 ml o f lOmM Tris-HCl pH 7.5. Solutions (Im M ) o f the 

following nucleotides NAD^, NADH, NADP^ and ATP were made in lOmM Tris-HCl pH 

7.2. A sample o f each (200 p,l) was loaded onto the column and washed with lOmM Tris- 

HCl pH 7.2 (18 ml) followed by elution with a 2 x 50 ml gradient (50 mM KCl and 

400mM KCl in lOmM Tris-HCl pH 7.2). The absorbance at 260nm and 340nm (for the 

reduced nucleotides NADH and NADPH) was determined and the elution volumes were 

recorded.

2.5.9b Separation of adenine nucleotides and nicotine adenine dinucleotides on

HPLC

The purification o f various nucleotides during the synthesis o f [adenylate ^^P]-NADPH 

was achieved using the HPLC technique described by Markham et al. (2004). The reaction 

mixture from the synthesis reaction (Section 2.5.10) was fractionated on a Shimadzu LC- 

lOAL system (Kyoto, Japan) with a Supelco Discovery C l8 HPLC column (25cm x 4mm)
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attached via a 500)j.l injection loop. Elution from the column was achieved using the 

gradient program Buffer A (lOOmM potassium phosphate pH 6.0), Buffer B (60% Buffer 

A with 40% MeOH), Buffer C (100 % MeOH) at a flow rate o f  0.8 ml/min. Eluant was 

monitored at 254 nm and the elution profile recorded using a Shimadzu C-R8A  

chromatopack.

2.5.9c Separation o f nicotine adenine dinucleotides on PEI cellulose

PEI cellulose (polyethyleneimine-modified microcrystalline cellulose) was also evaluated 

for the separation o f  nucleotides substrates and products o f  the biliverdin reductase assay. 

The PEI cellulose was cut into rectangular strips (5cm x 10cm). A  pencil (soft tip) was 

used to mark the line o f  origin. Care was taken not to score these plates during the 

experimental setup. During the technique evaluation, and mobile phase tests, 2)j,l o f  a 2mM  

solution o f  NAD^, NADH, NADP^, NADPH were spotted on plates at the origin. Various 

mobile phases were examined and it was found that for NADH, NAD^ applications 50mM  

CaCh in 50mM Tris-HCl pH7.2 provided the best separation, while for NADP^ and 

NADPH, 200mM CaCh in 50mM Tris-HCl pH 7.2 as mobile phase provided good  

separation. Plates were run in lined containers with a lid at room temperature until the front 

reached the end o f  the plate. The plates were then removed and air dried, and separated 

nucleotides visualised under an ultraviolet source (excitation at 254nm). Where [^^P] 

labelled nucleotides were employed the plates were wrapped in cling film and used to 

exposed to X-ray film (Kodak). On development the separated radiolabelled nucleotides 

spots were visualised.

2.5.10 Synthesis o f |P^ ]̂ NADPH

The conversion o f  NA D  to [ P]-NADP is now possible by utilising the recombinant E.coli 

NAD^ kinase which was cloned, expressed and available from Dr. Seamus Browne o f  the 

Biochemistry Department in Trinity College, Dublin. The conversion o f  NAD^ to NADP^ 

was essentially performed according to the method o f  Kawai (2001). The reaction mixture 

consisted o f  ImM NAD^, 16|aM ATP, 16faM 7-[^^P] ATP, 5mM MgCl2, lOOfig NAD"  ̂

kinase in lOOmM NaCl, lOOmM KCl, lOOmM Tris-HCl at pH 7.8. The total reaction 

volume o f  500|il was necessary to minimise dilution and sample loss during HPLC 

separation o f  the reaction products (Section 2.5.9b).
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The NADP^ dependent alcohol dehydrogenase from Thermoanaerobium brockii (Sigma) 

was used to synthesise 2 ’-[^^P]-NADPH from 2’-[^^P]-NADP^. Components of the ADH 

reaction used to synthesise 2’-[^^P]-NADPH were 2 ’-[^^P]-NADP^ (7.7|j.M), 0.5mM 

propan-2-ol, 20|j,M NADP"^, 0.1 units ADH and in lOOmM sodium phosphate pH 7.8. The 

reaction mixture was incubated at 40°C for 30 minutes to allow conversion of NADP^ to 

NADPH.

2.6 The identification of biliverdin-IXa reductase cDNA from various 

organisms

Searches of the various EST (expressed sequence tags) databases produced a number of 

sequences showing very high similarities with biliverdin-IXa reductase. Some of these are 

outlined in Section 3.2. The manipulation tools necessary to examine these sequences are 

found at http://www.ebi.ac.uk/Tools. The nucleotide sequence restriction digest program, 

pDraw32 for PC use was downloaded as freeware from http://www.acaclone.com/. The 

GenBank sequence database, provided by the National Center for Biotechnology 

Information (NCBI) available online at http://wMrw.ncbi.nlm.nih.gov/. The Sanger Institute 

available at http://www.sanger.ac.uk/Projects/X_tropicalis/blast_server.shtml) was 

scanned for nucleotide sequences and their protein translations.

2.7 The crystalisation of human, and murine biliverdin reductase

Firstly the purified proteins were concentrated to at least ~5 mg/ml. In attempts to 

crystallize the purified protein the vapour diffusion hanging drop method was employed. A 

protein droplet (2 )il) and crystallisation buffers (2 |j,l) were placed onto crystallisation 

slides. The slide was inverted and used to cover the greased reservoir face containing 1 ml 

precipitant of the same precipitant. The slides and crystallisation chambers were sealed 

with vacuum grease to ensure a closed system. The droplet initially contains an insufficient 

concentration of precipitant for crystallization to occur, but as water vaporizes from the 

drop and transfers to the reservoir, the precipitant concentration increases which often 

induces crystal formation and growth. Duplicate sample plates were incubated at 4°C and 

at room temperature, while monitoring plates over a number of weeks. The precipitant
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screens were first set up using the Emerald products EBS-WIZ-F (Wizard I and II) 

screening kits.

50



Chapter Three 

A phylogenetic survey of biliverdin -IXa reductase



Chapter 3 A phylogenetic survey of biliverdin -IXa reductase

3.1 Introduction

For many years it was generally accepted that bilirubin is found solely in vertebrates, while 

biliverdin is found not only in vertebrates and invertebrates, but also in some micro

organisms. It was also widely accepted that both biliverdin and bilirubin had no 

physiological importance, being merely waste products o f haem catabolism. Recent 

findings as discussed in the introduction clearly refute this, with several new functions 

being recently attributed to these linear tetrapyrroles. However, despite recent advances 

many questions remain unanswered. There is a void in our knowledge as to why the 

evolution o f the haem degradation pathway in many higher organisms simply did not stop 

with the production o f biliverdin. Since biliverdin is readily excreted into bile in many 

species and therefore easily enters the intestine, one must ask why the pathway evolved as 

it did; using valuable reducing equivalents to make the insoluble, and potentially toxic by

product bilirubin. Additionally, bilirubin requires further modification by the glucuronyl 

transferase system before it can be excreted. Superficially the extra steps involved in 

bilirubin production and its elimination appear to have no role in vivo. However there is an 

increasing body of evidence that bilirubin functions as a major physiological antioxidant 

and cytoprotectant (Baranano et al, 2002, Yamaguchi et al 1994, Stocker, et al 1987, and 

McDonagh 1972). Baranano et al (2002) showed that bilirubin very potently protected 

brain cultures from H2O2 neurotoxicity, with as little as 10 nM bilirubin protecting against 

a 10,000-fold stoichiometric excess o f H2O2 . It is important to note that all these studies 

have concentrated on the elucidation o f mammalian pathways. In the case o f birds, reptiles, 

and amphibians, biliverdin is widely accepted as being the predominant end product o f the 

haem degradation pathway. Consequently, for many years, few resources have been 

dedicated to determine, whether or not, these organisms actually express or have the 

capacity to express an active biliverdin-IXa reductase.

W ithout doubt biliverdin seems to be the major final product o f haem degradation in many 

species, however we should not assume that where biliverdin-IXa is the sole catabolic 

haem by-product that there is an absolute absence o f BVR-A activity. In this regard 

attention must be drawn to reports that bilirubin and bilirubin conjugates have been found
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in chickens, turkeys, alligators, turtles (Lin et al., 1974; Himes & Cornelius, 1975; 

Dolphin, 1979) and frogs (Lester et al., 1971: Cole & Little 1983 a; Cole & Little 1983 b). 

Indeed the products of amphibian haem catabolism are under a renewed degree of scrutiny 

after recent studies by Falchuk and co-workers (Falchuk et al., 2002; Montorzi et al., 

2002). They have shown that biliverdin plays a vital role in Xenopus laevis embryogenesis. 

Biliverdin-IXa is broken down once irradiated with either 254 or 366 nm UV light. 

Irradiation of frog embryos at these wavelengths is known to affect dorsal axis 

development. Falchuk et al., 2002, described how Xenopus embryos, after irradiation 

treatment, could be rescued if supplemented with biliverdin-IXa, but not if supplemented 

with either irradiated biliverdin-IXa or biliverdin dimethyl ester.

Another interesting study by When-Qi & Yong Long 2004, detected a biliverdin reductase 

activity in the soluble fraction homogenates of adult worms of Schistosoma japonicum. 

This is an interesting observation in light of the fact that worms are one of the few 

organisms which do not have the necessary enzymes to synthesise haem (Rao et al., 2005). 

Cornelius (1981) also points out that there is a wide variation in hepatic bilirubin-IX-a 

uridine diphosphate (UDP) glucuronyl, glucosyl and xylosyl transferase activities among 

yellow rat snakes, pin fish, chickens, turkeys, sea turtles, alligators, nutria and rats. Lower 

hepatic enzyme activities were observed in fish, snakes, turtles, and avian species with 

intermediate enzyme activities present in the livers of nutria and alligators. Interestingly 

hepatic glycosyltransferase activities were greater in the biliverdin-excreting species which 

are known to excrete an exogenous bilirubin load. Bilirubin is found in chickens and the 

levels vary throughout the lifecycle. For instance in a study by Vajro et al., (1995) 11.5% 

of the total bile pigment in embryos of white Leghorn hens and this decreased to 2.5% of 

the total as the embryo developed. They found that bilirubin existed almost entirely (98%) 

in esterified form, mainly as glucosides, glucoronides and xylosides in the ratios 6:3:1 

respectively. Mizobe et al., (1997) also detected biliverdin, bilirubin and bilirubin 

conjugates in pericardial fluid from jaundiced broilers.

With respect to those species which excrete predominantly biliverdin, such as chickens, are 

the small quantities of bilirubin and conjugated bilirubin simply a product of a very low 

biliverdin reductase activity or is it a product of an alternative mechanism o f biliverdin 

reduction that does not utilise BVR-A? To further confuse matters it seems that not all
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avian species share similar tetrapyrrole excretion characteristics. The house sparrow is 

reported to have serum bilirubin levels in the same range reported for human serum 

~lmg/dL (Parrish & Mote, 1984) while turkeys are reported to have a total of 5.2 mg 

bilirubin / dL bile (Himes & Cornelius 1975). These differences are not just avian 

phenomena. Most fish have serum and bile that is yellow, and excrete bilirubin in a manner 

similar to mammals. Other species have blue-green serum due to the presence of 

biliverdin. In many fishes including cod and atlantic salmon, the bile colour changes from 

yellow to green during starvation (Talbot, 1982). Is this change due to a down regulation or 

inactivation of the BVR-A? Makos & Youson, (1988) demonstrated that the serum of sea 

lampreys has elevated levels of bilirubin late in the life cycle, when biliary atresia occurs 

and concluded that over the course of the lamprey life cycle different avenues of bile 

pigment storage and elimination were utilized. Noonan et a l ,  (1979) reported 

unconjugated hyperbilirubinemia in all species of normal indigo snakes. The plasma 

clearance of large organic anions like bilirubin was markedly delayed when compared to 

other snake species.

What is the source of bilirubin in these species? If putative biliverdin reductases could be 

identified, their amplification and cloning into expression vectors, and subsequent 

purification would allow a phylogenetic study of biliverdin reductase function in much 

greater detail.

With an unprecedented degree of genetic information available fi'om genome and EST 

databases, it was felt that some answers as to why biliverdin-IXa reductase is absent in 

some species might be provided and it may shed some light in establishing why the 

evolutionary progression of haem degradation within different species developed as it did. 

It may be true that biliverdin is the major end product of haem degradation in many 

organisms, but this may not necessarily imply that biliverdin reductase is without activity 

or function in many of these organisms.

During the course of this study, it was decided to revisit some of the species reputed not to 

have biliverdin reductase activity, and perform an extensive search of all available EST 

and genomic databases in an attempt to identify nucleotide sequences displaying a high 

degree of similarity to the mammalian and cyanobacterial enzymes.
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As described in the introduction another objective of this work was to clone and express 

the murine biliverdin IXa reductase enzyme. Currently attempts are being made to 

construct both conditional and complete BVR-A knockout mice. The murine biliverdin 

reductase however has never been studied. Clearly, this enzyme needs to be characterised 

as a prelude to the knock out work, and would not only provide the necessary assay 

conditions for all activity measurements, but would also facilitate immunisation of rabbits 

with the recombinant enzyme, allowing polyclonal antibody production.

3.2 ‘In silico’ sequence analysis, and the identification of putative biliverdin 

reductases from various species.

The Basic Local Alignment Search Tool (BLAST) provided by the ‘National Centre for 

Biotechnology Information’ (NCBI available at http://www.ncbi.nlm.nih.gov/) finds 

regions of local similarity between sequences. This program was used to compare BVR-A 

nucleotide and protein sequences to those in databases and to retrieve statistically 

significant matches.

In an attempt to identify nucleotide sequences displaying a high degree of similarity to 

known biliverdin reductases, the Expressed Sequence Tags (EST), and High-Throughput 

Genome Sequences (HTGS) data of the GenBank sequence database was queried using the 

nucleotide and protein sequences of the human, rat and Synechocystis enzymes. Positive 

results from these searches were subsequently re-submitted and further analysed. This 

provided a more in-depth data set of related proteins of the mammalian enzymes. All blast 

hit sequences were aligned using the Clustalw tool available on the European 

Bioinformatics Institute (EBI) website (http://www.ebi.ac.Uk/clustalw/index.html#). 

Phylograms were constructed using the Treeview application (Page 1996) which is 

available online at http://taxonomy.zoology.gla.ac.uk/rod/treeview.html. From Figures 

3.1(a) and 3.1(b) it is clear that there are two distinct groups with a gene and/or EST 

evidence for the presence of biliverdin reductase. The first are the archaic cyanobacteria 

vjilh Anabaena variabilis ATCC 29413, Trichodesium erythraeum IMSlOl, Crocosphaera 

watsonii WH 8501, Gloebacter violaceus PCC 7421 and 2 species of Nostoc {Nostoc 

punctiforme PCC 73120 and Nostoc sp. PCC 7120) all sharing a high degree of sequence 

identity with the characterised Synechocystis BVR-A enzyme (alignment scores are
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Figure 3.1 (a) The evolutionary divergence of biliverdin-IXa reductase.

Results o f the biliverdin-IXa reductase blast analysis (Section 3.2) were used to construct this unrooted phylogenetic tree using the 

‘Treeview’ application. Branch distances are highlighted.
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An unrooted tree constructed with 

proteins displaying sequence 

similarity to the mammalian and 

synecochystis biliverdin reductases.

The emergence of two main groups, the 

archaic cyanobacteria, and those of the 

eukaryotic enzymes are evident. No 

other procaryotic organisms showing 

homology to biliverdin reductase were 

identified.



Cyanobacteria

GrouD I o Planktothrix
O Chamaesiphon O Prochlorothrix
O Chroococcus O Pseudanabaena
O Cyanobacterium o Spirulina
O Cyanobium o Starria
O Cyanothece o Symploca
O Dactylococcopsis o Trichodesmium
O Gloeobacter o Tychonema
O Gloeocapsa • GrouD IV
O Gloeothece O Subsection IV.I
O Microcystis • Anabaena
O Prochlorococcus ■ Anabaenopsis
O Prochloron • Aphanizomenon
O Synechococcus ■ Cyanospira
O Synechocystis ■ Cylindrospermopsis

GrouD n ■ Cylindrospermum
o Cyanocystis ■ Nodularia
o Dermocarpella ■ Nostoc
o Stanieria ■ Scytonema
o Xenococcus O Subsection IV.II
o Chroococcidiopsis ■ Calothrix
o Myxosarcina ■ Rivularia
o Pleurocapsa group • Tolypothrix

GrouD n i • GrouD V
o Arthrospira O Chlorogloeopsis
o Borzia O Fischerella
o Crinalium o Geitleria
o Geitlerinema o lyengariella
o Leptolyngbya o Nostochopsis
o Limnothrix o Stigonema
o Lyngbya
o Microcoleus
o Oscillatoria

Figure 3.1(c) The distribution of BVR-A in Cyanobacteria.

Cyanobacteria have been categorised into 5 main groups by Castenholz (2001). From 

the resuhs of blast searches to date BVR-A sequences have been detected and are 

distributed through groups I, HI and IV.
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rsAAELQAERNRILHCLELADRIQQITESTHA--------------------29 2
'SAKLLGQVSPGDMQKEKLRVLHCLELADRIRELC------------------------------ 28 7

riFVQKLLGQFSEKELAAEKKRILHCLGLAEEIQKYCCSRK---------- 296
riFVQKLLGQFSEKELAAEKKRILHCLGLAEEIQKYCCSRK---------- 296
riFVQKLLGQFSEKELAAEKKRILHCLHLAEEIQKYCYSKK---------- 296
riFVQKLLGQFSEEELAAEKKRILHCLHLASEIQKHCCSKQ---------------------- 2 9 6
tlFIQKLLGQVSAEDLAAEKKRlLHCLEIASDIQRLCHRKQ---------------------- 2 9 5
IIFVQKLLQQVSAEDLAAEKKRIMHCLGLASDIQKLCHQKK---------- 295

?SMVU>HiroGAPLYVTFEESLYTLRV3U>AAiQIUl-AQ^ITIFLTDKLN 322
:SMVU)HLLD6TPLYVTPEESLYTLRVADAAQRA-AC^ITIFLTDKLN 3 2 9

>HLFDGTPLYVTPEQSLYTLKVM)AAQRA-AQTGFTMFM------------------ 33 3
[EYLLQGTPLYITPEASLYTLKVMILSQKSSHNSGKATKFK----------------33 5

)HLFDSKPLYIKPESSIYALK\TGETAHQS-A1SGKSVYL------------------ 3 4 1
VVIXtYIiTTGKPLYVDLEASLYALEVADLCAQA CGYKVEN------------------ 3 2 8

>VLQ6RSELYTTPERSLHILATAAACERS-AAIj6RSEAVEVPALPIG 332

Figure 3.2 Amino acid sequence alignments of rat human and synechocystis PCC6803 biliverdin-IXa reductases, with the proposed enzymes 

of similar function.

Clustalw alignment of all the BVR-A sequences identified through the blast searches described in Section 3.2. Structural features of rat 

BVR-A (from the crystal structure reported by Kikuchi et al., 2001) are also shown above the alignments. A set of 5 highly conserved 

motifs have been colour coded red yellow blue grey and purple for clarity. Shaded columns represent the most conserved regions.



presented in Appendix III Figure I). To date BVR-A like sequences have been identified in 

3 members of the 5 cyanobacterial groups classified by Castenholz (2001) detailed in 

Figure 3.1(c). Schluchter & Glazer (1997) found that the conversion of biliverdin to 

bilirubin was important for normal phycobiliprotein biosynthesis. BVR-A could well serve 

similar functions across all the cyanobacterial groups mentioned. Figures 3.1(a) and (b) 

also show that there is a wide distribution of BVR-A encoding sequences among 

eukaryotes also. The most interesting observations to be made here are regarding biliverdin 

reductase like sequences in the chicken (Gallus gallus) and the frog {Xenopus tropicalis), 

which are reputed not to have a biliverdin-IXa reductase.

3.3 Amplification of Xenopus tropicalis BVR-A sequence

The putative Xenopus tropicalis biliverdin-IXa reductase was amplified from the 

I.M.A.G.E cDNA clone (IMAGE:5308696) which was acquired from UK HGMP-RC, 

Hinxton, Cambridge CBIO ISB, UK, one of the appointed distributers of I.M.A.G.E. 

clones (http://image.llnl.gov/image/html/idistributors.shtml). This cDNA clone, the 

nucleotide sequence of which is shown in Figure 3.3, was prepared from RNA extracted 

from embryo of Silurana tropicalis, gastrula (stages 10-13). Other full length BVR-A like 

sequences from Xenopus tropicalis for example TEgg035ml8 (Accession Number: 

CR761396), have been prepared from mRNA oiXenopus eggs, which suggests that BVR- 

A may be expressed through various stages of Xenopus development.

Using the primers outlined in Table 3.1(a), a series of amplification reactions were 

performed to establish suitable PCR conditions for the amplification of Xenopus BVR-A 

cDNA. Since Pfu has proofreading (3'-5' exonuclease activity) which allows the 

polymerase to remove mispaired bases and make perfectly blunt ends (Cline et al., 1996), 

it was the polymerase of choice for all amplification purposes described herein. The 

components of the successful PCR reactions used to amplify the Xenopus cDNA are 

presented in Table 3.1(b). A cDNA product of the expected size (-882 base pairs) was 

amplified from the Xenopus cDNA clone (IMAGE:5308696) the results of which are 

presented in Figure 3.4(a).
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1 gagcttccac acgctgacac aggcttgtgc agaaagggtt cagcgacccc ctcccctggt
61 gcctctgctg tatcctgccc tatacagaaa cgctatcttc agaggataat aaaatgtttg
121 gcgcagtagt ggtgggaatt ggcattgctg gctctatgag aattcgggac ctcctcaacc
181 cattgcagtc cagcccctca gagagtctga aacttattgg ctttgtatca aggagaaaac
241 ttgaccagtt taataatgca aagcaaattg agctggatga agcactgaaa agtaaagata
301 ttgatgctgc ttttatttgt acagataatc agaaccacga agaaagtgtc aggcatttcc
3 61 tagaggttgg taaacatgtc ctggtggagt accctatggc gttgtcagca gaagcagcat
421 atgatttatg gagacttgct gagcagaaag gaaaagtcct gcacgtggaa cacatagagc
4 81 tgcttacaga gcaatacaag caactgaaga aggaagtaca gggcaaaaag cttgtggaag
541 gggtgttgca ttttactgga gggcatctag atgagaacct ttctggattc ccatctttta
601 gtggcattgc tcgactgagc tggcttgttg atctgtttgg tgatctaatc gtcacctcag
661 ccacaagaga ggagcaaaaa gaactgaact actccaaact tacagcacat ttcctgactg
721 ctgaaaacag gccgctgacc tgggttgaag aaagggcacc aggcatgaaa cgggataagc
7 81 atatccactt ctctttcacg acgggcattc tggacacatt gccttcatcc agcagggcat
841 cagttgggct ttttatgcaa gatcaaaact tatttgcaaa gaaactccta gggcaagtaa
901 ccagggagga gctgctagca gagaagcaac gaatcttaaa atgcattgac cttgctgaag
961 agatcaaaaa gaaatgtgag cattaatgtg ttaatacagt acaaagggtg gtactgtgta
1021 aagtggatct gtgaactaag catttcctca cttttaagta tataataatt tcaaatagtg
1081 gcagtgtttt ttacatagaa ctctaaaaga tgagcggtaa ctgcattttc tttgaaagta
1141 actactgttt tccagcgaaa gtggatcacg tttttaaaac aagatttgaa acaagatata
1201 ttatgttaca cataaaagtt taacatttta aagcgttggt aaacttgttt gctgagctgc
1261 aactgggaaa catgagaaag agaaaagaaa tcctattcat ttttatactg ttagaaaact
1321 agtgacaata ataagaatag aaagcaattt tcaaaaaatt gttatttgtg ggagcccgca
1381 gttaaatctt ccctaaaaaa tcctcagaaa aagaccacaa gtaaaaccta ttacatcagg
1441 cagtctggct taacagcagg gaaatgtgaa ggatgacctt tttttccttg gttaagtcag
1501 attgctgtaa taggttttgc atcagacaat cttaaagggc acctatcacc ctgaaattgc
1561 ttccccctcc aggtgcagaa aaaagaaaaa aaaaaaaaaa

Figure 3.3 Sequence analysis of the putative Xenopus tropicalis biliverdin-IXa 
reductase

The sequence o f  the IMAGE clone (Accession No: IMAGE:5308696 MGC:69310), which 

is a full length cDNA generated from gastrula stages 10-13 o f the Xenopus tropicalis 

(Silurana tropicalis) embryo. The full length Xenopus BVR-A protein aligned in Figure 3.2 

is the protein product o f  this cDNA.



Expression Vector Primer Name Direction Sequence
pGEX-KG Xenopus For BamHI Forward GGATGGATCCATGTTTGGCGCAGTAGT

pGEX-KG(NcoI & Xhol) XenoNcoIXhoIRev Reverse CCTCGAGCCATGGTTAATGCTCACATTTC

Nuclease free water 39nl
lOX pfu reaction buffer 5jil
Forward primer (XenopusBamHIFor 10pmol/|o,l) 1^1
Reverse primer (XenopusNcoIXhoIRev lOpmol/fxl) l|il
dNTPs (lOmM each nucleotide) 2\i\
Xenopus BVRA pCMV-Sport 6.1 (20ng~l/700 dilution of stock)
Pfu DNA polymerase 1^1

Step Number Temperature Time
1 95°C 1 minute
2 95°C 1 minute
3 62°C 1 minute
4 68°C 1.5 minutes
5 Go to step 2 28 more times
6 68°C 5 minutes
7 4°C Hold

Table 3.1 The PCR components and cycling parameters used to amplify the putative Xenopus BVR-A cDNA.

(a) The primers used to amplify target cDNA. Primers were designed from the cDNA sequence presented in Figure 3.3.

(b) The components of the PCR reaction mixture.

(c) The cycling parameters used with the successful amplification o f the Xenopus BVR-A cDNA.



Figure 3.4 (a) Amplification of the putative biliverdin-IXa reductase

from Xenopus tropicalis.

Xenopus tropicalis cDNA from the IMAGE clone (IMAGE:5308696) was used as 

template for the amplification of the putative BVR-A insert. Lane 1 contains 

molecular weight markers from Sigma (D-7058). Lanes 2, 3 and 4 contain PCR 

products from the optimised amplification conditions detailed in Table 3.1.

Figure 3.4 (b) Digestion of the pGEX-KG plasmid in preparation for

insertion of the Xenopus BVR-A cDNA insert.

Lane 1: Contains 5|o.l of sigma markers (D-7058). Lane 2: Contains a sample o f the 

double digest o f pGEX-KG (using BamHI and Xhol) which was purified using the 

QIAquick PCR purification kit (Section 2.2.8).



3.3.1 Digestion and ligation o f Xenopus  cDNA into pGEX-KG

The pGEX-KG plasmid (shown in Appendix II Figure 3) was transformed into E.coli XLl 

Blue cells as described in Section 2.2.1. The pGEX-KG plasmid was subsequently purified 

(-100 |j.g) o f from these cells using ‘Qiagen Midi Kits’ and the protocol detailed in Section 

2.1.6. The purified pGEX-KG plasmid (1 jiig) was then prepared for insertion o f the 

amplified Xenopus cDNA by digestion with 20 units BamHI and Xhol using (1 x ) ‘Sure 

Cut Buffer B’ (Roche) in a total volume o f 50 >0.1. Restriction digests were incubated for 6 

hours at 37°C. Following this 6 hour incubation, 2 units o f bacterial alkaline phosphatase 

(Takara) was added to the plasmid digests and incubated between 60-65°C for 1 hour to 

remove the overhanging 5’ phosphates. Purified and digested (BamHI and Xhol) pGEX- 

KG was analysed by electrophoresis in a 1% agarose gel (Figure 3.4b). The digested 

plasmid ran with the expected size -5006 bp’s and appeared to cut with 100% efficiency. 

The amplified Xenopus BVR-A cDNA insert was digested in a similar fashion except there 

was no treatment with bacterial alkaline phosphatase. Both plasmid and insert were 

purified using the procedure outlined in Section 2.1.8 prior to the ligation reaction.

The digested and purified insert was ligated into pGEX-KG plasmid using the Takara 

DNA Ligation Kit Version 2.1 (see Section 2.1.4). A series o f ligation reactions containing 

various ratios o f insert to vector in a total volume o f 10 fil were set up. Vector to insert 

ratios used were 20 ng, 50 ng, 100 ng insert to 100 ng vector. Control ligations contained 

100 ng insert DNA without vector DNA and 100 ng vector DNA without insert DNA. To 

each reaction 10 |o,l o f the ‘Takara Ligation Kit-Solution 2 ’ was added, mixed and then 

incubated at 16°C overnight. As described in Section 2.2.1b, 200)j,l aliquots o f competent 

XLl Blue cells were transformed with the ligation mix, and plated onto ampicilHn plates 

which were incubated overnight at 37°C.

3.3.2 Screening for the presence of X enopus  BVR-A insert in transformed cells.

The antibiotic resistant colonies from the transformation plates were streaked onto fresh 

ampicillin plates and incubated overnight at 37°C. A single colony o f each population was 

used to inoculate individual 5 ml cultures containing the desired antibiotic, and these were 

grown for 16 hours at 37°C with shaking at 270rpm. DNA was isolated from these cultures
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3 0 0 0 -

2 0 0 0 -

1 5 0 0 -

1 4 0 0 -

1 0 0 0 -

7 5 0 -

5 0 0 -

4 0 0 -

-5006 bp

< ~882bp

Lane 1 2 3 4  5 6 7 8

Figure 3.5 Screening for the presence of putative Xenopus BVR-A insert in 

transformed cells.

Plasmid purified from single colonies from successful ligation plates were screened 

for the presence o f a Xenopus cDNA insert through restriction digest analysis as 

described in Section 3.3.2. Lane 1: Sigma (D-7058) molecular weight markers. Lanes 

2-9: Double digests o f clones using restriction enzymes BamHI and XhoL Successful 

clones resulted in a ~882bp insert being cut from the construct leaving linearised 

pGEX-KG (5006bp).



as described in Section 2.1.7 using the Wizard Plus SV Miniprep DNA purification system. 

Each clone was screened for the presence of a Xenopus cDNA insert through restriction 

digest analysis using BamHI and Xhol. DNA (500 ng) was digested in a final volume of 50 

|il using (IX) ‘Sure Cut Buffer B ’ (Roche). The results of this screening are shown in 

Figure 3.5. A large number of successful transformants were obtained. Clearly lanes 2-6 

and 9 all contained the putative Xenopus BVR-A cDNA inserts (882bp). Transformants 

(shown in lanes 2-6 and lane 9) were replated and later analysed for protein expression.

3.4 Amplification of the Danio rerio (zebrafish) BVR-A sequence

The putative zebrafish biliverdin-IXa reductase was amplified from the I.M.A.G.E cDNA 

clone (IMAGE:5304464) which was acquired from RZPD Deutsches Ressourcentrum, 

Heubnerweg 6, D-14059 Berlin. The cDNA for this clone was made from mRNA purified 

from whole ovaries collected from zebrafish and had an average insert size 2 kb.

The culture slopes obtained from I.M.A.G.E. were re-streaked on agar plates containing 

100 (j.g / ml ampicillin and grown overnight at 37°C. Individual colonies were used to 

inoculate 25 ml cultures as described in Section 2.1.6, from which plasmid was purified. 

As a range of insert sizes were reported by RZPD the insert size was determined by 

digestion of the pCMV-Sport6 plasmid containing the insert with Notl and Sail prior to use 

of the clone. This gave a band corresponding to -1 .6  kb and results of the RZPD 

sequencing revealed that the 5 ’ sequence resembled that of a putative biliverdin reductase. 

This led to the conclusion that a full open reading frame for zebrafish BVR-A was 

contained within this clone. It was decided to use this as cDNA target to amplify the 

zebrafish cDNA and ligate it into an expression plasmid. Primers for the amplification of 

zebrafish cDNA were designed using the full length sequence presented in Figure 3.6.

Using the primers outlined in Table 3.2, a series of amplification reactions were performed 

to establish suitable PCR conditions for the zebrafish cDNA insert. The thermo cycling 

conditions and reaction components detailed in Table 3.2 (b) and (c) were used to amplify 

the zebrafish BVR-A cDNA of the expected size -890 bp as shown in Figure 3.7. PCR 

products were cleaned and prepared for digestion with the ‘QIAquick PCR Clean Up Kit’ 

as described in Section 2.5.

57



1 gcggttacga aaaaagagtt atgaaagtag tttcctgagt cacagttgat gaatgtcatt
61 atcgttctca tttcgctgac gttgcgtaag aaaaccacat caaaggctgt gaggggacat

121 tcacaggaat catgctggga tcagtggttg ttggaattgg aattgcagga tctgtgagga
181 tgagagattt aatggctcct ctctcgtcca gcgccgcaga acagatcagc atcaggggct
241 ttgtgtccag gaggagtctt gaagatcagc agggtgtgaa gcagatcagc atgactgaag
301 cgctgagcag agacgacatc catgtggcat ttatatgcac agaaaacacc agccatgaag
361 agaacatcag gcagtttctg gaggcaggaa agcatgtgtg tgtggagtat cccatgaccc
421 tcagccacac ctctgctgtg gatctgtgga atctggctca acagaagggt ctggtgcttc
481 atgaggaaca catcgagctg ttcactcctg acttcaaaca gctgaaaaaa gacatttctg
541 aaaaaacact ggaggaagga aagctgcact tcaccggtgg tcctctaaag gcaaactttg
601 gcttcccgtc tttcagtggt atcgccagac tgacgtggct ggtggttctg tttggagagc
661 tcacagtcac ttcagtagat ctggtggagg agaaagagaa caagtacatg aagatgacgg
721 cacacttact gactcaacag cacaagcctc tgacgtggat tgaagaacgg ggtccgggtc
781 tgggcagagc caaacacgtg gagtttcgct ttcaggatgt gacgatcaca gagcttccag
841 caggtcagcg tgagccggtc ggactcttca tgcaggatct gctgctgttc tgccggaagc
901 tgcaggggga agtttcagct gcagagctcc aggcggagag aaacaggatc ttacactgtc
961 tggagctagc agaccgcatt cagcagatca ccgaaagcac tcacgcctga acattaactc
1021 acactaccaa acattcattc taatgtggca cacacagact gtgtatagag acagataact
1081 gaagtgctaa gtcagattaa aatcattaaa

Figure 3.6 The full length sequence of a putative Danio rerio (zebrafish) 

biliverdin IX a reductase)

The sequence o f a 1110 bp cDNA clone (XM_682507.1 01:68356867) from Danio 

rerio made from whole ovaries collected from zebrafish aged 4-5 months, 1 and 2 years. 

This was used in the amplification o f the Zebrafish BVR-A. This sequence displays 

similarity to 5 other zebrafish EST’s.



Expression Vector Primer Name Direction Sequence
ppMAL and pET41aMod Zebrafish For BamHI Forward CGCGGATCCATGCTGGGATCAGTGGTTG

ppMAL and pET41aMod ZebrafishRevHindlll Reverse GTGTAAGCTTTCAGGCGTGAGTGC

M
Nuclease free water 39 ^il
lOX Pfu reaction buffer 5 ^1
Forward primer (Zebrafish For BamHI lOpmol/jil) 1 IJ.1
Reverse primer (ZebrafishRevHindlll 1 Opmol/|o.l) u i
dNTPs (lOmM each nucleotide) 2 |il
Xenopus BVRA pCMV-Sport 6.1 (10ng~l/800 dilution of stock) 1 |j,l
Pfu DNA polymerase 1 |il

M
Step Number Temperature Time

1 95 °C 1 minute
2 95 °C 1 minute
3 62 °C 1 minute
4 68 °C 1.5 minute
5 Go to step 2 28 more time
6

uo00 5 minute
7 4°C Hold

(C)
Table 3.2 PCR components and cycling parameters used to amplify the putative Danio rerio BVR-A cDNA.

(a) The primers used to ampUfy target cDNA. Primers were designed from the cDNA sequence presented in Figure 3.6.

(b) The components o f the PCR reaction mixture.

(c) The cychng parameters used with the successful amplification of the Danio rerio cDNA.
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Figure 3.7 Amplification of the putative biliverdin IXa reductase from Danio 

rerio (Zebrafish).

Zebrafish BVR-A cDNA from the IMAGE clone (IMAGE: 5304464, Gen Bank Acc 

BI983742) was used as template for the amplification o f the putative BVR-A insert as 

described in Section 3.4. Lane 1 contains molecular weight markers from Sigma (D- 

7058). Lane 2 contains 10 |j,l of the PCR product fi'om the optimised amplification 

conditions described in Table 3.2.



L an e 1 2 3 4 5 6 7  8 9  10 11

Figure 3.8 Screening transformants for correctly ligated Danio rerio BVR-A 

cDNA insert.

The amplified, digested and purified, Danio rerio BVR-A cDNA insert was ligated 

into ppMAL and transformed into competent XL 1 Blue E.coli. Plasmid was purified 

from the positive transformants and screened by restriction digest analysis using 

BamHI and Hindlll as detailed in Section 3.4.2. Lane 1; Contains 5^1 of Sigma 

markers (D-7058). Lanes 2 to 6 and 11 contain pET41aMod digests. Lanes 7 to 10 

contain ppMAL digested plasmid. The appearance of a zebrafish insert of ~890bp 

indicates a clone containing zebrafish BVR-A.



3.4.1 Digestion and ligation of zebrafish cDNA into pET41a-Mod and pGEX-KG

The pET41a-Mod plasmid (Appendix II Figure 4), was transformed into E.coli XLl Blue 

cells as described in Section 2.2.1b. From over night cultures of these cells 100 |ig of 

plasmid was purified using the Qiagen Midi Kits detailed in Section 2.1.6.

Digestion was performed with 20units BamHI and Hindlll using 1 X ‘Sure Cut Buffer B’ 

in a total volume of 50|il, containing 1 (j,g plasmid DNA. Restriction digests were 

incubated for 6 hours at 37°C. Following this 6 hour incubation, 2 units of bacterial 

alkaline phosphatase (Takara) was added to the plasmid digests and incubated between 60- 

65°C for 1 hour to remove the overhanging 5’ phosphates. The amplified zebrafish BVR-A 

cDNA insert was digested in similar fashion but without BAP treatment.

Before continuing to the ligation steps, plasmid digests were checked for complete cutting 

by agarose gel electrophoresis. Digested products were cleaned and prepared for ligation 

with the ‘Qiagen PCR Clean Up Kit as described in Section 2.5. The digested and purified 

inserts were ligated into ppMAL, and pET41a-Mod plasmids using the Takara DNA 

Ligation Kit Version 2.1. A series of ligation reactions similar to that previously described 

in the Xenopus cDNA ligation section, which contained an excess of insert in 10 |u.l were 

set up. To each reaction 10 p.1 of Takara ligation Kit solution 2 was added, mixed and then 

incubated at 16°C overnight. As described in Section 2.2.1b, 200 )il aliquots of competent 

XLl Blue cells were transformed with the ligation mix and plated onto ampicillin (ppMAL 

ligations) and kanamycin (pET41aMod ligations) plates which were incubated overnight at 

37°C.

3.4.2 Screening for the presence of zebraflsh BVR-A insert in transformed cells.

The antibiotic resistant colonies from the transformation plates were streaked onto fresh 

ampicillin and kanamycin plates and were incubated overnight at 37 °C. A single colony of 

each population was used to inoculate individual 5 ml cultures containing the desired 

antibiotic, and these were grown for 16 hours at 37 °C with shaking at 270 rpm. DNA was 

isolated from these cultures as described in Section 2.1.7 using the Wizard Plus SV
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Miniprep DNA purification system. Each clone was screened for the presence of zebrafish 

cDNA insert with a restriction digest using BamHI and Hind III. Plasmids (500 ng) were 

digested in a final volume of 50 |j,l using ‘IX Sure Cut buffer B’ (Roche). The results of 

this screening are shown in Figure 3.8. Ligation into the pET41a-Mod vector was very 

successful with 6 out of 7 transformants having the zebrafish cDNA insert of -890 bp 

(Lanes 2, 3, 5, 6 and 11). Of the ppMAL-zebrafish cDNA ligations the excision of insert is 

seen in lane 7 (Figure 3.8).

3.5 Identification and cloning of the putative murine biliverdin- IXa reductases 

3.5.1 The Isolation of RNA from murine tissues.

As described in Section 2.1.10a, a Balb/c strain mouse was sacrificed, and RNA isolated 

using Trizol Reagent^”̂. The air dried pellet was resuspended in 100 )j.l RNase free water 

and heated to 60°C for 10 minutes to fully dissolve the RNA. First strand cDNA synthesis 

was performed using the Invitrogen SuperScript™ III Reverse Transcriptase Kit. The 

specific primer used in the amplification was TGAAGCTTCCTCCTCACTGCTTCCGG. 

Components of the reaction consisted of 2pmol/|j,l stock gene specific primer (1 |j,l), total 

RNA (1 |j,g) and 10 mM dNTP mix (1 |o.l).

The volume was then adjusted to 14 ^1 with sterile distilled water. The mixture was heated 

to 65°C for 5 minutes followed by incubation on ice for 1 minute. The mixture was 

centrifuged briefly to collect the material, and to it (4 |j,l) 5X Strand Buffer, O.IM DTT (1 

|il) and superscript^'^ III RT (200 units/|al) 1 p,l were added and mixed by pipetting up and 

down. The mixture was incubated for 1 hour at 55°C. This cDNA synthesis step was 

followed by heat inactivation of the reverse transcriptase at 70°C for 15 minutes. To 

remove template RNA, 1 |il of ‘Qiagen RNase A’ (7 units/|j,l) was added, mixed and 

incubated for 10 minutes at room temperature. A ‘Qiaquick’ PCR purification kit was then 

used to purify the newly synthesised cDNA as described in Section 2.1.8. The cDNA was 

eluted from the ‘Qiaquick’ spin column with 32 |̂ 1 of nuclease free water.
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3.5.2 Amplification of murine BVR-A c-DNA

The putative murine biliverdin-IXa reductase was amplified from the first strand cDNA 

synthesis product described in Section 3.5.1. The thermo cycling conditions outlined in 

Table 3.3 were used to amplify murine BVR-A cDNA insert o f the expected size 910 base 

pairs as shown in Figure 3.9. PCR products were cleaned and prepared for digestion with 

the ‘QIAquick PCR clean up kit’ as described in Section 2.1.8.

3.5.3 Digestion and ligation of Murine cDNA into ppMAL and pGEX-KG

The ppMAL plasmid (Appendix II, Figure 1), was transformed into E.coli XLl Blue cells 

as described in Section 2.2.1, from which the plasmid was purified using the Qiagen Midi 

Kits detailed in Section 2.1.6. The amplified mouse BVR-A cDNA was digested at both 

ends using Xbal and Hindlll in ‘sure cut buffer B ’ (Roche). The ppMAL plasmid was 

digested with 20 units Xbal and Hindlll using 1 X ‘buffer B ’ in a total volume o f 50 |al, 

containing 1 |o,g plasmid DNA. The digest was incubated for 6 hours at 37°C. Following 

this 6 hour incubation, 2 units o f bacterial alkaline phosphatase (Takara) was added to the 

plasmid digests and incubated between 60-65°C for 1 hour. The digests were cleaned and 

prepared for ligation with the ‘Qiagen PCR clean up k it’ as described in Section 2.1.8.

The digested ppMAL and amplified murine BVR-A cDNA were ligated using the Takara 

DNA Ligation Kit Version 2.1. A series o f ligation reactions containing a molar excess of 

insert contained in 10 fj,l was set up. These reactions contained 100 ng vector with 

incremental insert concentrations from 20 ng to 100 ng. To each reaction 10 |o,l o f  ‘Takara 

ligation kit solution 2 ’ was added, mixed and then incubated at 16°C overnight. As 

described in Section 2.2.1, aliquots (200 |o,l) o f competent XLl Blue cells were 

transformed with the ligation mix and plated onto ampicillin plates which were incubated 

overnight at 37 °C.

3.5.4 Screening for the presence of murine BVR-A insert in transformed cells.

The antibiotic resistant colonies from the transformation plates were streaked onto fresh 

ampicillin plates and incubated overnight at 37 °C. A single colony o f each population was
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Expression Vector Primer Name Direction Sequence
ppMAL MusFXbal Forward CCTCTAGAATGAGTACTGAGCCAA

ppMAL MusRHindlll Reverse CCAAGCTTCCTCCTCACTGCTTCC

(a)

Nuclease free water 39^1
1 OX pfu reaction buffer 5 1̂1
Forward primer (MusFXbal 10pmol/|j,l) 1 |j,l
Reverse primer (MusRHindlll 10pmol/|_il) 1 |xl
dNTPs (lOmM each nucleotide) 2 |il
Murine BVRA cDNA from RTPCR 1 |j.l
Pfu DNA polymerase 1 |j.l

(b)

Step Number Temperature Time
1 95 °C 1 minute
2 95 °C 1 minute
3 60 °C 1 minute
4 68 °C 1.5 minutes
5 Go to step 2 28 more times
6 68 °C 5 minutes
7 4°C Hold

(c)

Table 3.3 The PCR components and cycling parameters used to amplify the 

Murine BVR-A cDNA.

Presented above are (a) the primers used in the amphfication of Murine BVR-A. The 

components of the successful PCR reaction are shown (b), and also the thermo 

cycling conditions used to amplify the murine cDNA insert o f the expected size -890 

base pairs as shown in Figure 3.9.
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Figure 3.9 The cloning of murine BVR-A into the ppMAL expression vector.

(a) The ampliflcation and digestion o f murine BVR-A cDNA

Lane 1 contains ‘Sigma (D7058)’ molecular markers (5 |il). Lane 2 contains a 5 |il 

aliquot o f the Hindlll and Xbal digested 890 bp murine BVR-A cDNA insert. 

Conditions outlining the amplification o f murine BVR-A cDNA are described in 

Section 3.5.2.

(b) The digestion of ppMAL expression vector

The ppMAL expression vector was prepared for the insertion o f amplified murine 

BVRA cDNA by digestion with Xbal and Hindlll as described in Section 3.5.3. 

Lane 1 contains undigested ppMAL, lane 2 contains ppMAL digested with Xbal 

only, and lane 3 contains pp MAL cut with Xbal and Hindlll. Lane 4 contains 

‘Sigma (D7058)’ molecular weight markers.
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Figure 3.10 Screening for the successful ligation of the murine BVR-A cDNA 

insert into ppMAL.

Following the ligation of murine biliverdin-IXa reductase into the ppMAL expression 

vector, positive transformants were selected and subjected to restriction digest 

analysis. One such digest is shown above. Lanes 1 and 5 contain ‘Sigma D7058’ 

molecular markers (5 }j.l). Lane 2 contains undigested ppMAL-mBVR-A clone. Lane 

3 contains ppMAL-mBVR-A digested with Xbal. Lane 4; ppMAL-mBVR-A digested 

with Xbal and Hind III, showing the excised 890 bp mBVRA insert. All digestion and 

ligation conditions for murine biliverdin reductase are detailed in section 3.3.2.



used to inoculate individual 5 ml cultures containing ampicillin, and these were grown for 

16 hours at 37 °C with shaking at 270 rpm. DNA was isolated from these cultures using 

the ‘Wizard Plus SV Miniprep DNA purification system’ as described in Section 2.1.7. 

Each clone was screened for the presence of murine cDNA insert with a restriction digest 

using Xbal and Hindlll. DNA (-500 ng) was digested in a final volume of 50 |̂ 1 using ‘IX 

Sure Cut buffer B’. Screening of colonies containing the murine BVR-A ppMAL plasmid 

is shown in Figure 3.10.

3.5.6 Sequence analysis of murine BVR-A cDNA ppMAL construct.

DNA sequencing of the murine BVR-A cDNA construct was carried out as described in 

Section 2.1.9. The results are shown in Figure 3.11 and Appendix III Figure 2. The 

alignments in Appendix III Figure 2 show a comparison of the murine BVR-A ppMAL 

construct with four other EST sequences. The cDNA sequence of EST number 1 

(Accession Number AK002231.1) appears to have its stop codon 21 base pairs after the 

stop codon of all other cDNA sequences aligned including that of the cloned product. 

Another point of difference occurs in the codon (TTG) which codes for leucine 27. In three 

of these sequences (numbered 2, 3 and 5) which includes the murine BVR-A ppMAL 

construct, the codon is as expected, however in EST’s numbered 1 and 3, the codon reads 

(TCG) which encodes for lysine at this position.

3.7 The tissue and gender distribution of Murine Biliverdin-IXa reductase.

Tissue cytosols of 2 balb/c mice, male and female, were prepared as described in Section 

2.4.7. Following the elucidation of the protein content of each cytosolic tissue fraction as 

described in Section 2.4.11a, the biliverdin-IX a  reductase of each sample was then 

determined. These measurements were undertaken using the methods detailed in Section 

2.5.1. A small blank rate was observed on addition of NADPH, and cytosolic in 100 mM 

Tris-HCl pH 8, however this tapered off after 30 seconds after which time the reaction was 

started with the addition of biliverdin-IXa. The results of these experiments are presented 

in Figure 3.9. Higher levels of biliverdin-IXa reductase activity are evident in all tissues of 

the male mice when compared with females. The kidney and spleen are the tissues with the 

highest levels of activity in both male and female mice examined.
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S a c I  X m nl E c o R I  B am H I
1 ACTAATTCGA GCTCGAACAA CAACAACAAT AACAATAACA ACAACCTCGG GATCGAGGGA AGGATTTCAG AATTCCTGGA AGTTCTGTTC CAGGGGCCCG 

T N S S  S N N  N N N  N N N N  N L G I E G  R I S E  F L E  V L F  Q G P G

X b a l  S e a l  B am H I
1 0 1  GATCCTCTAG AATGAGTACT GAGCCAAAGA GGAAATTTGG TGTGGTAGTG GTTGGTGTTG GCAGAGCTGG CTCTGTGAGG ATAAGGGACT TGAAGGATCC

S S R  M S T  E P K R  K F G  V V V  V G V G  R A G  S V R  I R D L  K D P

2 0 1  ACACTCTTCA GCATTCCTAA ACCTGATTGG ATATGTGTCC AGACGAGAAC TTGGGAGCCT TGATAATGTA CGGCAGATTT CTTTGGAAGA TGCTCTCCGC 
H S S  A F L N  L I G  Y V S  R R E L G S L  D N V  R Q I S  L E D  A L R

B b s l  A c u l  N s p I  B s s S I
3 0 1  AGCCAAGAGG TTGATGTCGC CTATATTTGC ACTGAGAGTT CCAGCCACGA AGACTATATA AGGCAGTTTC TTCAGGCTGG CAAGCATGTC CTCGTGGAAT 

S Q E V  D V A  Y I C  T E S S  S H E  D Y I  R Q F L  Q A G  K H V  L V E Y

N c o l
4 0 1  ACCCCATGGC ATTGTCATTT GCGGCAGCGC AGGAGCTGTG GGAGCTGGCT GCACAGAAAG GGAGAGTCCT GCATGAGGAG CACATCGCAC TCTTGATGGA

P M A  L S F  A A A Q  E L W  E L A  A Q K G  R V L  H E E  H I A L  L M E

E c o R I
5 0 1  AGAGTTCGAA TTCCTGAAAA GAGAAGTGGC CGGGAAGGAG CTGCTAAAAG GATCTCTTCG CTTCACAGCC AGCCCCCTGG AAGAAGAGAA ATTTGGCTTC 

E F E  F L K R  E V A  G K E  L L K G S L R  F T A  S P L E  E E K  F G F

N c o l
6 0 1  CCTGCGTTCA GTGGCATTTC TCGCCTGACC TGGCTGGTCT CCCTCTTTGG GGAGCTTTCT CTTATTTCTG CCACCATGGA AAACCGAAAA GAAGATCAAT 

P A F S  G I S  R L T  W L V S  L F G  E L S  L I S A  T M E  N R K  E D Q Y

X h o l
7 0 1  ATATGAAAAT GACCGTGCAG CTCGAGACCC AGAACAAAAG TCCATTATCA TGGATTGAAG AGAAAGGGCC TGGCTTAAAA AGGAACAGAC ATATAAGCAT 

M K M  T V Q  L E T Q  N K S  P L S  K I E E  K G P  G L K  R N R H  I S I

X cm l X m nl
8 0 1  CCACTTCAAA TCTGGGTCCT TGGAGGAAGT GCCAAATGTA GGAGTCAATA AGAACATTTT CCTGAAAGAT CAGGATATAT TTATCCAGAA GCTCTTGGGC 

H F K  S G S L  E E V  P N V  G V N K  N I F  L K D  Q D I F  I Q K  L L G

P s t I
9 0 1  CAGGTCTCTG CAGAGGACCT GGCTGCTGAG AAGAAGCGCA TCCTGCATTG CCTGGAGCTG GCCAGCGACA TCCAGAGGCT GTGCCACCGG AAGCAGTGAG 

Q V S A  E D L  A A E  K K R I  L H C  L E L  A S D I  Q R L  C H R  K Q *

H i n d i I I
1 0 0 1  GAGGAAGCTT GGCACTGGCC GTCGTTTTAC AACGTCGTGA

Figure 3.11 The Murine BVR-A ppMAL construct.

Shown above is the sequencing result for the recombinant ppMAL/murine BVR-A construct. The restriction sites (Xbal and H in d lll) 

highlighted in red were used to insert the amplified murine cDNA.
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Figure 3.12 Differences in the tissue and gender distribution of Murine 

biliverdin-IXa reductase.

Measurements of the BVR-A activity in male tissue is represented by blue bars (■), 

and BVR-A activity in female tissue is represented by purple bars (■). Assay 

components consisted of 50 (ig cytosolic fractions, 10 |jM biliverdin-IXa, 37 |j,M 

BSA, 100 îM NADPH in 100 mM Tris pH 8 as described in Section 3.8.



3.8 Cloning of human biliverdin- IX a reductase.

3.8.1 Amplification of human BVR-A c-DNA

Although a pGEX-KG human BVR-A expression clone had been made previously by 

Dunne (2000), expression levels from this construct dramatically decreased over time. It 

was established that the induction of the GST-human was very low. Attempts to establish 

why this construct had low levels of induction proved inconclusive as the sequencing of 

the promoter region and the open reading frame for GST/human BVR-A provided little 

explanation. It was decided to redone this protein and the pET41a-Mod expression was 

used, as it has the added advantage of a fusion o f a his-tagged GST to the human BVR-A. 

This provides a very convenient way of separating the BVR-A from the GST moiety once 

cleaved. Human biliverdin-IXa reductase was amplified from a human spleen cDNA 

library kindly provided by Prof Luke O ’Neill, School of Biochemistry and Immunology, 

Trinity College, Dublin. The primers and thermo cycling conditions outlined in Table 3.4 

were used to amplify the human cDNA insert of the expected size (-897 base pairs) as 

shown in Figure 3.13(a). PCR products were cleaned and prepared for digestion with the 

‘QIAquick PCR clean up kit’ as described in Section 2.1.8.

3.8.2 Digestion and ligation of human cDNA into pET41a-Mod

The pET41a-Mod shown in Appendix II Figure 4, was used in the cloning of the human 

cDNA insert. The restriction buffer incompatibility of BamHI and Sail in ‘sure cut buffer 

B’ (Roche) does not allow for the digestion of both insert and plasmid in a single step. As a 

result the digests containing 1 ^g plasmid DNA was performed sequentially, initially with 

20 units BamHI in ‘Sure Cut Buffer B’ followed by digestion with 20 units Sail in ‘Buffer 

H’ (Roche) in a total volume of 50 |il. The digests were incubated for 6 hours at 37°C. 

DNA was purified using the ‘QIAquick PCR purification kit’ as described in Section 2.1.8. 

Following the sequential digests, 2 units of bacterial alkaline phosphatase (Takara) was 

added to the digested plasmid and incubated between 60-65°C for 1 hour. The amplified 

human BVR-A cDNA was digested in similar fashion but without BAP treatment.

The digested and purified inserts were ligated into pET41aMod plasmid using the Takara 

DNA Ligation Kit Version 2.1, as described in Section 3.5.3. Chemically competent XLl
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Expression
Vector

Primer Name Direction Sequence

pET41aMod HumForBamHI Forward CTGGATCCATGAATGCAGAGCCCGA

pET41aMod
<

HumRevSall Reverse CTTGTCGACTTACTTCCTTGAACA

(a)

Nuclease free water 38.5

10 X pfu reaction buffer 5^1

Forward primer (HumFor BamHI 10pmol/|al) in i

Reverse primer (HumRev Sail lOpmol/nl) 1^1

dNTPs (lOmM each nucleotide) 2 nl

Human BVRA cDNA library (50ng) 1.5 ul

Pfu DNA polymerase 1^1

(b)

Step Number Temperature Time

1 95 °C 1 minutes

2 95 °C 1 minutes

3 58.5 °C 1 minutes

4 68 °C 1.5 minutes

5 Go to step 2 28 more times

6 68 °C 5 minutes

7 4°C Hold

(c)

Table 3.4 The PCR components and cycling parameters used to amplify 

human BVR-A from a human spleen cDNA library.

Details of the primers used to successfully amplify human BVR-A are detailed in (a) 

above, while the components and cycling parameters are presented in (b) and (c) 

respectively. The amplification of the human cDNA insert with the expected size of 

895 base pairs shown in Figure 3.13 was achieved using these conditions.
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Figure 3.13 The cloning of human biliverdin-IXa reductase from a human 

spleen cDNA library.

(a) The amplification of the human BVR-A cDNA.

Lane 1 contains molecular weight markers (Sigma D-7058). Lane 2 contains 10 |il of 

the human BVR-A cDNA amplification reaction (Section 3.8). The 897 bp human 

BVR-A cDNA PCR product is visible. Details o f the reaction components and 

thermocycler parameters used for the amplification of this product are presented in 

Table 3.4.

(b) The digestion and purification of amplified human BVR-A cDNA and 

pET41a-Mod expression plasmid.

Lane 1 contains 5|o,l o f Sigma (D-7058) markers, lane 2 contains BamHI digested 

pET41aMod, lane3 contains the BamHI and Sail digested pET41a-Mod plasmid 

(-5806 bp) and lane 4 contains purified BamHI and Sail digested human BVR-A 

cDNA.
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Figure 3.14 Screening for the presence of a human BVR-A insert from human 

BVR-A/pET41aMod transformed XL-1 blue E.coli.

Positive transformants were screened using restriction digest analysis with BamHI 

and Sail. The appearance of an 897 bp fragment indicates the successful ligation of 

human BVR-A cDNA insert into pET41a-Mod plasmid. Lanesl and 7 contain 5)j,l of 

Sigma (D-7058) markers. Lanes 2, 3 and 4 contain purified plasmid from various 

colonies with an insert ~ 897 bp being cut from the pET41a-Mod (-5760 base pair) 

plasmid. Lane 6 contains undigested pET41a-Mod.



Blue cells were then transformed with the ligation mix and plated onto kanamycin plates 

which were incubated overnight at 37 °C.

3.8.3 Screening for the presence of human BVR-A insert in transformed cells.

A single colony from the overnight ligation plates was used to inoculate individual 5 ml 

cultures containing ampicillin, and these were grown for 16 hours at 37 °C with shaking at 

270 rpm. DNA was isolated from these cultures using the ‘Wizard Plus SV Miniprep DNA 

purification system’ (see Section 2.1.7). Each clone was screened for the presence of

human cDNA insert with a restriction digest using BamHI and Sail. DNA (-500 ng) was

sequentially digested in a final volume of 50 )il using ‘IX sure cut buffers B and H’. 

Screening of a colony with containing the human BVR-A pET41a-Mod plasmid is shown 

in Figure 3.14.

3.8.4 Sequence analysis of human cDNA in the plasmid pET-41aMod.

DNA sequencing was carried out as described in Section 2.1.9. The results are shown in 

Appendix III Figure 2 and from these alignments it is evident that there are no nucleotide 

sequence changes with reference to the other sequences aligned.

3.9 Investigation of a putative avian biliverdin- IXa reductase.

3.9.1 The Gallus gallus genomic sequence

During blast searches using other biliverdin reductases as query sequences, a chicken 

nucleotide sequence sharing a high degree of similarity with the other BVR-A proteins was 

apparent. The gene (genelD: 420776) is present at locus (LOC420776) on Gallus gallus 

chromosome 2. Analysing the genomic sequence around this locus using the genomic 

shotgun sequence accession number NW_060265.1 Gga2_WGA74_l:20391605-

20406900), the gene seems to consist of 6 exons, distributed over 10,363 bases. Exon 1 

encodes for the first 40 amino acids of the predicted protein which includes the N-terminal 

nucleotide binding domain. Exon 3 contains the active centre of these enzymes which 

contains the consensus sequence AGKHVLVEYPM. Exon 6 is the longest coding for 89
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amino acids before the 3 ’ terminal stop codon. Details o f this gene are depicted in 

Appendix III Figure 3. It is interesting to note that some EST evidence has been found 

(clone ChEST458f9) in cDNA prepared from RNA extracted from 16 day old White 

Leghorn chicks brain tissue.

3.9.2 Preparation of erythrocyte lysate from packed turkey red blood cells

100 ml packed erythrocytes were lysed by adding 700 ml ice cold deionised water. The 

solution was left for 30 minutes at 4°C with continuous stirring and then centrifuged for 30 

minutes at 4°C to pellet the cellular debris. The supernatant was then subjected to a 40% 

ammonium sulphate precipitation step. The solution was left stirring at 4°C for 30minutes 

and centrifuged at 8000 rpm for 10 minutes. The supernatant was then removed and 

subjected to an 80% ammonium sulphate precipitation step. The solution was again left 

stirring and centrifuged at 8000 rpm for 10 minutes. Both the 40% and the 80% pellets 

were resuspended in 10 ml 20mM sodium phosphate pH 7.2. The solution was then 

dialysed 5 times against 5L o f 20 mM sodium phosphate pH 7.2 at 4°C, and allowing each 

dialysis step at least 3 hours to equilibrate. Ion exchange chromatography on DEAE- 

cellulose equilibrated in 10 mM sodium phosphate pH 7.2 was used as a further 

purification step in the isolation of the reductase activity. The dialysed sample was loaded 

onto the column and washed with 10 mM sodium phosphate pH 7.2. A gradient (2 X 500 

ml) o f 10-300 mM sodium chloride 10 mM sodium phosphate pH 7.2 was run through the 

column and the eluate collected and monitored for biliverdin reductase activity. Figure 

3.15(a) shows the NADPH dependent BVR-A activity in turkey cytosol dialysed against 

20 mM sodium phosphate pH 7.2. Increasing volumes o f cytosol showed the expected 

linear relationship between vo versus [E], as shown in Figure 3.15(b). Partial purification 

on DEAE-cellulose was monitored using a plate assay presented in Figure 3.15(c).

3.10 Protein expression and purification

The human, rat, murine and synechocystis BVR-A enzymes were successfully expressed 

and purified to homogeneity and are detailed below. Expression o f the Xenopus BVR-A as 

a GST fusion protein has been achieved and some preliminary activity measurements have 

been taken (see Figure 4.4b). However efforts to purify both the Xenopus BVR-A and the 

Danio rerio BVR-A to homogeneity are ongoing.
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Figure 3.15 Detection of a biliverdin-IXa reductase activity in crude turkey 

cytosol.

(a) The apparent biliverdin reductase activity from the hypotonic cell lysate was 

monitored at 460 nm. Each individual reaction mix contained 10 jiM 

biliverdin-IXa, 100 ^iM NADPH and increasing volumes of cell lysate in 100 

mM sodium phosphate buffer pH 7.2. The reaction rate at 460 nm was shown 

to be dependent on addition o f nucleotide and biliverdin.

(b) The effect of enzyme concentration on the initial rate. Data points shown are 

an average o f duplicate rate values obtained on assay of cell lysates.

(c) A crude plate assay for BVR-A activity in fractions eluted from DEAE 

cellulose as described in Section 3.9.2. Row A: Protein fractions taken from 

the salt gradient were incubated with 12-ethyl-mesobiliverdin-XIIIa and 100 

|j,M NADPH in lOOmM sodium phosphate pH 7.5. Row B; The 12-ethyl- 

mesobiliverdin-XIIIa reaction without the addition of protein.
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3.10.1 Purification of recombinant human BVR-A

Recombinant human BVR-A was purified according to the method outlined in Section

2.4.4. In brief, 2L cultures o f LB containing (100 |ag / ml) kanamycin and (50 jig / ml) 

chloramphenicol, were inoculated with overnight cultures o f human BVR-A/pET-41aMod 

transformed E.coli BL21 DE3 RIL cells. These cultures were induced with a final 

concentration o f 0.2 mm IPTG when the culture reached an optical density o f 0.6 at 600 

nm. The cells were then induced for 10 hours at 20°C. Following the cell harvesting and 

lysis, fusion protein purification was achieved using S-hexyl glutathione sepharose column 

chromatography. The glutathione column was eluted with 200 ml o f 5 mM S-hexyl 

glutathione in 100 mM sodium chloride, 1% glycerol, 20mM sodium phosphate pH 7.8. 

Eluted protein fractions were pooled, followed by cleavage o f human BVR-A from the 

GST moiety using thrombin (1 unit/mg fusion protein) while dialysing against 20 mM 

sodium phosphate, 100 mM sodium chloride 1% glycerol pH 7.8 at 4°. The sample was 

then passed through a Nî "̂  agarose affinity resin column which removed the cleaved His- 

tagged GST from the human BVR-A. The results o f this purification are detailed in Figure 

3.16. This purification routinely yielded up to 40 mg fusion protein /L culture media, 

which was substantially higher than the levels produced in the original human BVR-A 

pGEX clone (usually 3 - 5  mg fusion / L culture media). Human BVR-A was purified to 

homogeneity on passing through the Ni^^ agarose affinity resin which bound any 

uncleaved fusion protein and cleaved GST. The purified human BVR-A was used in the 

production o f antibodies (Section 2.3.4), all kinetic studies and in crystallisation attempts 

(Section 2.7). It was found that the concentration o f human BVR-A over concentrations o f 

6 mg/ml resulted in the precipitation o f the protein, and for crystal growth concentrations 

o f 4-5 mg/ml have been used in the hope o f obtaining micro crystals which could be used 

as seeding material. Attempts are ongoing in this regard.

3.10.2 Purification of recombinant murine BVR-A

Recombinant murine BVR-A was purified according to the method outlined in Section

2.4.5. An overnight incubation with ‘PreScission’̂ '  ̂ Protease’ (Amersham Biosciences) 

cleaved the ppMAL moiety from the murine BVR-A using the recommended protease 

buffer (50mM Tris-HCl, 150mM NaCl, ImM EDTA, ImM  DTT, pH 7.0). Digestion o f
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Figure 3.16 SDS PAGE analysis of the purification of recombinant human 

biliverdin-IXa reductase.

(a) Purification o f the His tagged GST human BVR-A fusion protein using a

S-hexyl glutathione affinity chromatography. Lane 1 contained 10 |j,l of 

molecular weight markers (Sigma M3913). Lanes 2 and 3 contained lOfo,! 

cytosolic fraction. Lane 4 contained 5 fil of the pooled peak protein 

fractions after elution o f the S-hexyl glutathione column with 5 mM S- 

hexyl glutathione. Lane 5 contained 10 |u,l o f the thrombin cleaved 

fractions.

(b) Removal o f the cleaved His-tagged GST from human BVR-A was

facilitated by passing the thrombin treated His-tagged GST human BVR- 

A mixture through a Ni agarose affinity column as described in Section 

2.4.4. Lane 1 contains 10 (o,l ‘Sigma molecular weight standards’ (M3913), 

and lanes 2 to 12 contain the peak flow through samples from the Nî "̂  

agarose column.



(b)
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Lane 1 2  3 4

■4 MBP/BVR-A fusion ~76kDa

<  MBP ~42kDa 

I ■ <  M urine BVR-A ~34kDa

Figure 3.17 SDS-Page analysis of the purification of murine biliverdin 

reductase.

Lane 1 contains molecular weight markers (Sigma M3913). Lanes 2 and 3 contain 

19000 g supernatant. Lane 4 contains a 10 |j,g sample of the pooled fractions eluted 

from the amylose resin. L,ane 5 is the MBP-Murine BVR-A fusion protein after 

treatment of precision protease (cleaved for 12 hours at 4°C in precision protease 

buffer). Lane 6 is purified Murine BVR-A (10 .̂g) which was separated from the 

MBP tag and un-cleaved fusion protein using ion exchange chromatography as 

described in Section 3.10.2.



approximately 50% of the MBP fusion protein was achieved after overnight incubations at 

4°C. Attempts to increase the cleavage efficiency by incubating the murine BVR-A/MBP 

fusion protein and the protease at room temperature were counterproductive due to the 

levels of protein precipitation experienced during the incubation period. Following 

cleavage the MBP moiety and uncleaved MBP/BVR-A were separated from murine BVR- 

A by ion exchange chromatography as described in Section 2.4.5. Samples were taken 

throughout the purification procedure and analysed on SDS PAGE as described in Section 

2.3.1. The results of this purification are detailed in Figure 3.17. Murine BVR-A was 

purified to homogeneity in quantities of 20-30 mg/L original culture volume. The enzyme 

was also used for the production of antibodies as described in Section 2.3.4. Results of the 

chromatofocusing of murine BVR-A are presented in 3.20. It is interesting to note that two 

protein peaks are eluted, one at pH 6.8 and the other at pH 7. The latter although having 

lower protein content has higher proportional activity than the first. This phenomenon was 

not investigated further. The results of the chromatofocusing experiment confirm how 

separation of the protein on DEAE is possible as MBP has a pi of 5.07 and elutes between 

100 and 150 mM NaCl on the salt gradient. Murine BVR-A binds to DEAE anion 

exchange resin as expected from a pi of ~7 but elutes at lower concentrations of salt 50 

mM.

3.10.3 Puriflcation of recombinant Synechocystis and rat BVR-A

Recombinant Synechocystis BVR-A was purified according to the method outlined in 

Section 2.4.5, the results of which are presented in Figure 3.19. The Synechocystis enzyme 

is larger (328 amino acids) than the mammalian enzymes (approximately 296 amino acids) 

respectively. Yields of this protein using this method were very high, typically 40-50 mg 

purified protein / L culture media. Recombinant rat BVR-A was purified according to the 

method outlined in Section 2.4.6, and again yields of this protein were high and purified in 

quantities similar to the recombinant Synechocystis BVR-A. Results of the purification of 

recombinant 6 x His tagged rat BVR-A are presented in Figure 3.18.
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Figure 3.18 The purification of recombinant 6X His tagged rat biliverdin-IXa reductase on Nî  ̂charged agarose.

His tagged rat BVR-A was purified according to the methods described in Section 2.4.6. Aliquots (20 |al) o f each 2 ml fraction eluted from the

Ni^^ agarose column were analysed using SDS PAGE. The column was washed with 100 and 150 mM imidazole to elute non specifically bound

contaminant proteins. Purified rat BVR-A eluted in the 200 mM imidazole.
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Figure 3.19 The purification of recombinant 6X His tagged synechocystis 

BVR-A.

His tagged synechocystis BVR-A was purified according to the methods described in 

Section 2.4.3. Lane 2 contains 5 |j,l cytosoHc fraction before loading on the Ni^^ 

agarose column, Lane 3 contains 5 îl o f the non bound cytosolic fraction collected 

after loading the Ni^^ agarose column. Lanes 14, 28 and 42 contain Sigma molecular 

weight standards’ (M3913). The column was washed with 100 and then 150 mM 

imidazole in lOOmM NaCl, 20mM Tris pH 8 to elute non specifically bound 

contaminant proteins. Purified synechocystis BVR-A eluted in the 200 mM imidazole 

wash. Aliquots (20 |j,l) o f each 2 ml fraction eluted from the Ni^^ agarose column 

were analysed using SDS PAGE.
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Figure 3.20 Chromatofocusing of purified murine BVR-A on PolybufTer 

Exchanger 9-4.

(a) The PBE94 column was prepared as described in Section 2.4.9. Purified 

murine BVR-A (lOmgs) were applied in start buffer (25mM imidazole/HCl pH 7.4) 

and eluted with a 1/8 dilution o f Polybuffer 74 pH4. Protein elution was monitored 

using the Bradford plate assay ( A 5 9 5 )  as described in Section 2.4.11, while activity 

measurements were also taken using the standard assay described in Section 2.5.1. 

The pH o f each fraction was also monitored to establish the pH gradient across the 

elution profile.

(b) The coomassie blue-stained SDS-PAGE gels are o f eluted column fractions: 

Lanes 14, 15 and 16 contain murine BVR-A and correspond to the Polybuffer peak 

fractions. Samples were taken over every 3^^ fraction (approx 7.5 ml volume intervals) 

Gel lanes corresponding to peak fractions are indicated below the chromatograms.



I j i h y d f o d i p i c o l i n i t e  r e d i i c t d s c
G liJC 0*i0  ft u c U u tc  o x i d o t  o t l i i c t a s e

C -term inal dom ain

E i i l i \ c r ( l i n - I \ ( /  r c d u c t i i s c  /  ‘

N-term inal dom ain

OFOR
rBVR-A

ATLPAOI^SaVPTTPAatPKPYAIRPMPEDRRFOYAIVOLGKYALNQZLPOFAOCQHSRIE 60
--------------------- MDAEPK-RKFGWWOVOTl-AOSVRLRDLKDPRSAAFL 36

OFOR
rBVR-A
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Figure 3.21 The 3-dimentional structures of proteins with a similar fold to 

biliverdin reductase.

Members of the GFO/IDH/MOC A protein family have similar overall structures, with 

very distinct N and C terminal domains. The most conserved regions within these 

proteins are the nucleotide binding domains with their characteristic Rossmann folds. 

A sequence alignment between the glucose-fhictose oxidoreductase (GFOR) from 

Zymomonas mobilis and rat biliverdin-IXa reductase is also shown.



3.11 DISCUSSION

Before discussing the results o f the various cloning experiments it will be helpful to 

‘look’ at the structure o f BVR-A so that the importance o f various structural elements 

that help to distinguish BVR-A within a super family (GFO/IDH/MOCA) can be 

addressed. This also helps to provide background information for the kinetic studies in 

Chapter 4. The availability o f high resolution X-ray structures Kikuchi et a i ,  2001; 

Whitby et al., 2002, for rat BVR-A has opened new avenues in our understanding o f the 

enzyme. BVR-A has been shown to have two well defined domains, the N-terminal 

domain which consists of the first 123 amino acids, and the larger C-terminal domain 

which consists o f the remaining 168 amino acids. The N-terminal domain encompasses 

the nucleotide binding domain with a very characteristic a/(3 dinucleotide binding m otif 

known as the Rossmann fold (Bellamacina 1996). It consists o f one antiparallel (33 core 

surrounded by six parallel {131- j32 and 04-137) strands flanked on both sides by five a- 

helices (oA- oE). This type o f structure has been seen in a number o f other 

oxidoreductases such as glucose fructose oxidoreductase (GFOR), glucose-6-phosphate 

dehydrogenase (G6PD) and dihydrodipicolinate reductase as shown in Figure 3.21. 

Despite having such similar structural folds these enzymes have very low sequence 

identity and very different functions. The diversity o f the reactions catalysed by 

dinucleotide binding proteins is explained by the modular nature o f their structures. 

Members o f this family may have very different substrates, but it is clear that the 

nicotinamide moiety o f the co-factor, and the second substrate are always positioned at 

the interface o f the N-terminal and C-terminal domains.

In order to better identify the conserved elements within members o f the biliverdin 

reductase protein family, it was thought that a detailed look at the amino acid sequences 

and their equivalent positioning within the rat crystal structure may prove informative. 

Until now sequence alignments have only been performed with the human, rat, mouse 

and Synechocystis enzymes (Whitby et al., 2002 & Kikuchi et al., 2001). The analysis 

o f a greater number o f biliverdin reductases including all the putative BVR-A enzymes 

suggested within this study (17 in all) helps to focus our attention on a more defined 

group o f conserved residues, over and above those which have been traditionally 

examined. The other significant benefit o f such sequence analysis is the establishment
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of a number of specific sequence criteria which could be used to define a biliverdin 

reductase subgroup from the larger population of putative dehydrogenases found in the 

protein databases. Swiss-Prot have categorised BVR-A into a super family of enzymes 

which utilise NADP(H) or NAD(H), the so called GFO/IDH/MOCA super family 

because of its N-terminal NAD-binding Rossmaim fold as mentioned above. It gets its 

name from exemplary members of this group such as GFO which is a glucose-fructose 

oxidoreductase and MOCA an enzyme involved in rhizopine catabolism (rhizopines are 

inositol derivatives synthesised in legume nodules).

The GFO/IDH/MOCA family consensus sequences are outlined in Appendix III Figure 

5, and it is evident that many proteins display good sequence similarity within this 

region. Indeed, ‘blast’ searches of protein databases using the GFO/IDH/MOCA family 

consensus sequence produces a long list of proteins containing elements of this motif 

which becomes somewhat problematic when performing Blast searches. Blast searches 

using any mammalian BVR-A produces significant hits which include 4-carboxy-2- 

hydroxymuconate-6-semialdehyde dehydrogenase, lipopolysaccharide biosynthesis 

protein, trans-l,2-dihydrobenzene-l,2-diol dehydrogenase, NDP-hexose 3- 

ketoreductase, glucose-fructose oxidoreductase, myo-inositol dehydrogenase and many 

dehydrogenases which as yet remain uncharacterised. The question arises whether or 

not we define a subset within this GFO/IDH/MOCA family which would be 

characteristic only for biliverdin-IXa reductases. The amino acid sequences of the 

reductases were aligned using the ‘CLUSTAL W ’ program. As we can see in Figure 

3.2, BVR-A sequences display a very low sequence identity for instance between the 

cyanobacterial and mammalian enzymes. However there are a number of conserved 

amino acids which are of great interest, since they represent functionally important sites 

retained through the evolution of the protein from cyanobacterial through to the higher 

species. One thing is clear and that is that there is substantial conservation of the amino 

acids in the heart of the interface between the N and C terminal domains, which is in 

agreement with the observation made by Bellamacina (1996) for other dehydrogenases. 

In the alignments of BVR-A shown in Figure 3.2 the emergence of a set of 5 highly 

conserved motifs is evident, three of which are in the GFO/IDH/MOCA region as 

defined in Appendix III Figure 5. These motifs have been ‘deconstructed’ in Figure 3.22 

for clarity. I propose that these regions should be used to identify biliverdin reductases
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The Rossmann fold which is one of the sequence motifs common to all 
members of the GFO/IDH/MOCA family.

The nucleotide binding domain between pi and a  A in the rat structure.

V 14 0 2 0

VG vGrA g

The GFO/IDH/MOCA consensus sequence.

Within this motif there are a number of highly conserved residues common to all 

biliverdin-IXa reductases which are positioned at the end of p6 in the rat structure.

H79 L 87  H92 Y97

l e d a l r sq e id v a y ic se sssHed y ir q fL qaGKHVlvE Y P mt

The consensus sequence positioned between P? sheet and 3io helix F.

L 1 2 0  E 126

LH eEHvE L l

The consensus sequence positioned from a l  through oJ.

F161  P 1 6 4  R 171  F 1 7 9

F G F P a f s g i  s R ltwlvsL F G

The consensus sequence positioned at the start of aL.

F 2 5 0  D 253

iF u d )

Figure 3.22 Evolutionary conservation of amino acid residues in biliverdin-IXa 
reductase.

Five highly conserved motifs have been identified on sequence analysis of biliverdin 

reductases. Motifs 1, 2 and 3 are in the MOCA region as defined in Appendix III Figure 5, 

while Motifs 4 and 5 are outside the MOCA region. The rat BVR-A sequence is shown 

while residues common to all BVR-A enzymes are in larger font.



Figure 3.23 The most conserved residues of BVR-A.
The 5 highly conserved motifs have been colour coded red, yellow, blue, grey and purple. 

Similar colouring was used in the alignments of Figure 3 .2. The ribbon diagram (top) shows 

the extent of conservation with many residues conserved deep at the core of the protein. 

The surface diagram (bottom) highlights the most conserved amino acids which are 

positioned around the active site and which are exposed at the surface.



within the GFO/IDH/MOCA family, and this is of importance for reasons which will be 

explained. Let us first look at the three conserved ‘BVR-A’ motifs within the greater 

GFO/IDH/MOCA region.

The first region of importance is the loop between sheet jSl and the helix aA  which can 

be seen in the alignments of Figure 3.2 and is colour coded in red. The functioning of 

this region is relatively well understood, and the sequence G 15V16G 17R18A 19  G20 

which is found in the loop between and aA  is typical of the Rossmann fold sequence 

VGXGXXA where X is any residue (Figure 3.22). Hydrogen bonding between the 

phosphate moieties and sugar hydroxyl groups of the cofactor with the enzymes amide 

backbone groups are thought to hold the nucleotide in place (Kikuchi 2001, Whitby 

2002 & Kleiger 2002).

The second important region encompasses the GFO/IDH/MOCA consensus sequence 

spanning the aD  helix and the /36 sheet. Alignment analysis would lead to the 

conclusion that biliverdin-IXa reductases have a more specific consensus sequence 

within this greater GFO/IDH/MOCA protein family and the sequence is outlined as 

follows:

H X X X X X X L X X G K H V X X E Y P

This sequence begins with His 79 which positioned in aD  of the rat structure, and it is 

seen to interact with the hydroxyl group of S74 (or possibly the threonine substitute in 

the non mammalian enzymes). This presumably helps to stabilise the loop between aD  

and the |35. It is also worth noting that H79 is exposed on part of the surface of the 

substrate binding pocket as highlighted in Figure 3.23. It’s central positioning and high 

conservation in different species is worth stressing, and it remains to be seen whether 

this residue can take part in substrate binding, or if it is involved in the catalytic 

mechanism of the enzyme. It most likely forms the site of interaction with the cofactors 

nicotinimide ribose hydroxyl group shown in Figure 3.24 (c). The most conserved part 

of this motif within BVR-A however is the 136 sheet and the loop bridging the aE  helix. 

Kikuchi et a l, 2001, has highlighted some similarities between E96 of BVR-A and E 

128 of GFOR (shown in the alignments below).
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Figure 3.24 The substrate binding site of rat biliverdin-lXa reductase.

Pictures (a) and (c), show wire frame and surface representations of the active site 

respectively (pictures were generated using Pymol). The ribbon model of (b) shows 

the proposed position of substrates within the active site of rat BVR-A (taken from 

Whitby et al., 2002). The conserved active site residues R23, E96, Y97, E123, E126, 

SI70, R171, and D253 side-chains are shown as a ball-and-stick model. NADH is 

shown in purple and biliverdin in olive-green (the adenine half of the cofactor is 

omitted for clarity). The pink dashed lines represent Y97 donating a proton to the 

pyrrole nitrogen and the nicotinamide C4 carbon donating a hydride to the central 

carbon of the methene bridge.



GFOR DPKIDAVYIILPNSLHAEFAIRAFKAGKHVMCEKPMATSVADCQRMIDAA
BVRA SQEIDVAYICSESSSHEDYIRQFLQAGKHVLVEYPMTLSFAAAQELWELA

? * * • • * *  • *  *  : :  ;  • • ★ ★ * * * •  *  * * •  . * . j  : *

In the GFOR enzyme this residue hydrogen bonds to the amide group of the 

nicotinamide ring, and site directed mutagenesis by Kikuchi et al., (2001) revealed that 

the E97A BVR-A mutant completely lost activity which supports this idea. Adjacent to 

E 96 in the rat structure are Y 97 and P 98 which form a loop between /36 and aE. 

Although the GFO/IDH/MOCA sequence is present in many oxidoreductases, it has 

become evident that biliverdin reductases are unique in that they are the only 

dehydrogenases to date containing the EYP motif at the centre of their active site. Many 

dehydrogenases have a lysine at this position (such as the ‘EKP’ motif in glucose 

fructose oxidoreductases, glucose-6-phosphate dehydrogenases and semialdehyde 

dehydrogenases). Other variations are 4-carboxy-2-hydroxymuconate-6-semialdehyde 

dehydrogenase having ‘EIP’, myo-inositol 2-dehydrogenase has ‘EDP’, while the 

predicted dehydrogenase protein product of the MviM gene in Zymomonas mobilis has 

‘DKP’. One could propose that the appearance of ‘EYP’ in a common ancestral 

reductase and its stringent conservation was a key step in the evolution of BVR-A as we 

know it.

The third area of conservation in BVR-A has the consensus sequence L H x E H x E L  

which extends from /37 through to the 3ioF helix. The residues within this sequence 

form a network of ionic interactions between H I20 and D253 which helps to hold fil 

and aL  in position. H I23 in embedded below the proposed catalytic residue Y97, and is 

seen to interact with E121. The |37 helix is packed between aE, aL  and jS6 through to 

the 3ioF helix. The negatively charged E96, E l23 and E l26 are all situated at the 

proposed binding site of the nicotinamide ring and this may play a part in the promotion 

of hydride transfer by stabilisation of NADP^ (Whitby et al., 2002). The hydrogen 

bonding between R171, S170, and Y97 may also serve to lower the pKa of Y97. So the 

conservation in the 131 / 3ioF helix is vitally important and not only backs the ‘catalytic’ 

loop between /36 aE  but it also forms part of the substrate pocket surface (Figures 3.27 

and 3.28). For these reasons it is expected that this region would be highly conserved 

among all biliverdin reductases.
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The last two regions o f interest are the FGFPXXXXXXRXXXXXXLFG region 

positioned from a l  to a J  (F161 to F I69), and secondly the Vl F X X D m otif located 

between I 249 to D 253 located at the start o f  aL . These are both outside the 

GFO/IDH/MOCA region defined in Appendix III Figure 5. One interesting observation 

here is o f the presence of two phenylalanines (F I61 and F260), which protrude out of 

the active site surface. The position o f these hydrophobic residues is somewhat curious 

as they are found directly opposite each other straddling the charges o f Y97, E l23, H79 

and R171. It may be reasonable to suggest that F161 is positioned close to the 

biliverdin-IXa ‘C pyrrole ring’ and may ‘insulate’ it from other charged residues, which 

could interfere with proton transfer to the pyrrole nitrogen (see Figure 3.24). In a similar 

way F250 is positioned directly under the nicotinimide C4 adjacent to acidic region 

comprising o f E96, E123 and E126. Again the high conservation o f phenylalanine at 

this site would suggest that it may have a pivotal role in protecting the negative charges 

around the nicotinimide C4.

Looking at all the conserved residues mentioned it is important to note that these motifs 

are not widely dispersed through the structure, but are in immediate proximity to one 

another and combine to form a single conserved region around the active centre in the 

protein. Perhaps a good analogy o f the functioning o f many o f the residues would be 

that o f a ‘knot’ in a ribbon tie, which is at the heart o f the structure holding all the 

functional catalytic elements in place.

Using the theory that all BVR-As have the conserved sequences mentioned, searches o f 

the database identified a protein from the cyanobacteria Anabaena variabilis ATCC 

29413 (accession number gi|75906978|reflYP_321274.1|). It has been predicted to be a 

homoserine dehydrogenase type enzyme in the database. Analysis o f the amino acid 

sequence indicates that this protein has a higher degree of similarity to the biliverdin 

reductase enzymes especially the cyanobacterial BVR-As than to the homoserine 

dehydrogenases as presented in Appendix II Figure IV. Also Suits et al., (2005) 

reported the crystal structure o f a novel E.coli haem oxygenase. In this study they make 

reference to a protein (the YhhX open reading frame in E.coli K12, 0157:H7) which 

could be an E.coli biliverdin-IXa reductase and point out that it shares 19% sequence 

identity to the human biliverdin reductase. Looking at the sequence o f this proposed

71



YhhX gene product we see that it does not fulfil the 5 criteria outlined for it to be a 

biliverdin reductase, the most important being that it has a lysine at the position o f Y97 

in the rat corresponds to lysine residue in YkkX protein. In fact this protein shares 

similar sequence homology to myo-inositol 2-dehydrogenases and l-carboxy-3-chloro- 

3,4-dihydroxycyclo hexa-l,5-diene dehydrogenase. So in effect sequence homologies 

up to 20% can be expected between any members o f the GFO/IDH/MOCA family upon 

alignments with different members o f this family including BVR-A proteins. As a result 

the characterisation o f a sub family encompassing all biliverdin-IXa reductases within 

the GFO/IDH/MOCA family is advantageous.

From Figures 3.1b and 3.1c it is evident that BVR-A is present in two very different 

lineages the archaeic cyanobacteria and vertebrates. It seems likely that these enzymes 

initially evolved in ancient bacteria like the cyanobacteria which used them in the 

regulation o f phycobilin synthesis. As shown in Figure 3.1c, DNA encoding BVR-A is 

detected in members from 3 o f the 5 classified groups o f cyanobacteria. This would 

imply that biliverdin-IXa reductase emerged early in the development o f cyanobacteria, 

and has been highly conserved since its ancient origins. The question arises why this 

enzyme is reported to be absent in many organisms. For example free living worms 

{Caenorhabditis elegans) and the parasitic helminths are unable to synthesise haem as 

they lack the necessary enzymes in the biosynthesis pathway (Rao et a i ,  2005). As a 

consequence they are highly dependent on the acquisition o f haem from the host for 

their survival.

As discussed in the introduction for many years it was assumed that biliverdin reductase 

was absent in birds, reptiles and amphibia. Bilirubin has been found albeit in low 

quantities in the bile o f frogs chickens turkeys, alligators and turtles and in chicken 

bruises (Dolphin, 1979).

The great increases in genetic information and availability o f gene sequence results is 

helping to clarify this age old confusion. To answer why BVR-A exists in some species 

but is reported to be absent in others, we must pose two questions. Firstly do these 

animals have the ability to express biliverdin reductase, that is has the gene been lost in 

the evolution o f that particular species, and secondly, if  the gene is present does the
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protein encoded have activity. The characterisation o f some o f the predicted biliverdin- 

IX a proteins from representative species o f birds, amphibia, and fish were initiated 

during this study.

Blast searches o f the database reveal that the chicken (Gallus gallus) has a gene which 

encodes for a biliverdin reductase like protein. The gene is divided into 6 exons which 

are detailed in Appendix III Figures 3.1 and 3.2. The protein product is predicted to be 

272 amino acids in length, and has all the characteristic motifs typical o f the biliverdin- 

IX a reductases which are aligned in Figure 3.2. The strong degree o f similarity to other 

biliverdin reductase sequences especially in the key catalytic sites suggests that the gene 

is strongly conserved. The EST (ChEST458f9) also spans much o f exons I, II, III, and 

IV and its detection implies that mRNA is being transcribed. So from a genetic level, 

the chicken seems to have the ability to produce an intact functional BVR-A like 

protein. With the availability o f turkey blood during this study it was thought that an 

examination o f biliverdin-IXa reductase activity would prove informative. As can be 

seen in Figure 3.15 biliverdin-IXa reductase activity was detected in turkey cytosol. 

This activity was shown to be protein dependent as increased volumes o f cytosol 

showed the expected linear relationship between the initial rate and enzyme activity. 

This provides good evidence o f a biliverdin reductase activity in turkey and future work 

involving a full purification o f this protein is anticipated. Amplification attempts on a 

chicken cDNA library may also prove productive.

The full length cDNAs encoding human, Danio Rerio, murine, and Xenopus BVR-A 

were successfully amplified and subsequently cloned into various expression vectors 

(pET4a-Mod for human and Danio Rerio, ppMAL for the murine and pGEX-KG for the 

Xenopus enzyme). To date human BVR-A pET41a-Mod, murine BVR-A ppMAL, and 

Xenopus BVR-A pGEX-KG transformed cultures have been induced with IPTG 

resulting in the expression o f recombinant proteins which display the appropriate 

molecular weights. The human and murine enzymes have been purified to homogeneity 

and are catalytically active. The Xenopus BVR-A protein is active as a GST fusion 

however during incubations to cleave the GST tag with thrombin stability problems 

have been encountered. Further work is necessary to obtain a homogenous Xenopus 

BVR-A fraction. The rat human and Synechocystis BVR-A enzymes were all induced
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at 30°C with 200 (iM IPTG. In fact with all these proteins the induction temperatures 

and incubation times, rather than the IPTG concentration, were the most influential 

parameters affecting protein yields. The conditions outlined in Section 2.4, produced 

maximum soluble yields. One exception was the murine enzyme as it was necessary to 

induce the murine enzyme at 27°C as higher temperatures resulted in diminished yields 

with much o f the protein being expressed in inclusion bodies. Sequence analysis o f the 

recombinant human BVR-A pET41a-Mod plasmid, and the murine BVR-A ppMAL 

plasmid reveal that the cDNA inserts are intact and in frame as discussed in Sections 

3.8.4 and 3.5.6. Attempts to solve the three dimensional structure o f the human and 

murine BVR-A enzymes are ongoing and in collaboration with Dr. Amir Khan, School 

o f Biochemistry and Immunology, Trinity College, Dublin.

In a preliminary survey o f the tissue distribution o f the mouse enzyme it was noted that 

higher activity was always found in tissues from male mice. This was particularly 

noticeable in liver (Figure 3.12). It is interesting that bovine and lapine liver have been 

reported previously to have very low levels o f BVR activity. In the case o f bovine liver 

it is unclear as to the sex o f the animals.
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Chapter Four

The nature of the dual pH-cofactor specificity of B VR-A



Chapter 4 Introduction

The most unusual feature associated with the kinetics o f BVR-A is the fact that it is said to 

have two distinct pH optima. NADH is preferentially used between pH 6 and 7 while 

NADPH is the preferred cofactor between pH 8.5 to 8.7. Both native and recombinant 

human and rat BVR-A enzymes (Maines et al., 1983, Yamaguchi et al., 1994, Maines et 

al., 1996, and Kutty & Maines 1981) the ox kidney enzyme, (Rigney et al., 1986) and the 

pig spleen enzymes (Noguchi et al., 1979) all share this interesting pH dependent 

behaviour (pH profiles for human and rat BVR-A are presented in Figures 4.1a and 4.1b). 

O f the non mammalian enzymes studied the salmon liver has a slightly lower pH optimum 

between 5.5 and 6.2, while its NADPH dependent activity displayed increasing activity at 

the extremes o f the pH ranges studied, and showed minimal activity at physiological pH 

(Figure 4.1c). BVR-A from the liver of the eel {Anguilla japonica) also displays this 

behaviour (Fang & Lai, 1987). Interestingly one notable exception to this dual pH 

behaviour is the cyanobacterial BVR-A (Figure 4 .Id). It displays maximal activity at pH 

5.8 when using either NADPH or NADH as cofactor (Schluchter & Glazer 1997). NADPH 

however is the cofactor which provides maximal activity at this pH. Although all the 

enzymes mentioned can use both cofactors to catalyse the reduction o f biliverdin-IXa, it is 

important to note that of the biliverdin-IXa reductases examined from various species 

NADPH is the preferred cofactor with apparent Km values close to two orders of 

magnitude below that for NADH. It must be noted that the approximate concentrations of 

pyridine nucleotides in the liver o f rat have been reported as 120 |j.M for NADPH, 35 (j,M 

for NADP, 70 jiM for NADH, and 500 |iM for NAD (Llorente et al., 1970, Marco et al., 

1974). With the apparent Km for NADPH of biliverdin reductases being in the low micro 

molar range, typically 1-10)^M, the enzyme itself is most likely saturated with NADPH in 

vivo. In contrast, the apparent Km for NADH is generally reported between 300 and 

500mM, and with cytosolic concentrations o f NADH generally around 70 |iM  this is 

unlikely to be a physiologically significant substrate.

Despite having such similar structural characteristics, NADH and NADPH generally 

participate in very different enzymatic processes. NADPH is generally the cofactor o f 

choice for reductive biosynthesis, whereas NAD^ is used mainly in oxidative degradations 

that ultimately yield ATP. Enzymes that utilize pyridine nucleotides as cofactor transfer a
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Figure 4.1a The effect of pH on the activity of human biliverdin-IXa reductase 

activity (Maines & Trakshel, 1993).

Enzyme activity with NADH was measured using phosphate buffer at the indicated 

pH range, whereas activity with NADPH was assayed using Tris-HCl buffer. NADH 

dependent (o) activity, NADPH dependent ( • )  activity.
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Figure 4.1b The effect of pH on the activity of rat biliverdin-IXa reductase 

activity (taken from Kutty & Maines, 1981).

The effect o f pH on the activity o f rat Hver bihverdin-IXa reductase (Kutty and 

Maines, 1981). Enzyme activity with 1 mM NADH as cofactor in Tris buffer (A),  

activity with 100 |j,M NADPH in Tris buffer (•) , activity with 100 )aM NADPH in 

phosphate (o), and activity with ImM NADH in phosphate buffer (A).



30 n

I  2 5 -  

b
20 -

co
' t  15 -

NADH

10 -

NADPH

5 5.5 6.5 8.5 96 7 7.5 8
pH

Figure 4.1c The effect of pH on salmon liver biliverdin-IXa reductase activity 

(taken from Elliott, 1996).

In summary the optimal activity of salmon liver BVR-A when using NADH as 

cofactor is pH 6, whereas the NADPH dependent activity displays a broad activity 

which is maximal at either end of the pH range studied. lOOmM sodium phosphate 

was used from pH 5.3 to 7.5, and glycine used from pH 7.5 to 8.4.
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Figure 4.1d The effect of pH on the activity of synechocystis biliverdin-IXa 

reductase activity (taken from Schluchter, 1997).

The effect of pH on NADH (•)  and NADPH (o) dependent activities are shown in 

Figures 4.1a and 4.1b. The synechocystis enzyme however Figure 4.1b displays a pH 

optimum of 5.8 for both NADH and NADPH dependent activity. NADPH dependent 

activity was measured in lOOmM sodium citrate (o), and lOOmM potassium 

phosphate (□). NADH dependent activity was measured in citrate ( • )  and lOOmM 

potassium phosphate (■).



hydride ion from position C4 of the nicotinamide ring in a stereospecific way. Biliverdin- 

IX a reductase from rat (Ennis et al, 1996) and human (Dunne, 2000) have both been 

shown to transfer the hydride from the B-face position of the nicotine ring. With the only 

difference between NADPH and NADH being at the 2 ’ phosphate position, the presence 

(NADPH) or absence (NADH) of this phosphoester provides a discriminatory method 

which ultimately governs the nucleotide preference of the enzyme itself (Argos & Carugo 

1997, Didieijean et al., 1997 and Elmore et al., 2002). The cofactor-enzyme interactions 

which allow successful binding of either NADH or NADPH occurs mainly through 

hydrogen bonds of the phosphate moieties and the ribose hydroxyl groups of each cofactor, 

with the back bone amide groups of the protein.

Generally an acidic residue Asp or Glu is present at the C-terminal edge of the (3-2 strand 

in proteins that use NADH as cofactor. Such negatively-charged residues can interact 

productively with the 2’OH group of the adenosine ribose of NADH but preclude the 

2’phosphate anion. In contrast where NADPH is the preferred residue this site is occupied 

by small hydrophobic residues. Meanwhile positively charged residues are present around 

the pocket which interacts with the negatively charged 2’ phosphate of the adenosine 

ribose of NADPH. Site directed mutagenesis studies of positively charged amino acids 

such as lysine and arginine, and their replacement with uncharged amino acids (Bocanegra 

et al., 1993; Shen et al., 1999; Dohr et al., 2001) significantly increases the Km for 

NADPH without affecting the Km for NADH in some enzymes.

The crystal structures resolved by Kikuchi et al., (2001) and Whitby et al., (2002), show 

that there is only one nucleotide binding site in BVR-A, which is defined by the Rossmann 

fold the sequence of which encompasses residues Gly 15, Val 16, Gly 17, Arg 18, Ala 19 

and Gly 20. These residues are found spanning the loop between (31 and aA. The 

nicotinamide moieties of both NADH and NADPH are proposed to extend into the active 

site of BVR-A in a well defined position and orientation (Kikuchi et al., 2001). If there is 

only one binding site for both the nucleotides, and the C4 carbon positioning of the NADH 

and NADPH nicotinamide rings are identical, one must question why there is such a 

difference in activity when using each nucleotide as cofactor over the pH ranges studied. 

The mechanism of hydride transfer at any given pH using each nucleotide is expected to be
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identical, and therefore it is rational that the differences in activities is most likely as result 

o f different modes o f binding NADH and NADPH.

O f the two crystal structures for rat BVR-A only one (Whitby et al, 2002) has bound 

pyridine nucleotide (NAD). This is bound in an unusual conformation with the adenine 

ring stacking over the nicotinamide. This precludes productive binding o f biliverdin and 

the authors suggest that packing in the crystal has produced a conformation o f NAD that is 

unlikely to be adopted in solution. It is also possible to model an extended conformation 

and to predict that both NADH and NADPH can occupy this site. Kikuchi et al (2001) 

have tentatively identified Arg 44 and Arg 45 as residues important in binding the 2 ’- 

phosphate o f NADPH. It is intriguing therefore that closer examination o f the structure 

reported by Whitby et al., (2002) reveals three phosphate anions bound to rat BVR-A with 

one in the putative 2 ’-phosphate pocket (Figure 4.1e).

4.1 Effect of pH on the stability, activity and cofactor selectivity of 

biliverdin-IXa reductases from various species

4.1.1 Tlie effects of pH on the stability of various BVR-As.

To determine the stability o f the rat, murine and human recombinant BVR-A, the enzymes 

were pre-incubated in various buffers over the pH range 5 - 9 .  BVR-A was diluted 10 fold 

to a concentration o f 0.1 mg/ml in 100 mM buffer at each pH. The diluted mixtures were 

incubated at 30°C for 10 minutes in the buffers indicated, after which time 10|j,l aliquots 

were assayed in lOOmM Tris-HCl pH 8 (final volume 2ml), with a final concentration o f 

100 (J.M NADPH and 10|j,M biliverdin. The human enzyme (Figure 4.1a) loses no more 

than 5 -  10% o f its activity even at the extremes o f pH tested (5 -  9). Under the conditions 

examined the enzyme was relatively dilute (0.1 mg/ml) and was pre-incubated for 10 

minutes at the various pH values. In kinetic studies the reaction was generally initiated by 

the addition o f enzyme and the initial rate measured from the initial 1 0 - 2 0  seconds of the 

reaction. It is unlikely therefore that any significant inactivation due to pH occurred in 

these initial rate experiments. The rat enzyme exhibited a similar tolerance to pH but was 

marginally less stable at alkaline values, losing 25% o f its activity at pH 9 after a 10 

minute pre-incubation (Figure 4.1b). The mouse enzyme is considerably less stable at both
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Figure 4.1e The nucleotide binding site of BVR-A and its interaction with 

inorganic phosphate.

Panel A; A cartoon diagram of BVR-A displaying the three phosphates in red which 

co-crystallised with the enzyme.

Panel B; A space-fill model of the enzyme showing the inorganic phosphate anion 

(P0 4 ‘̂ ) which is bound to the proposed NADPH T  phosphate binding site. The active 

site Y97, above which the nicotinimide and biliverdin sit, is also highlighted.

Panel C and D; Space-filled models which show the nucleotide binding pocket with 

and without a bound phosphate anion.

Panel E and F; The residues which are involved in binding the 2’ phosphate of 

NADPH and (P04 ‘̂ ) anions. The binding pocket consists of positively charged 

residues S43, R44 and R45 which co-ordinate with the phosphate anion.

Panel G and H; The nucleotide binding domain o f BVR-A (Panel G), is compared to 

the corresponding domain o f glucose-fructose oxidoreductase (GFOR) from 

Zymomonas mobilis (Panel H). The Rossmann fold shown in red is located between 

the end of jSl and the start o f a l  o f BVR-A. The binding pocket consists o f positively 

charged residues namely S43, R44 and R45 which in conjunction with the Rossmann 

fold co-ordinate with NADPH and also with phosphate anions. A similar fold and the 

distribution o f positively charged residues facilitating the interaction o f the phosphate 

moiety o f NADPH exist in the GFOR structure.

All pictures were constructed using pymol (http://pvmo 1.sourceforge.net/) from the 

crystal structure lLC3.pdb of Whitby et al., (2002), coordinates o f which are 

accessible through the protein bank (Bermann et al., 2003).





acid and alkaline pH values and even at pH values between 6 and 8 loses 10 -  20% activity 

after 10 minutes incubation at 30°C (Figure 4. If). The relative instability of murine BVR- 

A at acid pH values prompted a further investigation to determine the kinetics of 

inactivation at pH 4 and 4.5. After 10 minutes pre-incubation at pH 4.5, only 10% of the 

activity remained (Figure 4.2a) in agreement with the data in Figure 4 .I f  However 50% 

activity remains after 2 minutes pre-incubation at pH 4.5 (Figure 4.2a) and extrapolation 

suggests that measurements up to 30 seconds at pH 4.5 will yield 90% of the original 

activity. It is not possible to extend this level of confidence to pH 4 where only 50% 

activity remains after 30 seconds pre-incubation (Figure 4.2b). The degradation of NADH 

and NADPH under acid conditions has been reported in numerous studies (Wu et al., 1986 

and Lowry et al., 1961). It is clear from these studies that both temperature and pH affect 

the rate of NADPH and NADH degradation substantially. Wu et al., (1986) found that at 

30°C, the half life of NADPH was just 38 minutes at pH 5. As a result it was necessary to 

clarify the extent of nucleotide breakdown in the assay buffers and pH range used during 

the present study. The absorbance of 150 |liM NADH and 150 |j,M NADPH was monitored 

over the pH range 5-9 at 30°C, the results of which are shown in Figure 4.3. There is a 

marked increase in the breakdown of NADPH (2.6 (iM.min'') and NADH (1 ^M.min"') at 

pH 5, with NADPH being the most unstable. Resulting from the information obtained in 

these experiments, it was decided that stock solutions of each nucleotide were to be 

prepared freshly on the day of use in lOOmM Tris-HCl pH 8 and stored on ice to minimise 

degradation. The reduction of biliverdin-IXa to bilirubin-IXa over the pH range was 

shown to be enzyme dependent. All BVR-A assays were measured at 460nm and the initial 

rates were calculated over the earliest time points (the first 30 seconds of the reaction) to 

avoid the added complexity of significant nucleotide breakdown.

4.1,2 The effect of pH on the activity of BVR-A

As mentioned in Chapter 1, BVR-A can use either NADH or NADPH as cofactor. Maines 

and co-workers have stressed an apparently unique property of BVR-A, namely that it has 

a different pH optimum for each nucleotide (Figure 4.1a). It is important to note that of all 

the BVR-A enzymes characterised to date the Synechocystis PCC6803 enzyme is the only 

form where activity has been surveyed over the entire pH range using both nucleotides 

(Schluchter & Glazer, 1997). All published work regarding the human and rat enzymes has

78



Figure 4.1f Stability of BVR-A upon 10 minute pre-incubation at various pHs.

The stabihty o f BVR-A from various sources was assessed over the pH range 4 to 9. 

The enzyme was pre incubated for 10 minutes in various buffers at 30°C before being 

assayed for BVR activity in lOOmM Tris/HCl buffer at pH 8 using 100|aM NADPH 

and 10|iM biliverdin-IXa as substrate.

(i) Stability of the human enzyme.

(ii) Stability o f the rat enzyme.

(iii) Stability o f the murine enzyme.
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Figure 4.2 The activity of murine BVR-A after pre-incubation at pH 4 and 

pH 4.5 over different time points.

The time dependence of pH inactivation of murine BVR-A at pH 4 (a), and pH 4.5 (b) 

was determined. The enzymes was pre incubated over various time points ( 0 - 1 0  

minutes) in lOOmM Sodium Citrate pH 4 and pH 4.5, at 30°C as described in Section 

4.1 before being assayed for BVR activity in lOOmM Tris/HCl buffer at pH 8 using 

100|iM NADPH and 10|j,M biliverdin-IXa as substrate.
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Figure 4.3 Determining the stability of NADH and NADPH over the pH range

5- 9 .

Figures (a) and (b) show the rate of breakdown of NADPH and NADH respectively. 

Rates of breakdown were determined by monitoring the decrease in absorbance (at 

340nm) of 150|iM of each nucleotide in lOOmM buffered solution over the pH range 

5 - 9 .
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Figure 4.4a Effect of pH on the activity of rat biliverdin-lXa reductase.

Buffers used were 100 mM sodium citrate (♦), 100 mM sodium phosphate (■), 100 

mM Tris (A)  and also with sodium acetate in the acidic region (A).  Assays were 

performed using 10 |aM biliverdin as substrate and either 700 |iM NADH or 100 |iM 

NADPH as cofactor. NADH dependent activity is presented in red while NADPH 

dependent activity is presented in black.
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Figure 4.4b Effect of pH on the activity of Xenopus biliverdin-IXa

reductase.

(a) Buffers used were 100 mM sodium citrate (♦), 100 mM sodium phosphate (■), 

and 100 mM Tris (A). Assays were performed using 10 nM biliverdin as 

substrate and 100 nM NADPH as cofector.

(b) The effect of sodium phosphate buffer on Xenopus BVR-A at pH 7 using 

700nM NADH as cofactor and lOfxM biliverdin as substrate.
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Figure 4.4c Effect of pH on the activity of human biliverdin-IXa

reductase.

Buffers used were 100 mM sodium citrate (♦), 100 mM sodium phosphate (■), 100 

mM Tris (A)  and also with sodium acetate in the acidic region (A). Assays were 

performed using 10 (iM biliverdin as substrate and either 700 |iM NADH (in red) or 

100 laM NADPH (in black) as cofactor in the buffers indicated.
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Figure 4.5 The effect of pH and biliverdin-IXa concentrations on the initial 

rate of human BVR-A using NADPH as cofactor.

Bilirubin production was monitored at 460nm and individual reactions 

contained a final concentration of lOO^M NADPH with Figure 4.1xx (a) 

showing the results for 2 and 20|iM biliverdin-IXa and Figure 4. Ix (b) showing 

the resuhs for 2 and 5 |iiM biliverdin-IXa over the pH range 4.5-8.5. The 

reaction temperature was maintained at 30°C throughout these experiments.



failed to examine the NADPH dependent activity below pH 7. There is a lack of 

knowledge regarding NADPH dependent activity below pH 7 which is very curious 

especially considering that NADPH is the preferred cofactor for the Salmo salar and 

Synechocystis BVR-A enzymes at pH 6. Having conducted preliminary pH stability 

experiments it was felt that a more in depth examination of the effect of pH on the activity 

of BVR-A was warranted.

A series of reactions were set up to determine the effects of pH on the activity of human, 

rat and xenopus BVR-A. Bilirubin production was monitored at 460nm at 30°C. 

Nucleotide concentrations of 100 NADPH and 700 |iM NADH were used in 100 mM 

buffer at the desired pH. Buffers used were sodium acetate (pH 5-6), sodium citrate (pH 5- 

6.5), sodium phosphate (pH 6.5-8) and Tris-HCl (pH 8-9). Each assay was started by the 

addition of enzyme. The pH profiles obtained are presented in Figures 4.4a, b, and c.

During the course of these experiments three interesting observations were made. The first 

is that the use of phosphate buffers substantially increased the rate for the NADH- 

dependent reaction over the pH range (from pH 6-8) used in these experiments. The second 

point worth noting is that the NADPH-dependent activity of the human, rat and mouse 

enzymes is clearly not just limited to the pH range of 7.5 to 9. Thirdly, the concentration of 

biliverdin used in these studies is a very influential parameter with respect to the pH profile 

observed (see Figure 4.5). It was decided to investigate these observations in some detail.

4.2 Studies on phosphate activation of human BVR-A

4.2.1 The effects of various anions on the activity of human BVR-A

Figure 4.6 shows the effect of increasing concentrations of phosphate buffer (pH 7) on the 

activity of human BVR-A with NADH as the cofactor. The data fits well to the Hill 

equation, as illustrated, however there are probably effects due to ionic strength and 

additional specific activation by phosphate. The activity in 5mM phosphate is 0.04 

fimoles.min''.mg'' and in 200mM phosphate this increases 37.5 fold to 1.5 )imoles.min' 

'.mg'* (Figure 4.6). To determine whether this effect was specific to phosphate a range of

concentrations of various buffers at pH 7 was tested. Assays were performed with 20|aM
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Figure 4.6 The effect of phosphate on the activity of human BVR-A.

Assays were performed with 20|j,M biliverdin and 700fiM NADH at 30°C with 

increasing sodium phosphate, at pH 7.0 (o ). The reaction was started on addition of 

enzyme. Experimental data obtained from the effect o f phosphate on the activity of 

human BVR-A is fitted to the Hill equation, the results o f which are presented in 

Appendix IV Figure 1.



biliverdin and 700 |iM NADH at 30°C in incremental concentrations of sodium phosphate 

(2, 5, 10, 25, 50, 75, 100 and 200 mM) and sodium carbonate, Tris-HCl and sodium citrate 

(all at 10, 50, 100 and 200 mM) at pH 7.0. The reaction was started by the addition of 

enzyme. The pH of each assay were tested before and after the assay to ensure that pH did 

not alter through the course of the assay especially when using salts at the limits of their 

buffering capacity (see Appendix III for a full list of buffer ionisation constants). The 

results of the experiment detailed in Figure 4.7 clearly demonstrate that phosphate is a 

powerful activator using NADH as cofactor. There is a modest ionic strength effect as 

shown by the increase in initial rates seen with increasing concentrations of sodium citrate, 

Tris-HCl and sodium carbonate up to the 200 mM. The effect of phosphate on enzyme 

activity is particularly noticeable however. Following this observation it was decided to 

look at the effects of pyrophosphate. Although pyrophosphate has similar properties to 

phosphate the size differences between the two anions might impede the ability of 

pyrophosphate to activate the enzyme. The results of this are shown in Figure 4.8. 

Interestingly pyrophosphate also displayed an activatory effect, indeed the potency 

observed was greater than that obtained with phosphate. It is also clear from Figure 4.8 that 

the anion activation seen with both phosphate and pyrophosphate is specific for NADH as 

cofactor as only a very modest increase in activity was seen with NADPH as cofactor over 

the same range. The basis for the activation however was unclear from these results. 

Phosphate may allow substrates to bind more productively to the enzyme or enhance 

turnover. At this point it was felt that an analysis of the effect of phosphate on the 

Michaelis constant for NADH may prove informative.

4.2.2 The effects of phosphate on the NADH dependent activity of human

BVR-A

A series of saturation curves were generated with NADH as the variable substrate (20 )j,M 

to 3.2 mM) in 10, 50, 100, and 200mM sodium phosphate pH 7. Biliverdin-IXa at a final 

concentration of 20 ^M was used as substrate and the reaction was performed at 30°C. As 

shown in Figure 4.9, phosphate has a potent effect on the apparent Km for NADH. Data 

points were fitted to the Michaelis equation as outlined in Section 2.5.1 (Equation 2.1). The 

rectangular hyperbolas generated by these fits were used to obtain the apparent Km and 

Vmax (Table 4.1). Increasing phosphate from lOmM to 200mM causes over a 150-fold
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Figure 4.7 The effect of various anions on the activity of human BVR-A.

Assays were performed with 20|j,M bihverdin and 700|aM NADH at 30°C in various 

buffer concentrations (A sodium phosphate, ♦ sodium carbonate, •  Tris, □ sodium 

citrate) at pH 7.0.The reaction was started on addition of enzyme.
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Figure 4.8 The effects of sodium phosphate and sodium pyrophosphate on the 

activity of human biliverdin IX-a reductase.

Data points represent human BVR-A activity measured with increasing 

concentrations of sodium pyrophosphate pH 7 (□), and increasing sodium phosphate 

pH 7 (o). These reactions contained a final concentration of 700|iM NADH as 

cofactor, and 20|j,M biliverdin-IXa as substrate. Also presented with this dataset is the 

activity o f human BVR-A with increasing concentrations of sodium phosphate at pH 

7. In this case however 100|iM NADPH was used as cofactor (0). Bilirubin 

production was measured at 460nm and assays were performed at 30°C.



decrease in the appKm' '̂^^^. It is important to note however that the ability to obtain 

reliable values for the appKm*^^^” and appVmax'̂ '̂ *̂ ” in lOmM phosphate is hampered by 

the lack of experimental data where NADH is saturating. Although the square of residuals 

(R^ 0.99758) for the fit is acceptable the ability to predict robust values for saturation and 

apparent appVmax'^ '̂^  ̂ is limited. The data obtained would suggest that a concentration of 

greater than lOOmM NADH would be necessary to approach saturation in lOmM sodium 

phosphate. Further analysis of the appK\i and appVmax obtained from the NADH saturation 

curves presented in Figures 4.10(a) and 4.10(b) reveal that there is an as asymptotic 

decrease in the appKM with increasing phosphate concentrations, while the appVmax 

remains constant. Figure 4.10(c) shows the effect of phosphate on the appVmax / Km for 

human BVR-A.

4.2.3 The effect of phosphate on the burst rate constant of human BVR-A.

The effect of phosphate on the pre-steady state kinetics was determined by monitoring the 

increase in absorbance at 460nm at 23°C as described in Section 2.5.4. Human BVR-A 

(1.6 (i,M) in lOOmM sodium citrate pH 7.2 was rapidly mixed with 1.4 mM NADH, 14 p,M 

biliverdin-IXa in varying concentrations of sodium phosphate pH 7.2 (Figure 4.11). The 

concentration of phosphate in the substrate syringe was varied to give final concentrations 

of 5, 10, 20, 50, 100 and 200 mM. The results of these stopped flow experiments were 

fitted to a curve of single exponential with slope (see Section 2.5.4). The steady state rate 

showed that at 23°C there is a pronounced activation by phosphate anion (8-fold compared 

with the rate in Tris-Cl) and the burst rate constants (kb) obtained from these experiments 

are shown in Figure 4.12. All the kinetic constants and statistical evaluation for this 

experiment are shown in Appendix IV Table 3. There is a modest effect of phosphate 

concentration on the burst rate constant which essentially doubles between 0 and 50mM 

phosphate from 0.15 s'* to 0.28s''.
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Figure 4,9 Determination of human BVR-As apparent Michaelis constant for 

NADH at various concentrations of sodium phosphate.

Data points represent activity with 20|aM biliverdin as substrate in (o) lOmM sodium 

phosphate pH 7, (□) 50mM sodium phosphate pH 7, (0) lOOmM sodium phosphate 

pH 7 and (A) 200mM sodium phosphate as buffer.



[Phosphate] (mM) appKm'^*°” (mM) appVmax
appVmax/Km'^''""

v/k
Fold

increase

10 39.2 2 5.10E-05 1

50 3.2 2.0316 6.30E-04 12.4

100 0.84 2.00058 2.37E-03 46.5

200 0.25 2.12166 8.35E-03 164

Table 4.1 Determination of the apparent Km and Vmax of human BVR-A for 

NADH with increasing concentrations of sodium phosphate.



Figure 4.10 The effect of phosphate on the apparent kinetic constants of Vmax 

and Km for NADH of human BVR-A

(a) The appKM for NADH of human BVR-A as a function of phosphate 

concentration. Data points represent the appKjvi values obtained from 

the NADH saturation curves of Figure 4.4. Refer to Table 4.2 for the 

analysis of the curve fitting data. A final concentration of 20|u,M was 

biliverdin-IXa was used in these assays.

(b) The appVpiax of human BVR-A as a function of phosphate 

concentration. Data points represent the appVmax values obtained from 

the NADH saturation curves in Figure 4.4. Refer also to Table 4.2 for 

the analysis of the curve fitting data.

(c) The appKm of human BVR-A as a function of phosphate concentration. 

Data points represent the appVmax I Km values presented in Table 4.1.
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Figure 4.11 The effect of phosphate on the pre-steady state kinetics of human 

biliverdin-IXa reductase.

(a) Measurements o f  the pre-steady state kinetics were carried out using an 

‘Applied Photophysics :i*-180’ spectrophotometer fitted with the 

kinetic sample handling unit as described in Section 2.5.4. An initial 

burst o f bilirubin was observed while monitoring the absorbance at 

460nm. The final reaction mix contained 700|o,M NADH, 7|j,M 

biliverdin-IX a over increasing concentrations o f (5, 10, 50, lOOmM 

and 200mM) phosphate at pH 7.2. The data set shown shows the 

effects o f  50mM phosphate. Best fits were obtained on fitting the 

results to a single exponential curve with slope as discussed in Section 

4.4.

(b) The reaction chemistry was divided into two separate syringes. The 

first contained 1.6 |0,M hBVR-A in 1 OOmM sodium citrate pH 7.2 while 

the second contained NADH (1.4mM), biliverdin (14|aM) sodium 

phosphate pH 7.2.



A 
ab

so
rb

an
ce

 
@ 

46
0n

m

0.05

0 . 0 4 5 -

—200mM phosphate
0 . 0 4 -

—lOOmM phosphate

0 . 0 3 5 -

—50mM phosphate
0 . 0 3 -

0 . 0 2 5 -

phosphate 

—5mM phosphate

0 . 0 2 -

0 . 0 1 5 -

0.01  -

—50mM Tris
0 . 0 0 5 -

0 0.2 0.4 0.6 0.8

Time (seco n d s)

(a)

NADH (1.4mlVI), biliverdin (14^M) 
sod ium  p h o sp h a te  pH 7.2

lOOmlVI sodium  citra te  pH 7.2 
1.6nlVI hBVR-A

(b)



40

3 5 -

30

10 -

5 -

0

2 5 -

2 0 -(/)

T T T
0 50 100 150 200

Phosphate concentration (mM)

Figure 4.12 The effects of phosphate concentration on the burst rate 

constant of human biliverdin reductase in 50mM sodium 

citrate pH 7.2.

Values for the apparent burst constant (kb) were obtained from curve fits to the 

data presented in Figure 4.11 and presented in detail in the Appendix II Table 

3. The reactions were carried out with 700 |aM NADH and 7 (iM biliverdin- 

IX a in 50 mM sodium citrate pH 7.2. Phosphate concentrations were varied 

from 0 -  200 mM.



4.2.4 The effect of pH on the anion activation of human BVR-A using NADH

as cofactor.

The effect o f pH on the activity o f human BVR-A with increasing phosphate 

concentrations was also investigated. The activity was measured in 100 mM sodium citrate 

over the pH range 5-7 with 7 fxm biliverdin-IXa and 100 jiM NADH as substrates. 

Phosphate concentrations were increased (0, 5, 10, 15, 20, 40, 60, 80, 100 mM) in 100 mM 

sodium citrate over the pH range 5 -7. From Figure 4.13(a), it is clear that at pH 5 the 

activation by phosphate anion is less potent than that seen at neutral pH. By plotting A50 

(concentration o f activator giving 50% activation) against pH an apparent pK of 

approximately 4.9 can be identified (Figure 4.13(b)). Deprotonation o f this residue 

increases the affinity for phosphate anion 6-fold. This is tentatively identified as glutamate 

75.

4.3 Studies on phosphate activation of rat BVR-A

4.3.1 Identification of a putative 2’-phosphate binding site

In an effort to further understand the nature o f the activation o f the NADH-dependent 

activity o f human BVR-A by phosphate and related anions it was decided to analyse the 

only BVR-A structures available, those reported by Kikuchi et al (2001) and Whitby et al. 

(2002) for the rat enzyme.

As discussed in the introduction, rat BVR-A (Whitby et al., 2002) co-crystallised with 

three inorganic phosphate molecules. Interestingly, one o f these phosphates occupies a site 

which is the proposed binding pocket for the 2 ’-phospho ester o f NADPH. In light o f this 

information it was decided to look at the residues involved in phosphate binding in more 

detail. As shown in Figure 4.14, serine-43, arginine-44 and arginine-45 form an intricate 

lattice o f ionic interactions with inorganic phosphate. It was decided to mutate these 

residues to alanine to further analyse their role if  any, during NADH dependent phosphate 

activation.

4.3.2 Site-directed mutagenesis of residues in the 2’-phosphate pocket

This method, described in Section 2.1.11, involves the site-directed mutagenesis of the

plasmid containing the target gene by PCR (Fisher et al., 1997). Complementary forward
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Figure 4.13 The effect of pH on the activation of human BVR-A using NADH 

as cofactor.

(a) The activity o f human BVR-A was measured in lOOmM sodium citrate over 

the pH range 5-7 ( •  pH 5, o pH 5.5, □ pH 6, ■ pH 6.5, and 0 pH 7) with 7 fxm 

bihverdin-IXa and 100 |aM NADH as substrate. Phosphate concentrations were 

increased from 0 to lOOmM phosphate at each pH measured.

(b) A plot of the activation constant (K a ), extrapolated from the curves presented 

in (a) yields the dataset shown in (b). When fitted to the equation for a sigmoidal 

curve (a+(b*10'^(x-c)))/((10^(x-c))+l), the equation yields a pKa o f ~ 4.9
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Figure 4.14 The phosphate binding site of rat BVR-A

(a) The residues which interact with the inorganic phosphate in rat BVR-A. Ionic 

contacts are represented by dotted lines (yellow). The numbers also in yellow 

correspond to the distances between interacting atoms. Red dots represent 

water molecules.

(b) A surface diagram of the residues shown in (a). The phosphate pocket is 

clearly defined. There is a large distribution o f positively charged residues 

along the walls o f this pocket which co-ordinate with the phosphate anion.

(c) Interactions o f various residues within the phosphate binding pocket are 

highlighted. It is interesting to note that R44 and E75 form a salt bridge which 

connects the loop between B-sheets /32 and /33 with the aD  helix in the rat 

crystal structure. Residues S43, R44 and R45 were target for mutation, in an 

attempt to determine their effects on NADH dependent phosphate activation.





and reverse primers (~30 base pairs long) were designed which contained the required 

mutations in the middle of the primers. Primer sequences are outlined in Figure 4.15 and 

optimised PCR conditions are presented in the Appendix IV Table 2. Single bands of the 

predicted size (6.5 kb) were obtained as PCR products and were analysed by 1% agarose 

gel electrophoresis (Figure 4.16). After digestion with Dpnl (see Section 2.1.11) a Ijil 

aliquot of the PCR reaction was transformed into E.coli XLl Blue super competent cells. 

Individual colonies of successful transformants were streaked on agar plates and grown at 

37°C overnight. These plates were used to inoculate overnight cultures from which the 

pHis-Parallel 1 rat BVR-A mutant plasmids were purified. The plasmids used in the 

sequencing reactions are shown in Figure 4.17. Alignments of sequencing results are 

presented in Figure 4.18. The plasmids containing the cDNA for the rat BVR-A mutants 

were transformed into E.coli BL21 DE3 cells and BVR-A mutants was expressed using the 

protocol described in Section 2.4.6. A 5|j,g sample of each of the purified mutants were 

analysed on a 12% acrylamide gel as shown in Figure 4.19. The purification of the R45A 

mutant proved problematic due to the precipitation of protein throughout the purification 

procedure.

4.3.3 Effect of phosphate concentration on the activity of wild type and “2’- 

phosphate pocket” mutants of rat BVR-A

Figure 4.20 shows the effect of phosphate concentration on the activity of the rat enzyme 

(wild type) in Tris-HCl buffer. As with the human enzyme there is a marked activation by 

phosphate with an A50 value of 20 mM. Although all three of the desired mutants were 

created only the S43A and the R44A mutants were sufficiently stable to examine 

kinetically. The A50 for the S43 mutant increases significantly (Figure 4.21) to lOOmM 

indicating that significant binding energy results from the interaction between serine 43 

and the phosphate anion.

4.3.4 ComparisioD of the kinetic parameters for NADH and NADPH with the 

wild type and S43A mutants and R44A mutants of rat BVR-A

The R44A mutant equalises the apparent Km for NAD and NADPH (Figure 4.22). The 

wild type enzyme has been reported to have an apparent Km for NADH of 100 jiM and for
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CATTCCTGAA CCTGATTGGA TTTGT6TCCA GACGAG2^GCT TGGGaUSCCTT

F L N  L I 6  F V S R  R E L  6 S L  Wild type Rat BVR-A

CATTCCTGAA CCTGATTGGA TTTGTGgCCA GACGAGAGCT TGGGAGCCTT

F L N  L I G  F V 0 R  R E L  G S L  S43A Rat BVR-A

S 4 3 A  F o r w a r d  P r i m e r  GATTGGATTTGTGgCCAGACGAGAGCT

S 4 3 A  R e v e r s e  P r i m e r  AGCTCTCGTCTGGgCACAAATCCAATC

CATTCCTGAA CCTGATTGGA TTTGTGTCCg gACGAGAGCT TGGGAGCCTT

F L N  L I G  F V S 0  R E L  G S L  R44A Rat BVR-A

R 4 4 A  F o r w a r d  P r i m e r  TTGGATTTGTGTCC^ACGAGAGCTTGGG

R 4 4 A  R e v e r s e  P r i m e r  CCCAAGCTCTCGTG^GACACAAATCCAA

CATTCCTGAA CCTGATTGGA TTTGTGTCCA GA^AGAGCT TGGGAGCCTT

F L N  L I G  F V S R  Q e l  G S L  R45A rat BVR-A

R 4 5 A  F o r w a r d  P r i m e r  GGATTTGTGTCCAGA^AGAGCTTGGGAG

R 4 5 A  R e v e r s e  P r i m e r  CTCCCAAGCTCT^TCTGGACACAAATCC

Figure 4.15 Sequences of the oligonucleotides used in the site directed 

mutagenesis of rat BVR-A

The base pairs highlighted in red were changed producing the necessary alanine 

mutations. The nucleotide sequences of the complementary primers used in the PCR 

reactions are also shown in 5’-3’ direction.
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Figure 4.16 Agarose gel analysis of the site directed mutagenesis PCR 

products.

PCR reactions were carried out as described in section 4.6. Lane 1 of both (a) and (b) 

contain molecular weight standards (Sigma D-7058) with the sizes labelled in base 

pairs, (a) The PCR products of the S43A and R44A mutagenic reaction are presented 

in lanes 1 and 2 respectively, (b) The PCR product of the R45A is shown in lane 2. 

10|j.l aliquots of the individual PCR reactions were loaded on each gel.



Figure 4.17 Agarose gel electrophoresis of the undigested pHis-Parallel 1 rat 

BVR-A mutant plasmids used as template in the sequencing 

reactions.

Lane 1: Molecular weight markers (Sigma D-7058) with the number of base pairs in 

each marker indicated.

Lane 2: A 2]i\ aliquot o f pHis-Parallel 1 rat BVR-A S43A mutant purified plasmid. 

Lane 3; A 2\il aliquot o f pHis-Parallel 1 rat BVR-A R44A mutant purified plasmid. 

Lane 4: A 2|il aliquot o f pHis-Parallel 1 rat BVR-A R45A mutant purified plasmid.



Reverse Read ---------------------------------AOSVRUJDLKNPRSAAFLNLIGFVARR 28
Rat BVR-A ---------------MDAEPKRKPG7VWSVOTAGSVRLRDLKDPRSAAFLNLIGFVSRR 45
Forward Read DYDIPTTENLYFQOAMDAEPKRKFGVWVSVSRAaSVRLRDLKDPRSAAFLNLIOFVARR 60

Reverse Read ELGSLDEVRQISLEDAlJlSQEIDVAYICSESSSHEDYIRQFI,gAGKHVLVEYFMTLSFAA 88
Rat BVR-A ELGSUJEVRQISLEDALRSQEIDVAYICSESSSHEOYIROFLQAOKHVLVEYPMTLSFAA 105
Forward Read ELGSLDEVRQISLEDALRSQEIDVAYICSESSSHEOYIRQFLQAOKHVLVEYPMTLSFAA 120

Reverse Read AQELNEUVAQKCaTTLHEEHVELUlEEFEFLRREVLaKELLKOSUiFTASPLEEERFaFPA 148
Rat BVR-A AQELWBLAAQKaRVI.HEEBVELLMEEFEFLRREVLaKELLKSSLRFTASPLEEERFGFPA 165
Forward Read AQELWELAAQKSRVLHEEHVELLMEEFEFLRREVLCaCELLKaSLRFTASPLEEERFGFPA 180

Reverse Read FSGISRLTRLVSLFOELSLISATLEERKEDQYMKMTVQLETaNKSI<I<SHIEEKQPOLKRM 208
Rat BVR-A FSGISRLTHLVSLFOELSLISATLEERKEDQYMKtfrVQLETQHKaLLSfriEEKSPOLKRN 225
Forward Read FSGISRLTHLVSLFaELSLISATLEERKEDQYMKMTVQLETQNKOLLSWIEEKSPOLK—  240

Reverse Read RYVNFQFTSOSLEEVPSVGVNKNIFUCD(^IFVQKLU>aVSADDLAAEKKRIMHCLOLAS 264
Rat BVR-A RYVNFQFTSOSLEEVPSVOVinQIIFLKDQDIFVQKLLOaVSAEOLAAEKKRIMHCLaLAS 285
Forward Read ------------------------------------------------------------ 242

Reverse Read DI---------266
Rat BVR-A DIQKLCBQKK 295
Forward Read ---------

**

(i)

Forward Read MPTTEMLYFQaAMDAEPKRKFaWWGVGSAGSVRLRDLXDPRSAAFLHLISFVSARELa 60
Rat BVR -A ----------- MDAEBKRKFQVWVgVQRAOSVRLRDmDPRSAAFmLIGFVSRRELG 48
Reverse Read ---------------------------------------- PRSAAFLHLIGFVSARELO 19

Forward Read SLDEVRQISLEDALRSQEIDVAYICSESSSHEDYIRQFLQAGKHVI.VEYPMTLSFAAAQE 120
Rat BVR--A SLDEVRQISLEOALRSQEIDVAYICSESSSHEDYIRQFLQASKBVLVEYFMTLSFAAAQE 108
Reverse Read SU}EVRQI SLEDAUiSQE IDVAYICSESSSHED YIRQFLOASKHVLVE YPMTLSFAAAQE 79

Forward Read LHELAAQKGRVLHEEHVELLMEEFEFLRREVLSKELLKaSLRFTASPLEEERFOFPAFSO 180
Rat BVR--A LHBLAAQKSRVLHEEHVELUffiEFEFLRREVLaKELLKOSLRFTASPLEEERFOFPAFSO 168
Reverse Read LHELAAQKORVLHEEBVELUlEEFEFUaiEVLaKELLKQSLRFTASPLEEERFOFPAFSO 139

Forward Read ISRLTWLVSLFOELSLISATLEERKED<2YMKMTVQLETQHKOLI.SWIEEKOPOUCRMRYV 240
Rat BVR--A ISRLTHLVSLFGELSLISATLEERKEDQYMKMTVQLETQNKOLLSNIEEKQPQLKRMRYV 228
Reverse Read I SRLTIfLVSLFGELSLI SATLEERKEDQYMKMTVQLETQNKOLLSHIEEKQPaLKRMRYV 199

Rat BVR--A NFQFTSGSLEEVPSVGVNKNIFLKDQDIFVQKLLDQVSAEDIAAEKKRIMHCLOLASDIQ 288
Reverse Read NFQFTSGSLEEVPSVGVNKNIFLKDQDIFVQKLUXjySAEDIAAEKKRIMHCLQLASDlQ 259

Forward Read
Rat BVR--A KLCHQKK 295
Reverse Read KLCH-- 263

****

(H)



R e v e r s e
R a t  BVR--A --------------------------------------- MDAEPKRKFOWWGVSRAOSVRIJtDLKDPRSAAFLNLIOF 41
P o r w a r d R e a d HHHHDYDIFTTEMLYFQaAMDAEFKRKFaWWGVaRAOSVRUlDUCDFRSAAFLNLIOF 60

R e v e r s e R e a d VSRAELGSLDEVRQISLEDALRSQEIDVAYICSESSSHEOYIRQFIiQAaKHVLVEYPMTL 72
R a t  BVR--A VSRRELGSLDEVRQISLEDALRSQEIDVAYICSESSSHEDYIRQFLQAOKaVLVEYPMTL 101
F o r w a r d R e a d VSRAELGSUJEVRQISLEDALRSQEIDVAYICSESSSHEDYIRQFLQAOKHVLVEYPMTL 1 2 0

R e v e r s e R e a d SFAAAQELNELAAQKSRVLHEEHVELUlEEFEFUlREVLaKELLKOSLRFTASPLEEERF 1 3 2
R a t  BVR--A SFAAAQELWELAAQKSRVLHEEHVELLMEEFEFLRREVLOKELLKOSLRFTASPLEEERF 161
F o r w a r d R e a d SFAAAQELHELAAQKCaZVLHEEHVELLMEEFEFIJ^REVLCnCELLKOSLRFrrASPLEEERF 1 8 0

R e v e r s e R e a d G FPA FS6I SRLTNT.VSLFOELSLI SATLEERKEDQYMKMTVQLETQNKaLLSHI EEKOPO 192
R a t  BVR--A GFPAFSGISRLTHLVSLFGELSLISATLEERKEDQYMKMTVQLETQNKGLLSWIEEKQPO 221
F o r w a r d R e a d GFPAFSOISRLTHLVSLFGELSLISATLEERKEDQYMKMTVQLETQNKaLLSRIEEKGPO 240

R e v e r s e R e a d LKRMRYVNFQFTSOSLEEVPSVSVNKNIFLKIXlDIFVQKLUiQfVSAEDLAAEKKRIMHCL 2 5 2
R a t  EVR--A LKRMRYVNFQFTSOSLEEVPSVSVNKHIFLKDQDIFVQKLLDflySAEDLAAEKKRIMHCI. 281
F o r w a r d R e a d LKRKRYVNF---------------------------------------------------------------------------------------------------------- 24 9

R e v e r s e R e a d QLAS--------------------2 6 3
R a t  BVR--A GLASDIQKLCHQKK 2 9 5
F o r w a r d R e a d

(iii)

Figure 4.18 Protein sequence alignments of tlie pHis-Parallel 1 rat BVR-A 

mutants.

The muhiple sequence alignments of the nucleotide translated rat BVR-A S43A, 

R44A, and R45A sequencing results. The sequences were aligned with the rat protein 

sequence (Accession number: NP 446302 from the National Centre of Biotechnology 

Information databases at http://www.ncbi.nlm.nih.gov/)

(i) Deduced amino acid sequence of the pHis-Parallel 1 S43 A rat mutant.

(ii) Deduced amino acid sequence of the pHis-Parallel 1 R44A rat mutant.

(iii) Deduced amino acid sequence of the pHis-Parallel 1 R45A rat mutant.
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Figure 4.19 Analysis of purified rat BVR-A mutants on SDS-polyacrylamide 

gels

Rat BVR-A mutants were purified as described in Section 2.4.6 

(a) Purified rat BVR-A S43A mutant. Lane 1: 5^g rat S43A mutant. Lane 2: 

Sigma molecular weight markers (sizes are indicated as kDa).

b) Purified rat BVR-A R44A mutant. Lane 1: 5(ig rat S43A mutant. Lane 2: 

Sigma molecular weight markers.
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Figure 4.20 The effect of phosphate on the activity of rat BVR-A.

Rat BVR-A was assayed using 700|4,M NADH and lO^M BV as substrate in 50 mM 

Tris pH 7.2 at 30°C with increasing concentrations o f phosphate (0, 3.125, 6.25, 12.5, 

25, 50, 100, 250mM). Data points were fitted to the Michaelis equation f(x)=((a*x)/(x 

+b))+c, the results of which are presented in Appendix IV Table 6.
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Figure 4.21 The effects of phosphate on the activity of the rat BVR-A S43A 

mutant.

Rat BVR-A was assayed using 700 |j,M NADH and 10 |aM biliverdin as substrate in 

50 mM Tris pH 7.2 at 30°C with increasing concentrations of phosphate (0, 2, 5, 10, 

25, 50, 100, 250 mM). Data points were fitted to the Michaelis equation f(x)=(a*x)/(x 

+b)+c.



Figure 4.22 The effect of increasing NADH and NADPH concentrations on 

activity of the rat BVR-A R44A mutant.

(a) The activity was measured by monitoring bilirubin production at 460nm using 

various NADH concentrations (5, 10, 25, 50 100, 200 and 400 |j,M) in 50mM Tris pH 

8.7.

(b) NADPH was varied over the concentrations 2, 5, 10, 15, 25, 50 100 and 200 

|_iM in 50mM Tris pH 8.7.

Data points for both (a) and (b) were fitted to the Michaelis equation f(x)=(a*x)/(x +b) 

and estimates for the Km (b) and Vmax of both experiments are presented in 

Appendix IV Table 5.
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Figure 4.23 The effects of phosphate on the activity of the rat BVR-A R44A 

mutant using NADH as cofactor.

Rat BVR-A was assayed using 700|^M NADH and 10|j,M BV as substrate in 50 mM 

Tris pH 7.2 at 30°C with increasing concentrations o f phosphate (0, 2, 5, 10, 25, 50, 

100, 250mM). Data points were fitted to the Michaelis equation plus constant 

f(x)=(a*x)/(x +b)+c.
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Figure 4.24 The effects of phosphate on the activity of the rat BVR-A R44A 

mutant using NADPH as cofactor.

Rat BVR-A was assayed using 100|j.M NADPH and 10|O.M Biliverdin as substrate in 

50 mM Tris pH 7.2 at 30°C with increasing concentrations o f phosphate (0, 2, 5, 10, 

25, 50, 100, 250mM). Data points were fitted to the Michaelis equation plus constant 

f(x)=(a*x)/(x +b)+c.



NADPH of 2.6 |j.M (Kikuchi et al., 2001). These workers also constructed S43, R44 and 

R45 mutants, but unfortunately the instability of the arginine mutant R45A in this study 

prevented any reliable kinetic measurements. Kikuchi et al., 2001, found that the NADPH 

dependent activity of both arginine mutants was low in comparison to the wild type, and 

proposed that both these residues were important in binding the 2 ’ phosphate. Both studies 

show clearly that R44 plays a significant role in stabilising a tighter binding of NADPH 

over NADH, implicating R44’s importance in binding the 2 ’-phosphate moiety. The 

present study also shows that the R44A mutant is not activated by increasing phosphate 

when using NADH as cofactor.

4.3.5 The effect of phosphate on the dissociation constant of NAD^ with

BVR-A

The effects of phosphate on the dissociation constant (K d) for NAD^ was also determined. 

Sequential additions of NAD^ (from a 20 mM stock) and NADP^ (from a 2mM stock) 

were made to a cuvette containing rat BVR-A (2 |iM) with increasing concentrations of 

sodium phosphate (0, 5, 10, 50 and 50 mM) in 50 mM Tris-HCl pH 7.2. Results are 

presented in Table 4.2. The fluorescence intensity was measured at 340nm (excitation 

wavelength 295nm) after each addition of nucleotide. The measured fluorescence 

intensities were corrected for the ‘inner filter effect’ to yield the corrected fluorescence 

Fcorr which is represented as Delta F (described in Section 2.5.5). Changes in the apparent 

Kd for NAD^ with respect to phosphate concentration are displayed in Figure 4.25. This 

reveals the apparent biphasic response of the enzyme to increases in phosphate in the 

presence of NAD”̂. At low concentration of phosphate (5 and lOmM) the decreases

from 113 |u,M to 46 |j,M but at higher concentrations of phosphate the returns to

the values obtained in 50 mM Tris-HCl. Table 4.2 summarises the effects of phosphate and 

pH (Appendix IV Figures 1-4) on appKo"^^^ and appKo'^ '̂^*’̂ . Interestingly it is the 

buffering solution pH which has greatest effect on the apparent dissociation constant of 

NADH. In 50mM Tris-HCl and 50mM phosphate pH 7.2, both the appKo' '̂ '̂ '̂*  ̂ and 

appKo'^'^*^ remain constant at 8.64 (iM - 6.39|o,M and 112-113 |o,M respectively. In Tris- 

HCl pH 8.7 however the values increases to 11.2 |iM for appKo' '̂ '̂^’’̂  and 654 jiM for 

appKo^^“ .̂
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NADP^ appKo (M-M) NAD^ appKo (|iM)

In 50 mM sodium phosphate pH 7.2 8.64 +/-0.6 112 +/- 4.1

In 50 mM Tris 7.2 6.39 +/-0.6
001+

In 50 mM Tris 8.7 11.2 +/-1.4 654 +/- 106

Table 4,2 The apparent dissociation constant (appKo) of both NAD"̂  and NADP^ with rat BVR-A in 50mM Tris pH 7.2 and at pH 8.7, 

and also in 50mM sodium phosphate pH 7.2.

Sequential additions o f each nucleotide were made to 2mls of the buffers outlined. The fluorescence intensity was measured at 340nm 

(excitation wavelength 295nm) after each addition o f nucleotide. The measured fluorescence intensities were corrected for the ‘inner filter 

effect’ to yield the corrected fluorescence Fcorr which is represented as Delta F in the data presented (see section 2.5.5). Data points were fitted to 

the Michaelis equation F(x) = a*x/(b+x) where b represents the appKo value for nucleotide on the enzyme.
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Figure 4.25 The effect of increasing sodium phosphate concentrations on the 

apparent dissociation constant of NAD^ (appKo' '̂^” )̂ on rat 

biliverdin-IXa reductase.

Sequential additions the nucleotide were made to 2mls of 50mM Tris pH 7.2 

containing increasing concentrations of phosphate as outlined in Appendix IV 

Figures 3 - 6 .  The fluorescence intensity was measured at 340nm (excitation 

wavelength 295nm) after each addition of nucleotide. The measured fluorescence 

intensities were corrected for the ‘inner filter effect’ to yield the corrected 

fluorescence Fcon- which is represented as Delta F. Data points were fitted to the 

Michaelis equation F(x) = a*x/(x+b) with b representing the appKo values.



4.4 The effect of pH and biliverdin-IXa concentrations on the initial rate

using NADPH as cofactor.

During the course o f these experiments it was noticed that the concentration o f biliverdin- 

IX a  used in the determination o f the pH optima for biliverdin reductase activity is an 

important factor which needs clarification. A series o f reactions were set up to determine 

the effects o f different biliverdin-IXa concentrations on the activity o f human B VR-A over 

the pH range 4.5-8.5. Bilirubin production was monitored at 460 nm and individual 

reactions contained a final concentration o f 100 |iM  NADPH and between 2 and 25 |j.M 

biliverdin-IXa at each pH.

The assay temperature was maintained at 30°C. In a second series o f experiments the 

effects o f the substrate inhibition associated with 2 )iM, 5 |o,M and 20 jiM biliverdin-IXa 

over the pH range 4.5-8.5 was determined and the activities presented in Figure 4.5. It is 

worth noting the shift in the apparent pH optima for NADPH dependent activity as the 

biliverdin-IXa concentrations increase. At 2 |iM biliverdin-IXa the enzyme is active over 

all pH range 4.5 -  6 and also at pH 7.5 to 8. As the substrate concentration is increased to 5 

|aM maximal activity is at pH 4.5 to 5 and at pH 8 and by 20 the activity is limited to 

the extremes o f the pH range studied. Further evidence showing the effects o f pH and 

substrate inhibition is presented in the time course o f the Xenopus tropicalis enzyme where 

an increase in rate is observed as the substrate concentration decreases over the course o f 

the reaction at neutral pH values (Figure 4.26). However at the acid and alkaline limbs this 

behaviour disappears and more normal P(t) curves are observed From this it becomes 

increasingly evident that the substrate concentration used in the pH kinetics for BVR-A is 

an important factor for consideration.
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Figure 4.26 The effects of pH on the substrate inhibition of Xenopus BVR-A.

The final reaction mixture contained NADPH (100|j,M), biliverdin (5)o,M) and the 

buffers (lOOmM) as indicated on each time course. The reaction was started on 

addition o f \\ig Xenopus BVR-A Each reaction was monitored at 460nm at 30°C until 

the reaction neared completion. The horizontal plane represents the change in 

absorbance at 460nm observed with the vertical plane representing time.
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CHAPTER 4 DISCUSSION

It is clear that previous examinations on the effect o f pH on BVR-A activity have not 

provided an adequate kinetic explanation for the disparate pH optima observed depending 

on whether the pyridine nucleotide used is NADH or NADPH. A major result from the 

present study is that the activity o f the “vertebrate” BVR-As with NADH as cofactor is 

markedly activated in the presence o f phosphate and related anions. As phosphate buffer is 

often used in kinetic studies over the pH range 6  to 8  the apparent optimum at 7 to 7.5 with 

NADH simply reflects this phenomenon, which will be discussed further below. A second 

observation is that activity with both NADH and NADPH is high at acid pH values (5 to 6 ) 

and tends to decrease around neutrality in all buffers (with the exception o f the activity 

with NADH in the presence of phosphate). The decrease at neutral pH values is sensitive to 

the concentration o f biliverdin as substrate inhibition is pronounced at neutral pH values 

but not evident at the acid or alkaline extremes. This was particularly evident in the time 

course o f the Xenopus tropicalis enzyme which shows the classical increase in rate as the 

substrate concentration is depleted at neutral values o f pH (where substrate inhibition is 

potent), but which reverts to the more normal P(t) curve -  with a steady decline in rate 

(after the linear initial rate period) at the acid and alkaline extremes (Figure 4.26). It is still 

not clear why NADPH supports a significant rate at pH 8.5 to 9 but that NADH in unable 

to achieve this.

The activation o f NADH-dependent activity by phosphate and related anions is common to 

the human, rat, mouse and Xenopus enzymes but the Synechocystis enzyme is refractory in 

this respect. For the human enzyme it is clear that the effect o f phosphate is to enhance 

NADH binding as the apparent Km for NADH is decreased over a 100-fold with no change 

in the apparent Vmax (Refer to Figure 4.9 and Table 4.1). An intriguing possible 

interpretation o f this observation comes from a careful examination o f the structure o f rat 

BVR-A where three phosphate anions are bound to the enzyme. Two o f these sites are 

identifiable as candidates for the nucleotide pyrophosphate moiety and the 2 ’-phosphate of 

NADPH respectively. In the present study I have focussed on the putative “2 ’-phosphate 

pocket” as a possible candidate for the activation site. Kinetic analysis o f the S43A rat 

mutant revealed that the A50 for phosphate activation was increased 5-fold in accord with a 

role for this residue in providing efficient binding for the activating phosphate anion. 

Figures 4.23 and 4.24 show the effects o f phosphate on the rat BVR-A R44A mutant. Both
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the NADH and NADPH dependent activities show only modest increases in the rate over 

the phosphate concentration O-lOOmM phosphate. These increases could be attributed to an 

‘ionic effect’ with increasing ion concentrations typical o f those also observed with the 

human enzyme (Figure 4.7). It is important to note that the R44A mutant essentially 

abolished the kinetic discrimination between NADH and NADPH, which is also in accord 

with the correct identification o f this residue as forming part o f the “2 ’-phosphate pocket” . 

The pH dependence o f the activation of the human enzyme by phosphate has identified a 

residue, tentatively identified as glutamate 75 which needs to be ionized to afford tight 

binding o f the phosphate anion. In the rat structure this residue forms a salt bridge with 

arginine 44. The hypothesis that NADH binding can be augmented by inorganic phosphate 

“mimicking” the 2 ’-phosphate o f NADPH is not entirely novel as a similar conclusion had 

recently been reached by Christensen et a l, (2005) for the Mg-dependent 

methylenetetrahydrofolate dehydrogenase-cyclohydrolase (NMDMC). This follows from 

the initial observations by Kauffman & Matthews (1980) who were the first to report that 

phosphate buffer had a marked effect on the NADH associated dihydropterin reductase 

activity o f pig liver methylenetetrahydrofolate reductase. MacKenzie et al., (2005) points 

out that the cofactor binding site o f NMDMC more closely resembles an NADP binding 

site, yet the role o f phosphate ions in the NADH dependent activity is to compensate for 

the lack o f  the covalently bound phosphate group o f the co-factor. They have shown that 

phosphate ions mediate multiple hydrogen bonding interactions which adapt the NMDMC 

site to bind NAD, which is very similar to the effects observed with biliverdin reductase. 

These results also predict that the 2 ’phosphate binding pocket o f biliverdin reductase is the 

single most important site o f interaction between the cofactor and the Rossmann fold of 

biliverdin reductase, providing cofactor selectivity and a higher binding affinity. It is now 

clear that changes in substrate inhibition curves over the pH range 5 -  9, as observed for 

BVR-A, complicate our understanding o f the pH dependent activity o f this enzyme. It is 

also clear that the use o f phosphate buffer in light o f our knowledge o f the effects o f 

phosphate activation has caused further complications when interpreting pH/activity 

profiles. It now seems likely that the nature o f the dual pH-cofactor specificity, initially 

reported by Kutty & Maines (1981), is due to the effect o f substrate inhibition and also 

phosphate activation which manifests in two apparent associated pH optima, with each 

nucleotide.
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Chapter Five

Spectral and kinetic studies on biliverdin-IXa reductase



5.1 Introduction

As mentioned in the introduction, detailed kinetic studies on BVR-A have been difficult 

mainly because the enzyme suffers from very potent substrate inhibition (even at low 

micromolar concentrations o f biliverdin). Attempts to fit curves to initial rate data 

exhibiting substrate inhibition at low concentrations o f biliverdin are thwarted by the lack 

o f data on the ascending limb of saturation curves. Consequently, the conventional 

spectrophotometric assay precludes reliable estimation o f parameters such as the Michaelis 

constant for biliverdin. The ability to monitor the BVR-A catalysed reaction using 

nanomolar biliverdin-IXa would not only help with the enzymatic determination of 

biliverdin levels (which are probably sub micromolar) in tissues, but should also provide a 

robust data set allowing the determination o f the enzyme’s kinetic parameters with greater 

confidence.

Over the course o f this work the development of an alternative assay using radio-labelled 

NADPH was initiated. Both ['"'C] and [^H]-labelled tetrapyrroles have been widely used in 

metabolic studies (Manitto et al., 1975; Plieninger et al., 1972; Howe et al., 1970; Lester & 

Klein, 1966 b; Grodsky et al., 1962 and Menken et al., 1966). Labelled tetrapyrroles are 

generally prepared biosynthetically in rats and dogs from labelled ['"*C]-5-aminolevulinic 

acid (ALA). Although the ALA is incorporated very well into the hepatic haem and further 

metabolised to conjugated bilirubin within 10 hours, the conjugates need to undergo 

hydrolysis to yield bilirubin-IXa which is then purified by TLC. Purified bilirubin-IXa is 

then oxidised to biliverdin with 2,3-dichloro-5,6-dicyanobenzoquinone. The main methods 

o f preparing [^H]-bilirubin-IXa are through the W ilzbach method which simply consists o f 

exposing the compound to tritium gas (Steinberg 1957). [^H]-bilirubin-IXa has been 

produced using this method but the yields obtained were quite low. Not only is the 

synthesis o f these compounds difficult but the production o f large quantities of [ '‘*C] or 

[^H]-labelled waste during their synthesis and also during the assay o f BVR-A would also 

be o f concern due to the half lives involved (5730 years for [''^C] and 12.3 years for [^H]).

It was decided to develop a new [ P]-based assay system for BVR-A activity which would 

have a number o f advantages over a [ '“’C] or [^H] based assay, especially since [^^P]-



NADPH and [^^P]-NADH provide a far more flexible and sensitive assay method which 

would be applicable to other pyridine nucleotide utilising enzymes.

Unfortunately [^^P]-NADPH and [^^P]-NADH are not commercially available, and as a 

result a method for their production was needed. There are a number o f ways which would 

theoretically allow the enzymatic synthesis o f [^^P]-NADPH. These are presented in Figure 

5.1. Both nicotinamide adenine [adenylate-^^P] dinucleotide (^^P-NAD^) with a specific 

radioactivity o f 1000 Ci/mmol and adenosine 5'-[y-^^P] triphosphate with a specific 

radioactivity o f 3000 Ci/mmol are available from ‘GE Healthcare’ life science division 

(formerly Amersham). The ‘[adenylate-^^P] NAD^, (Figure 5.1) is so named, as it has the
32  • •[ P] label positioned at the adenine ribose phosphate. In Sections 5.2.4 and 5.2.5 the 

synthesis o f [^^P]-NADH and [^^P]-NADPH are discussed.

Additional kinetic studies on human biliverdin-IXa reductase were carried out in the hope 

of gaining further insight into the nature o f the substrate binding pocket. As discussed in 

the introduction the crystal structure o f BVR-A from the rat has been resolved by two 

independent groups (Kikuchi et al., 2001 and Whitby et al., 2002). As a result our 

understanding o f the nucleotide binding domain is substantial. However it should be noted 

that the rBVR-A-NAD^ complex reported by Whitby et al., (2002) has the adenine moiety 

stacked over the nicotinamide ring. As will be discussed later, there is compelling evidence 

that this may be an artefact o f crystallisation and that in solution a more linear extended 

structure o f the pyridine nucleotide is probably adopted. From the experiments of 

Cunningham et al. (2000), we do know that at least one bridging propionate is required for 

optimal binding in the biliverdin binding pocket although two are preferred. The crystal 

structure with both cofactor and substrate bound however has not yet been determined, and 

as a result the nature o f the biliverdin binding is less clear.

It was decided to further probe the nature o f the biliverdin pocket using two initiatives. 

Firstly, similar to the methods o f Cunningham et al. (2000) a range o f synthetic biliverdins 

was used to further our knowledge and establish some of the ‘general rules’ associated 

with the kind o f substrates which the enzyme can reduce.
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Secondly, some CD spectral studies were also performed to examine whether or not a 

single conformer o f biliverdin is adopted on binding to BVR-A. The interaction of 

bilirubin with serum albumin has been extensively studied (Lightner et al., 1988, Lightner 

et al., 1986, Petersen et al 2000 Blauer et al 1970, Honore 1988 and the references cited 

therein). Many o f these studies have utilised a very interesting property associated with 

bilirubin, and that is the optical rotatory dispersion (ORD) which arises when bilirubin 

interacts with a number o f proteins. The most extensive studies have been with BSA which 

is now known to have a high affinity for bilirubin with at least one high affinity site Ka ~
Q 1 C

10 M ' , and two less specific secondary sites to which bilirubin may bind with Ka ~ 10 

M"' (McDonagh 1979 and Brodersen 1982). The optical activity o f (4Z, 15Z)-bilirubin- 

IX a (Figure 5.23), arises from the ‘ridge tile’ type structure which the molecule adopts. 

This phenomenon is caused by extensive intramolecular hydrogen bonds which link the 

polar carboxylic acids with the terminal lactams and causes the molecule to twist over onto 

itself Many groups have shown experimentally that bilirubin adopts such a conformation 

and it has been detected in crystals, in non polar solvents, and also as the predominant 

species present in polar solvents (all cited in Lightner et al., 1988). Bilirubin-IXa (and 

biliverdin-IXa) is optically inactive in aqueous solutions due to the racemic nature o f the 

solution as both enantiomeric forms are present in equimolar amounts. Again looking at 

the structures presented in Figure 5.23 we can see the two intramoleculy hydrogen bonded 

isomers have helicity designated P- (Plus) and M- (Minus) respectively (Nogales & 

Lightner 1995). When bilirubin binds to ligandin and albumin it adopts a specific 

conformation with either P helicity or M-helicity and the solution becomes optically active 

(Woolley e ta l., 1976).

With little structural information available on the nature o f biliverdin interactions with 

BVR-A it was considered that the optical rotatory dispersion o f biliverdin-IXa and 

bilirubin-IXa may provide some insight into the nature o f the enzyme-substrate complex 

and also the substrate binding pocket.

5.2 Separation of nucleotides

The development o f an alternative assay for biliverdin reductase activity is highly 

dependent on the ability to detect and separate the various components o f the radiolabelled

90



nucleotide synthesis reactions and also during the assay of human BVR-A. The most 

common methods for the separation o f mixtures o f nucleotides have been liquid 

chromatography on columns o f anion exchange resins Silverstein (1970) and thin layer 

chromatography on polyethyleneimine cellulose (Randerath & Randerath 1967). 

Numerous techniques involving HPLC separations are also available. It was decided to 

look at some o f these methods and determine the most reproducible and applicable 

methods for this assay.

5.2.1 Separation of nucleotides using DEAE column chromatography

One of the methods examined which could facilitate the separation o f various nucleotides 

was ion exchange chromatography using DEAE mini-columns. Experimental procedures 

are outlined in Section 2.5.9a. Solutions, ImM  of NAD"^, NADH, NADP^ and ATP were 

made in lOmM Tris-HCl pH 7.2. Samples (200fj.l) were loaded onto the column and 

washed with lOmM Tris pH 7.2 (18ml) followed by elution with a 2 x 50ml gradient 

(50mM KCl to 400mM KCl in lOmM Tris pH 7.2). Results o f these experiments are 

presented in Figure 5.2. It is evident that NAD^ elutes with good resolution between 60 -  

70 mM KCl. The resolution o f ATP, NADPH and NADP^ is less effective however. 

Elution peaks o f each nucleotide have been shown to overlap. Dilution o f the samples 

loaded is also quite extensive with NADPH elution occurring over 20ml. It is interesting to 

note the appearance o f a peak corresponding to that o f NAD^ when samples o f freshly 

prepared NADH were run. This implies that significant quantities o f NAD^ are present in 

the NADH commercially available from Sigma. Although this system would have some 

merit with its ability to purify NAD^ prior to its phosphorylation by NAD"^ kinase, its use
I ^  ̂  I

as a method for the separation o f ATP and NADP during the synthesis o f 2 ’ [ P]-NADP 

would not be useful due to large sample dilution and lack o f clear resolution between 

nucleotides.

5.2.2 Separation of nucleotides using PEI cellulose TLC

The chromatographic mobility o f NADP^, NADPH, NADH and NAD^ on PEI-cellulose 

were determined. Samples (2|al o f a 2mM solution o f each nucleotide) were spotted onto 

PEI-cellulose TLC plates (Sigma Cat NO; Z12,288-2) and developed in an enclosed glass
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Figure 5.1 The various methods which would allow the production of labelled NADPH and NADH are shown.

The synthesis of three different labelled nucleotides are possible with the methods described. It is possible to produce NADPH with a double 

[^^P] label incorporated [adenylate-^^P]-NADPH, 2’[^^P] [adenylate-^^P]-NADPH and [adenylate-^^P]-NADH. The [^^P] is highlighted in red in 
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container using the solvents outlined in Table 5.1. A lso presented in this Table are the 

relative mobilities o f  the nucleotides in each solvent. Since over time it can be difficult to 

keep experimental conditions constant the relative Rf values were calculated. “Relative Rf” 

means that the values are reported relative to a standard, and in this case LiCl (0.8M ) was 

used for the calculation o f  relative mobilities during each o f  the separations. Visualisation  

o f  ‘cold’ nucleotide was achieved by exposing the dried plates to U V  light at 254nm, and 

observing the fluorescence using a UVP bioimaging system attached to an Epi Chemi II 

Darkroom with a UVP ultraviolet products camera.

It was found that both oxidised nucleotides (NADP^ and NAD"^) had greater mobilities 

than the reduced forms (NADH and NADPH) in the solvents used during these 

separations. It is also clear that divalent cations such as Ca^”̂ increase the mobility over 

monovalent cations in solution. One plausible explanation could be that divalent cations 

causes an increased rate o f  desorption o f  the ribose phosphates (and the 2 ’phosphate o f  

NADPH and NADP^) from the poly ethyleneimine cellulose particles

Presented in Figure 5.3 (a) is the separation o f  ‘cold’ NADP"  ̂ and NADPH using PEI 

cellulose TLC. The solvent used was 200mM CaCh 50mM Tris-HCl pH 7.2. Figure 5.3b 

shows the separation o f  ‘cold’ NAD^ and NADH, using 50mM CaCl2 50mM Tris-HCl pH 

7.2 as solvent. One could ideally visualise the separated labelled nucleotides by exposing 

the plate on a phosphoimager screen and the amount o f  NADP^ and NADPH quantified 

using this system. Unfortunately this equipment was unavailable during the course o f  this 

work. A s a result the most convenient method o f  visualising the labelled reactions was 

using autoradiography as presented in Figure 5.3 (c). Here a 5|al aliquot o f  the heat- 

inactivated BVR-A assay using 2 ’-[^^P]-NADPH as cofactor was loaded onto a PEI- 

cellulose TLC plate. After the nucleotides were separated by TLC, the plate was dried, and 

over-laid with X-ray film and exposed for 8 hours. Shown in lane 1 is a control experiment 

without human BVR-A in the assay mix. Lane 2 contains all components o f  the reaction 

using 2|o,M biliverdin as substrate and in lane 3, 5fi,M biliverdin was used as substrate. The 

production o f  NADP^ by B V R -A  can be calculated using densitometry or alternatively, 

the plates can be scraped and nucleotide extracted from the PEI cellulose with solvent and 

counted by liquid scintillation counting.
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Figure 5.2 The separation of various nucleotides on DEAE cellulose anion 

exchange chromatography.

Separation of various pyridine nucleotides ( ♦ NAD^ , ■ ATP, •  NADPH, NADH, 

♦ NADP^) on DEAE cellulose as described in Section 2.5.9a. Elution was achieved 

using (-.-.-.-)a potassium chloride gradient (50 to 400mM).



Figure 5.3 TLC separation of NADH NAD^ NADP”̂ and NADPH using PEI- 

cellulose.

(a) The separation o f cold NADP^ and NADPH was achieved using PEI cellulose 

TLC plates. The separation o f 2\xl o f 2mM solutions of each nucleotide is presented. 

The solvent used was 200mM CaCh 50mM Tris pH 7.2. After separation the plates 

were air dried and visualised with an overhead UV light source (254nm).

(b) For the separation o f NAD^ and NADH, 50mM CaCl2 Tris pH 7.2 was used as 

solvent. Again the separation of 2|il o f 2mM solutions of each nucleotide is presented. 

Detailed descriptions of the methods used are described in Section 2.5.9c.

(c) TLC analysis of a BVR-A reaction using 2’-[^^P]-NADPH as cofactor. A 5|o,l 

of volume of the heat-inactivated BVR-A assay was loaded onto a PEI-cellulose TLC 

plate. After nucleotides were separated by TLC, the plate was dried, and over-laid 

with x-ray film and allowed to expose for 8 hours. The NADP^ and NADPH The 

production of NADP^ by BVR-A can be calculated using densitometry or 

alternatively, the plates can be scrapped and nucleotide extracted from the PEI 

cellulose with solvent before being counted. Shown in lane 1 is a control experiment 

without human BVR-A in the assay mix. Lane 2 contains all components o f the 

reaction using 2)o,M biliverdin as substrate and in lane 3, 5|iM biliverdin was used as 

substrate.
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Solvent

Relative retention factor

NADP* NADPH R, NADP* - R, NADPH

75mM Tris-HCI pH7.2 0.05 0.03 0.02

200mM NaCI 75mM Tris-HCI pH7.2 0.074 0.037 0.037

180mM CaCl2 75mM Tris-HCI pH7.2 0.54 0.13 0.41

200mM CaCb 75mM Tris-HCI pH7.2 0.754 0.377 0.377

200mM CaCb 75mM Tris-HCI pH 6 0.616 0.09 0.526

0.8M UCI2 0.615 0.29 0.325

1M UCI2 0.95 0.6 0.35

1.2M UCI2 0.98 0.87 0.11

0.8M LiCl2 20% Methanol 0.526 0.122 0.404

0.6M KCI 0.53 0.18 0.35

0.8M KCI 0.7 0.26 0.44

20% methanol 200nnM CaCb 10mM Tris-HCI pH7.2 0.636 0.181 0.455

20% methanol 250mM CaCb 75mM Tris-HCI pH7.2 0.672 0.19 0.482

20% methanol 300mM CaCl2 75mM Tris-HCI pH7.2 0.69 0.272 0.418

200mM MgClz 10mM Tris-HCI pH7.2 0.532 0.193 0.339

NAD* NADH R, NAD* - R, NADH

50mM CaCl2 50mM Tris-HCI pH 7.2 0.76 0.29 0.47

Table 5.1 Determination of the Rf values for NADP^ NADPH NADH and NAD^ in various solvents on PEI-cellulose TLC.



5.2.3 Separation of nucleotides using HPLC

The method of Markham et al. (2004) was selected as the method o f choice to allow for the 

separation of a mixture o f ATP, NADP^, NADPH, NAD^ and NADPH. The HPLC system 

used was a Shimadzu LC-IOAL with a Discovery C-18 HPLC column (25cm x 4mm) 

attached via 500fj,l loop. Elution profiles were recorded using the Shimadzu C-R8A 

chromatopack. The presence o f nucleotide was detected by monitoring the absorbance at 

254 nm using the Shimadzu LC-IOAL UVA^IS detector. Three buffers were used during 

the separations. Buffer A comprised o f lOOmM potassium phosphate pH 6.0, Buffer B 

comprised o f a mixture o f 60% Buffer A with 40%> MeOH and Buffer C comprised o f 

100% MeOH. Elution from the column was achieved using the following program 0 - 9  

minutes 100% buffer A, 10-15 minutes 98.5% Buffer A 1.5% Buffer B, 15-20 minutes 

96.5% Buffer A, 3.5%> Buffer B, 20-28 minutes 75%> Buffer A and 25% Buffer B, and 

finally between 29 - 40 minutes the column was washed with 100% Buffer C (methanol). 

The flow rate was maintained at 0.8ml/min for the first 29 min o f the program after which 

it was increased to Iml/min during the methanol wash. Presented in Figure 5.4 is the 

HPLC separation o f a mixture of 250 jiM solutions o f ATP, NADP^, NADPH, NAD^ and 

NADPH in a total volume o f 500(il. Using this method all nucleotides in the mixture 

resolved into well define peaks with sufficient differences in retention times. ATP elutes at 

/r  =5.1 mins, NADP"^ at =12.1 mins, NAD"^ at ?r= 23.4 mins, NADPH at /r  = 27.1 mins, 

and finally NADH at = 29.5 mins. This technique was chosen as the method o f choice 

for all separations during the synthesis o f labelled nucleotides.

5.2.4 Synthesis of |adenylate-^^P] NADH

There are a number o f methods which one could use to synthesise both [ P] NADPH and 

[ P] NADH using the commercially available isotopically labelled nucleotides and these 

are detailed in Fig. 5.1. The first involves the enzymatic reduction o f [adenylate- P] NAD 

to [adenylate- P] NADH using alcohol dehydrogenase from Saccharomyces cerevisiae.

Ethanol + [^^P-adenylate]-NAD^_^^^^^^ADH

Acetaldehyde + [^^P-adenylate]-NADH
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Figure 5.4 HPLC separation of a mixture of ATP, NADP% NADPH, NAD^ and NADPH

The separation of a 500 |al sample containing ATP, NADP^, NADPH, NAD^ and NADPH, all at a final concentration of 250 |iM as described in 

section 5.2.3.



The equilibrium of this reaction lies in favour o f ethanol and NAD^, however under 

alkaline conditions (pH 8 .6 ) and with a large excess o f ethanol (500 mM) equilibrium 

shifts to the right producing conversion yields o f up to 80% NADH. The ADH reaction 

was performed at 30°C and the extent o f conversion was measured by monitoring the 

increase in absorbance at 340 nm due to the reduction o f NAD^ by the enzyme using 

ethanol as substrate. The final concentrations o f reactants in the conversion assay is 

500mM ethanol, 2.5 mM [^^P-adenylate] NAD”̂, and lOOmM Tris-HCl, pH 8 . 6  in a total 

volume o f 500)j,l. The reaction was started by the addition o f 0.1 units o f enzyme. The 

percentage conversion to NADH was calculated from the increase in absorbance observed 

at 340nm. The conversion o f the [adenylate-^^P] NAD^ to the reduced form proved 

problematic however. Although up to 80% yields o f ‘cold’ NADH were routinely 

produced, the assay using [ P-adenylate] NAD produced yields with less than 20% 

conversion. One possibility is that the stabilisation solution used in the shipment of this 

nucleotide, which included /3-mercaptoethanol and various salts, may interfere with the 

ADH reaction. Furthermore attempts to perform multiple rounds o f purification in the hope 

o f producing sufficient reduced nucleotide were hindered by its instability and subsequent 

breakdown as determined by A 260/A 340 ratio. Although [adenylate- P] NADH was 

successfully produced, further work is required to determine what factors cause a reduction 

in yields and the deterioration o f nucleotide.

5.2.5 Synthesis of 2’-[^^P]-NADPH

[^^P]-NADP^ was formed enzymatically by phosphorylation o f the NAD^ adenosine 

ribosyl residue’s C(2’)-0H  group using NAD^ kinase and adenosine 5 '-[7 -^^P] triphosphate 

as [^^P] donor. This was made feasible by utilising recombinant E.coli NAD"^ kinase which 

was cloned, expressed and kindly provided by Dr. Seamus Browne of the Biochemistry 

Department in Trinity College, Dublin. The conversion o f NAD^ to NADP^ was carried 

out essentially according to the method o f Kawai (2001) as described in Section 2.5.10.

Radiolabelled 2 ’-[^^P]-NADP^ purified from the NAD^ kinase reaction was reduced to 2 ’-
32  • +[ PJ-NADPH usmg the NADP dependent alcohol dehydrogenase from 

Thermoanaerobium brockii (TbADH). The final concentration o f each o f the components 

o f the ADH reaction used in the synthesis o f 2 ’-[^^P]-NADPH were propan-2-ol 500|j,M,
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Figure 5.5 HPLC analysis of the ADH reactions used to synthesise

NADPH.

(a) The components o f the alcohol dehydrogenase reaction shown in Table 5.2, 

with the exception of ADH, were incubated at 40°C for 30mins before loading on the 

column as described in section 5.3. Elution of the nucleotide (designated peak 1) is 

the NADP^ component o f the reaction which was detected at 254nm.

(b) Following a 30 minute incubation at 40°C, the components o f the entire ADH 

reaction shown in Table 5.X15 were separated by HPLC and (Section 5.3). Again 

nucleotides in the eluate were detected at 254nm. The emergence o f an additional 

peak (designated peak 2) was the 2 ’-[^^P]-NADPH produced when propan-2-ol is 

oxidised to acetone by the TbADH.

(c) The elution profile o f the total radioactivity/sample for a “hot” ADH reaction. 

Samples o f fractions collected following the ADH reaction were adequately diluted to 

maintain counting efficiency and counted in scintillation fluid (1ml). Peak 1 is 2’- 

[^^P]-NADP^. Peak 2 is 2’-[^^P]-NADPH.. Peak 3 is most likely a breakdown product 

of 2’ -[^^P]-NADPH .
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Figure 5.6 HPLC analysis of the newly synthesised 2’-[^^P]-NADPH

(a) A 2 5 4  elution profile from C-18 column when 20|u,l o f the newly synthesisec

2 ’-[^^P]-NADPH (243mCi/mmol) was mixed with 500|o,l of-SOOfiM o f NADPH anc 

analysed as described in Section 2.22.4.

(b) DPM elution profile when 20ul o f  the newly synthesised 2 ’-[^^P]-NADPF 

(2.7Ci/mmol) with 500|al o f  ~500|j,M o f NADPH analysed as described in Sectioi 

2.22.4. Radioactivity was detected by counting 100|^1 o f each o f  the elution fraction) 

in scintillation fluid (1ml). This plot represents the radioactivity present per 100^1 o ' 

sample.

(c) A 3 4 0  elution profile from C-18 column when 20|ul o f the newly synthesisec

2 ’-[^^P]-NADPH (243mCi/mmol) is mixed with 500|j.l o f ~500|aM o f NADPH and 

analysed as described in Section 2.22.4
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Component Stock concentration Volume Final concentration

Propan-2-ol 50mM 5nl 500^M
2’-[3^P1-NADP^ (2.7Ci/mmol) 8.25^M 500^1 ~7.5^iM
JZ>ADH lOOU/ml 2ul O.IU
NADP^ 2mM 5^1 20uM
Reaction buffer lOX 50^1 IX

(a)

Compound Concentration Volume Solvent Total
d.p.m.

d.p.m,/|o,l % Yield Specific Activity

2’-[^^P]-
NADP^

8.25|j,M 2ml lOOmM sodium phosphate pH 7.0 1.05 X lO*" 52500 18.4 2.7Ci/mmol

2’-[^^P]-
NADPH

14.6^M 1.6ml 30% MeOH : 70% lOOmM sodium 
phosphate pH 7.0 (v/v)

1.257 X 107 7856 2.2 243mCi/mmol

(b)

Table 5.2 Synthesis of 2’-[^^P]-NADPH.

(a) Components of ADH reaction used to synthesis 2’-[^^P]-NADPH

The (lOX) reaction buffer was IM sodium phosphate, pH 7.8 while the propan-2-ol stock was made from HPLC grade propan-2-ol 

(0.78g/ml). With the exception o f the 2 ’-[^^P]-NADP‘̂ , all reactants were made up in lOOmM sodium phosphate, pH 7.8. 2’-[^^P]-NADP^ 

was in lOOmM potassium phosphate, pH 7. The reaction was allowed to take place at 40°C for 30min.

(b) Purification of 2’-[^^P]-NADP^ and 2’-[^^P]-NADPH.



2 ’-[^^P]-NADP’̂ 7.5fj.M, 7?)ADH O.lunits, NADP"  ̂20fj,M in lOOmM sodium phosphate, pH 

7.8 (see Table 5.2). The HPLC method o f  Markham et al. (2004), described in Section 

2.5.9b allowed the purification o f  2 ’-[^^P]-NADPH from the ADH reaction. The 

components o f  the ADH reaction listed in Table 5.2, with the exception that ADH was not 

added, were incubated at 40°C for 30 minutes. This mixture was then analysed by HPLC 

the results o f  which are presented in Figure 5.5 (a). As one would expect, in the absence o f  

enzyme the main nucleotide component o f  the reaction mixture is NADP"  ̂ (designated as 

Peak 1). Figure 5.5 (b) shows the A 254 elution profile for a ‘hot’ ADH reaction containing 

all o f  the components necessary for the conversion o f  [^^P]-NADP^ to [^^P]-NADPH 

following 40 minute incubation at 40°C. The appearance o f  a second peak ‘Peak 2 ’ is the 

[ P]-NADPH produced when propan-2-ol is oxidised to acetone by J&ADH. Analysis o f  

the peak areas o f  Figures 5.5 (a) and Figure 5.5 (b), revealed that -75%  o f  the NADP^ had 

been converted to NADPH. Samples o f  each o f  the 0.4ml fractions collected following the 

HPLC purification o f  the ADH reaction were counted in 1 ml o f  ‘Ecoscint’. Multiple 

dilutions o f  the samples were taken and counted to ensure that the detection range o f  the 

counter was not exceeded thereby affecting the counting efficiency. The total radioactivity 

per sample was then measured and is presented in Figure 5.5 (c). The appearance o f  a third 

radioactive peak is evident when comparing Figures 5.5 (c) and 5.5 (b). The only 

reasonable explanation for the emergence o f  this peak would be the conclusion that this 

peak is most likely a breakdown product o f  the 2 ’-[^^P]-NADP^ used in the ADH reaction. 

Further identification o f  this contaminant was not pursued. To maximise the yield o f 2 ’- 

[^^P]-NADPH the ADH reaction was performed twice. The concentration o f  2 ’-[^^P]- 

NADPH was determined by measuring the absorbance at 260 nm and 340 nm. Its purity 

was also confirmed by calculating the ratio o f  these two values (i.e. from the extinction 

coefficients the A 260 / A 340 o f -2 .2 6  is -100%  pure). A total o f  1.6 ml o f  a -1 4 .6  |j,M o f  2 ’- 

[^^P]-NADPH (243 mCi/mmol) was made and purified from 1 ml o f  8.25 fxM solution o f  

2 ’-[^^P]-NADP^ (2.7 Ci/mmol). After the purification o f  the 2 ’-[^^P]-NADPH a 20|j,l 

aliquot was mixed with a 500 fxM solution o f  NADPH (500 fil) in 100 mM potassium  

phosphate pH 7. Again this mixture was analysed using the HPLC methods described 

above. The radioactive peak co-eluted with a single peak detected at 254nm and 340nm, 

providing evidence that the synthesised 2 ’-[^^P]-NADPH was indeed homogenous and co

purified as expected as shown in Figure 5.6.
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5.2.6 The temperature dependent inactivation of human BVR-A.

A stopped assay such as this requires inhibition of the enzyme or its denaturation at 

specific time points. It was concluded that the simplest method to achieve this was to heat 

inactivate the enzyme. A number of experiments were set up which involved heating the 

enzyme at 50°C, 60°C and 70°C in a water bath over 3 minutes. Following each incubation 

the enzyme was assayed in 100 mM Tris-HCl pH 8 containing 10 fo,M biliverdin-IXa and 

100 fiM NADPH. Rates were plotted with respect to enzyme incubated for similar periods 

at 30°C. The percent inactivation at each temperature is presented in Figure 5.7. It is 

apparent that incubation of human BVR-A at 70°C for 1 minute totally inactivates the 

enzyme. At 60°C the same levels of inactivation are achieved over a period of 90 seconds. 

A series of experiments were set up to determine the effects of exposing both NADPH and 

NADH to such temperatures. Figures 5.8 (a) and (b) show the rate of breakdown of 

NADPH and NADH respectively. NADPH is the most unstable with just over 1% of the 

total being broken down over 1 minute at 70°C. In contrast -0.3%  NADH was found to 

have broken down under similar conditions. It was concluded from this that the heat 

inactivation of the BVR-A reaction is a sensible option to denature the protein allowing a 

stopped assay.

5.2.7 The assay of human BVR-A using 2’-[^^P]-NADPH as cofactor

As discussed in Section 5.2.5, a total of 1.6 ml of a -14.6 |o,M solution of 2 ’-[^^P]-NADPH 

(243 mCi/mmol) was made and purified from 1 ml of an 8.25 fxM solution of 2’-[^^P]- 

NADP^ (2.7 Ci/mmol). The apparent Km for NADPH with human BVR-A is reported to be 

~2|u,M. Unfortunately the quantity of nucleotide produced (14.6 p,M) prevented any 

extensive studies on the kinetics of the enzyme. In the present study it has been shown that 

the assay of BVR-A activity is indeed possible using radiolabelled nucleotide as cofactor. 

Further work is required especially in the production of sufficient yields of radiolabelled 

nucleotide to facilitate the assay of BVR-A under saturation conditions with respect to 

nucleotide. Figure 5.9 details the methodology developed in its entirety. The purification of

1.6 ml of a -14.6 |o,M of 2 ’-[^^P]-NADPH (243 mCi/mmol) has been detailed and the 

subsequent use of this nucleotide to assay BVR-A activity is possible as shown in Figure
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Figure 5.7 Heat inactivation of human biliverdin-IXa reductase.

Heat inactivation of human BVR-A was performed as described in Section 5.4. The 

enzyme was incubated at 50°C ( •  ), 60°C (□), and 70°C ( ♦ ) and samples were 

assayed at various time points in lOOmM Tris pH 8, containing 10|j M biliverdin-IXa 

and 100^M NADPH.
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Figure 5.8 The heat stability of NADPH and NADH at various temperatures.

Figures (a) and (b) show the rate of breakdown of NADPH and NADH respectively. 

Rates of breakdown were determined by monitoring the decrease in absorbance at 

340nm of 100|j,M solutions of each nucleotide in lOOmM sodium phosphate pH 7.5.
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5.3(c) where 5|u,l o f the heat-inactivated BVR-A assay was loaded onto a PEI-cellulose 

plate and the nucleotides separated by TLC using 200mM CaCh 50 mM Tris-HCl pH 7.2. 

The plate was dried, and over-laid with x-ray film and allowed to expose for 8 hours. 

Shown in lane 1 is a control experiment without human BVR-A in the assay mix. Lane 2 

and 3 contained 2 |j,M biliverdin and 5 |j,M biliverdin as substrate respectively with all 

other components o f the reaction. The BVR-A dependent production o f 2 ’-[^^P]-NADP^ is 

clearly visible at 3 fJ,M biliverdin.

5.3 Investigating the nature of the biliverdin binding pocket

5.3.1 Probing the nature of substrate specificity of human biliverdin-IXa reductase 

using conformationally locked biliverdin substrates.

The substrate specificity o f human biliverdin-IXa reductase was examined using a range 

o f synthetic biliverdins kindly provided by Prof. Katsuhiko Inomata, Division o f Materials 

Sciences, Graduate School o f Natural Science and Technology, Kanazawa, Ishikawa 

Japan. These biliverdin derivatives have their C and D rings sterically locked by cyclizing 

with an additional 2 or 3-carbon chain (Inomata et al., 2005). These tetrapyrroles are 

termed 15ZZZ-anti 18ETBV, 15ZZZ-syn 18ETBV, 15ZZE-anti 18ETBV and 15ZZE-syn 

18ETBV and the structures o f each are shown in Figure 5.10a. The extinction coefficients 

o f each o f the locked isomers were determined and are presented in Figure 5.10b. Energy 

minimisation and structural comparisons were performed using the MOE program suite 

(MOE Molecular Operating Environment, Montreal, Chemical Computing Group Inc. 

2001) in collaboration with Georgia Golfis, School o f Biochemistry and Immunology, 

Trinity College, Dublin and the results o f which are shown in Figure 5.1 la, b and c.

The absorbance spectra o f 17 fj,M 15 ZZZ-synl8ET biliverdin in lOOmM Tris-HCl pH 8 

with and without BSA were measured and the results are presented in Figure 5.13. The 

addition o f 37 )iM BSA causes Xmax shifts from 379 nm to 392 nm and from 660 nm to 680 

nm (Figure 5.13a). During the course o f this work it was noticed that the incubation o f  15 

ZZZ-syn 18ETBV with BSA (37 |iM) resulted in a time-dependent change in the spectrum 

of this isomer which is suggestive o f a reaction occurring on the surface o f the albumin. 

This is clearly visible in Figure 5.15 (b). As shown there is a substantial increase in the
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Figure 5.10a Biliverdin-IXa derivatives were used to investigate the substrate 

specificity of recombinant human BVR-A.

Structures 1 and 2 show biliverdin-IX a and (18ET biliverdin-IX a )  18,18’- 

dihydrobiliverdin-IXa respectively. Structures 3, 4, 5, and 6, depict the locked 

synthetic biliverdin isomers 15ZZZ-anti 18ET biliverdin-IX a , 15ZZZ-syn 18ET 

biliverdin-IX a , 15ZZE-anti 18ET biliverdin-IX a ,  15ZZE-syn 18ET biliverdin-IX a .

These derivatives have fixed C and D rings through the addition o f a carbon chain in 

either the Z-anti, Z-syn, E-anti, or E-syn conformations. The C15=C16 double bond is 

either in the Z or E conformation and the single bond in either the syn or anti position.
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15ZZZ-anti 18ET biliverdin-IXo 

15ZZZ-syn 18ET biliverdin-IXa 

15ZZ£-anti 18ET biliverdin-IXo 

15ZZE-syn 18ET biliverdin-lXa (a)

15ZZZ-anti 18ET biliverdin-IXa

15ZZZ-syn 18ET biliverdin-IXa

15ZZE-anti 18ET biliverdin-IXa

15ZZE-syn 18ET biliverdin-IXa

Apparent Molar Extinction Coefficient (e)
Isomer \ Solvent MeOH MeOH/HCI lOOmM Tris pH 8̂

M.cm’^ M.cm'^ M.cm'^
ZZE-anti 18ET biliverdin 40533 @ 380nm 38984 368nm 29735 379nm
ZZE-syn 18ET biliverdin 33000 @ 389nm ND ND
ZZZ-antil8ET bUiverdin 23355 @ 385nm 24833 @ 370nm 24194 @ 379nm
ZZZ-syn 18ET biliverdin 39850 @ 382nm 31325 @376nm 31325 0,376nm

(d)



Figure 5.10b Energy minimised structures of tlie locked biliverdins

Energy minimisation and structure comparisons were performed using the the MOE 

program suite (MOE Molecular Operating Environment, Montreal, Chemical 

Computing Group Inc. 2001).

(a) 15ZZZ-anti 1 SET biliverdin-IXa, 15ZZZ-syn 18ET biliverdin-IXa,

15ZZE-anti 18ET biliverdin-IXa, 15ZZE-syn 1 SET biliverdin-IXa, 

and ISET biliverdin-IXa overlaid

(b) 15ZZZ-anti 1 SET biliverdin-IXa, 15ZZZ-syn 1 SET biliverdin-IXa,

overlaid.

(c) 15ZZE-anti ISET bihverdin-IXa, 15ZZE-syn ISET biliverdin-IXa 

overlaid.

(d) Experimentally derived molar extinction coefficients o f the locked 

biliverdins in various solvents.

These derivatives have fixed C and D rings through the addition of a carbon chain in 

the Z-anti, Z-syn, E-anti, or E-syn conformations. The C15=C16 double bond is either 

in the Z or E conformation and the single bond in either the syn or anti conformation.



absorbance at 425 nm with a corresponding decrease at 680 nm, which mimics the 

formation o f bilirubin. Interestingly, Manitto and Monti (1979) reported the observation 

that sulphydryl groups add to the central methene bridge o f biliverdin in organic solvents 

and that this addition reaction with organic thiols was also promoted in the presence of 

albumin. In this case there is an increase at 460 nm, however the 15ZZZ-syn 1 SET isomer 

exhibits a slow increase at 425 nm coupled with a decrease at 680 nm. To determine the 

stability o f this isomer in buffer and in the presence o f NADPH kinetic scans from 300 nm 

to 750 nm were measured over a period o f 10 minutes. Samples measured contained 17 

|o,M 15 ZZZ-synl8ET biliverdin at 37°C in 100 mM Tris-HCl pH 8 and also with 120 )^M 

NADPH included, the results o f which are presented in Figure 5.13 (b). It is clear that there 

are no spectral changes observed over the time periods measured. On addition o f 1.4)a.g 

human BVR-A there is a characteristic decrease in absorbance at 660nm and an increase in 

the absorbance at 460nm which is associated with bilirubin production. The effect of 

increasing concentrations o f 15ZZZ-syn 18ET biliverdin (2, 5, 10 and 20 |j,M) on the 

activity o f human biliverdin IX a reductase was also examined. The production o f bilirubin 

was measured by monitoring the increase in absorbance at 460nm. The reaction mixture 

contained 15ZZZ-syn 18ET biliverdin and 100|iM NADPH in lOOmM Tris-HCl pH 8 at 

37°C, and the results are presented in Figure 5.14. As with biliverdin-IXa potent substrate 

inhibition was observed when using 15 ZZZ-syn 18ET biliverdin as substrate.

None o f the other fixed isomers (15ZZZ-anti 18ET [Figure 5.11]; 15ZZE-anti 18ET 

[Figure 5.16] and 15ZZE-syn 18ET [Figure 5.18]) exhibited time-dependent spectral shifts 

simply on incubation with BSA. They were all substrates for human BVR-A and revealed 

the characteristic immediate blue shifts, on addition o f BSA (for the “390” and “660” 

peaks), this being particularly marked for the 15ZZE-syn 18ET isomer (Fig. 5.18). 

Addition o f NADPH (120|o,M) and human BVR-A produced the expected increase at 

460nm coupled with a decrease at 660nm. When the initial rate was measured (A460) at a 

range o f concentrations o f the various locked isomers the characteristic substrate inhibition 

profile was evident (Figure 5.12; Figure 5.14 and Figure 5.17).
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Figure 5.11 15 ZZZ-anti 18ET biliverdin as a substrate for human biliverdin

IXa reductase

(a) The absorbance spectrum of 25fa,M 15 ZZZ-anti 18ET biliverdin in 

reaction buffer (lOOmM Tris pH 8) is represented by the blue line. On 

addition of 37uM BSA the spectrum shift observed is represented by the 

red line.

(b) The absorbance spectrum of 25|o,M 15 ZZZ-anti 18ET biliverdin and 

37)aM BSA in lOOmM Tris pH 8 is represented in red. The addition of 

120|liM NADPH to the reaction mixture gives the spectrum shown in pink. 

This absorbance spectrum o f this reaction mixture was monitored over a 

10 minute period.

(c) The absorbance spectrum changes observed on the addition of 1.4^g 

human BVR-A to a reaction mixture containing of 25)j,M 15 ZZZ-anti 

18ET biliverdin and 37(iM BSA in lOOmM Tris pH 8. The spectrum 

changes were monitored over 10 minutes at 37°C.
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Figure 5.12 15 ZZZ-anti 18ET biliverdin as a substrate for human biliverdin-

IX a reductase.

The effect o f increasing concentrations o f 15 ZZZ-anti 18ET biliverdin ( 2, 5, 10 and 

20 |aM ) on the activity o f human biliverdin IX a reductase. The activity was measured 

at 460nm and at 37°C. The reaction mixture contained 15 ZZZ-anti 18ET biliverdin 

and lOOp-M NADPH in lOOmM Tris pH 8. The reaction was started on addition of 

enzyme. Data points represent triplicate datasets averaged. The data was fitted to the 

equation for partial substrate inhibition, the results of which are shown in Appendix V 

Figure 1.



Figure 5.13 15 ZZZ-syn 18ET biliverdin as a substrate for human biiiverdin

IXa reductase

(a) The absorbance spectrum of 17|aM 15 ZZZ-synl8ET biliverdin in reaction 

buffer (lOOmM Tris pH 8) is represented by the blue line. On addition of 

37uM BSA the spectrum shift observed is represented by the red line.

(b) The absorbance spectrum of 17p,M 15 ZZZ-syn 18ET biliverdin in lOOmM 

Tris pH 8 is represented in red. The addition of 120|nM NADPH to the 

reaction mixture gives the spectrum detailed in blue. This absorbance 

spectrum of this reaction mixture was monitored over a 10 minute period. 

BSA was not added to this reaction.

(c) The absorbance spectrum changes observed on the addition o f 1.4|^g 

human BVR-A to a reaction mixture containing of 17|j,M 15 ZZZ-syn 

18ET biliverdin in lOOmM Tris pH 8. The spectrum changes were 

monitored over 12 minutes at 37°C. Again BSA was not added to this 

reaction.
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Figure 5.14 ZZZ-syn 18ET biliverdin as a substrate for human biliverdin IXa 

reductase.

The effect o f increasing concentrations of ZZZ-syn 18ET biliverdin (2, 5 ,10 and 

20|j,M) on the activity o f human biliverdin IX a reductase. The activity was measured 

at 460nm and at 37°C. The reaction mixture contained ZZZ-syn 18ET biliverdin and 

100|aM NADPH in lOOmM Tris pH 8. The reaction was started on addition of 

enzyme. Data points represent the averages of three datasets. The curve was fitted to 

the equation for partial substrate inhibition, the results of which are shown in 

Appendix V Figure 1.



Figure 5.15 The effects of BSA on the absorbance spectrum of 15 ZZZ-syn 

18ET biliverdin.

(a) The absorbance spectrum of 15 ZZZ-syn 18ET bihverdin (17|j,M) in

lOOmM Tris pH 8 was monitored for 20 minutes at 37°C.

(b) The absorbance spectrum changes of 15 ZZZ-syn 18ET biliverdin

(17|j,M) in lOOmM Tris pH 8 on addition o f BSA to a final 

concentration o f 37|iM. The mixture was monitored for 20 minutes at 

37°C.
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Figure 5.16 15ZZE-anti 18ET biliverdin as a substrate for human biliverdin 

IXa reductase

(a) The absorbance spectrum of 13|j.M 15ZZE-anti 18ET biliverdin in lOOmM 

Tris pH 8 is represented by the blue line. On addition o f 37uM BSA the 

spectrum shift observed is represented in red line.

(b) The absorbance spectrum of 13|aM 15ZZE-anti 18ET biliverdin, 37uM 

BSA in lOOmM Tris pH 8 is represented in black. The addition o f 120|^M 

to the mixture gives the spectrum observed in red.

(c) The absorbance spectrum changes observed on the addition o f 0.28|j,g 

human BVRA to a reaction mixture containing of 13|iM 15ZZE-anti 18ET 

biliverdin, 37uM BSA in lOOmM Tris pH 8. The spectrum changes were 

monitored over 12 minutes at 37°C.
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Figure 5.17 15ZZE-anti 18ET biliverdin as a substrate for human biliverdin 

IX a reductase.

The effect o f increasing concentrations o f 15ZZE-anti 18ET biliverdin (2, 5, 10 and 

20 |j,M) on the activity o f human biliverdin IX a reductase. The activity was measured 

at 460nm and at 37°C. The reaction mixture contained 15ZZE-anti 18ET biliverdin 

and 100|J.M NADPH in lOOmM Tris pH 8. The reaction was started on addition of 

enzyme. Data points represent the average o f three datasets. The curve was fitted to 

the equation for partial substrate inhibition, the results o f which are shown in 

Appendix V Figure 1.



Figure 5.18 15 ZZE-syn 18ET biliverdin as a substrate for human biliverdin

IXa reductase

(a) The absorbance spectrum of 17)jM 15 ZZE-synl8ET biliverdin in reaction 

buffer (lOOmM Tris pH 8) is represented by the blue line. On addition of 

37uM BSA the spectrum shift observed is represented by the red line.

(b) The absorbance spectrum of 17^M 15 ZZE-syn 18ET biliverdin in lOOmM 

Tris pH 8 is represented in red. The addition o f 120^M NADPH to the 

reaction mixture gives the spectrum detailed in blue. This absorbance 

spectrum of this reaction mixture was monitored over a 10 minute period.

(c) The absorbance spectrum changes observed on the addition o f 1.4|u.g 

human BVR-A to a reaction mixture containing of 17|iM 15 ZZE-syn 

18ET biliverdin and 37p,M BSA in lOOmM Tris pH 8. The spectrum 

changes were monitored over 10 minutes at 37°C.
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5.3.2 Initial rate studies with biliverdin sulphonate, biliverdin ditaurate and the 

dimethyl ester of biliverdin-IXa

Biliverdin- IX a sulphonate was a gift from Dr. David Lightner, University o f Arizona, 

Reno. It is a good substrate (Figure 5.19) and the substrate inhibition is not as potent as 

that seen with biliverdin-IXa. The kinetic behaviour o f biliverdin ditaurate is shown in 

Figure 5.20. The substrate inhibition with this sulphonate also exhibits less potent 

substrate inhibition than biliverdin-IXa. The dimethyl ester o f biliverdin-IXa is clearly 

not a substrate for BVR-A (Fig 5.21), which supports previous findings reported by 

O ’Carra & Colleran (1970).

5.3.3 The CD spectrum of biliverdin-IXa and bilirubin-IXa bound to BVR-A

Circular dichroism results shown in Figures 5.24, 5.25, 5.26 and 5.27, have been 

summarised in Figure 5.28. It is clear that human GST-tt binds biliverdin with M helicity 

while all other protein examined (human serum albumin, rabbit serum albumin, bovine 

serum albumin and synechocystis BVR-A) bind biliverdin in the plus conformation. It is 

interesting that the synechocystis enzyme only binds biliverdin producing the characteristic 

CD spectrum in the presence o f nucleotide. Also worth noting that human BVR-A binds 

bilirubin in the minus conformation in the presence o f nucleotide while no CD spectrum 

was observed with the synechocystis enzyme in the presence o f nucleotide.
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Figure 5.19 Biliverdin ditaurate as a substrate for human biliverdin-IXa 

reductase.

(a) The structure o f biliverdin ditaurate.

(b) The effect o f increasing concentrations o f biliverdin ditaurate (1, 2, 5, 10,

20, 30 and 50 |^M) on the activity o f human BVR-A was measured by 

monitoring the production of bilirubin ditaurate at 460nm. The reaction 

mixture also contained 100|j,M NADPH in lOOmM Tris pH 8. The reaction 

was started by addition of enzyme and the temperature maintained at 30°C. 

The equation for total substrate inhibition (a*x) / (b+x+x^2/c) was used to 

curve fit to the data, the results o f which are presented in (c).
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Figure 5.20 Circular Dichroism spectra of the complex of biliverdin ditaurate 

and bovine serum albumin.

Circular dichroism equilibrium spectra o f 7.5|j,M biliverdin ditaurate in lOmM sodium 

phosphate pH 7 (•) , and of 7.5jxM biliverdin ditaurate and 37|aM BSA in lOmM 

sodium phosphate pH7 (•).
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Figure 5.21 Biliverdin-IXa dimethylester is not a substrate for human BVR-A

Kinetic scan o f  a reaction mixture containing 10|j,M biliverdin-IX a dimethylester, 

lOO^M NADPH and 37|^M BSA, 5ng human BVR-A in lOOmM Tris pH 8 at 30°C.
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Figure 5.22 Biliverdin-IXa sulphonate as a substrate for human biliverdin-IXa 

reductase.

The effect o f increasing concentrations (over the range 2, 5, 10, 15, 20, and 25 i4,M ) 

o f biliverdin-IXa sulphonate on the activity o f human biliverdin-IXa reductase. The 

activity was measured by monitoring the increase in absorbance at 460nm and at 

30°C. The reaction was started by the addition o f 1.5 ^g of human BVR-A. The rate 

o f reaction using 700 ^lM NADH as co-factor and in the presence o f 37 |j,M ESA is 

represented by (■), 700 nM NADH in the absence of BSA represented by (♦), and 

100 |iM NADPH as cofactor is represented by ( ).
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Figure 5.23 Diagramatic representations of the ridge tile structure and 

intramolecular hydrogen bonding of bilirubin-IXa

The ridge tile structure is shown in (a), which results from the intramolecular 

hydrogen bonding shown in (b). Two enantiomeric forms exist. The enantiomer on 

the left has M (minus) chirality while the enantiomer on the right has P (plus) chirality 

shown in (c).



Figure 5.24 Circular dichroism spectra of the complex of biliverdin-IXa and 

various proteins.

(a) Circular dichroism spectra of the complex of 7.5|aM biliverdin-IXa and 37|0.M

human serum albumin.

(b) Circular dichroism spectra of the complex o f 7.5|j,M biliverdin-IXa and 37)^M

rabbit serum albumin.

(c) Circular dichroism spectra of the complex of 7.5|a.M biliverdin-IXa and 30|iM

human GST-Pi.

Measurements were taken at 30°C in lOmM sodium phosphate buffer pH 7.2. This

buffer was also used in all baseline measurements for these experiments.
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Figure 5.25 Circular dichroism spectra of the complex of biliverdin-IXa with 

BSA and with synechocystis biliverdin-IXa reductase.

(a) Circular dichroism spectra of the complex of 7.5|j,M biHverdin-IXa and 37|j,M 

bovine serum albumin inlOmM sodium phosphate buffer pH 7.2 at 30°C.

(b) Circular dichroism spectra of the complex of 7.5piM biliverdin-IXa and 30^.M 

synechocystis biliverdin-IXa reductase in lOmM sodium phosphate buffer pH 

7.2 at 30°C.



Figure 5.26 Circular dichroism spectra o f the complex o f bilirubin-IXa with 

various proteins.

(a) Circular dichroism spectra o f the complex of 7.5)j.M bilirubin-IXa and 37|o.M

bovine serum albumin.

(b) Circular dichroism spectra of the complex of 7.5|iM bilirubin-IXa and 30|iM

human tt glutathione-iS-transferase.

(c) Circular dichroism spectra o f the complex of 7.5)j,M bilirubin-IXa and 30)a.M

synechocystis bilirubin-IXa reductase.
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Figure 5.27 Circular dichroism spectra of the complex of bilirubin-IXa with 

various proteins.

(a) Circular dichroism spectra o f the complex o f 7.5 |j,M biliverdin-IXa with 20 

|j,M human biliverdin IX a reductase and 100 |^M NADP^ in lOmM sodium 

phosphate pH 7.2

(b) Circular dichroism spectra o f the complex o f 7.5 |^M biliverdin-IXa and 37 

|j,M rabbit serum albumin.



Figure 5.28 The‘ring-like’ and ‘open’ structures of biliverdin-IXa.

The dihedral angles 6 i - 65 govern the conformational structure of biliverdin-IXa. 

Studies by Wagniere & Blauer 1976 conclude that biliverdin adopts intermediate 

structures ranging from the conformations shown in (a) with a ‘ring-like’ structure to 

the ‘open’ structure shown in (b). The Fisher labelling system is used to identify 

individual atoms (see Chapter 1). The results o f the CD experiments (Figure 5.24 to 

Figure 5.27) are summarised in (c).



(a)

(b)

Biliverdin Bilirubin
HSA Plus Minus
RSA Plus
GST Minus Minus
BSA Plus Plus
Synechocystis Plus

No CD spectrum
Synechocystis NADP Plus observed

No CD spectrum No CD spectrum
Synechocystis observed observed
hBVR-A NADP Minus

(c)



5.3.4 DISCUSSION

The very potent substrate inhibition and relative insolubility o f the product bilirubin-IXa 

has hampered attempts to determine kinetic constants for biliverdin reductase. The problem 

arises when there are insufficient experimental data points on the ascending limb of the 

saturation curve to allow curve fitting routines to be used with confidence. The addition of 

BSA has been the traditional approach in reducing this problem however this introduces an 

additional complication. As mentioned in the introduction the addition o f BSA increases 

the extinction coefficient o f bilirubin from 27,000 M'* cm '' to 55,000 M"' cm’' (Phillips 

1981). Although it is clear that a larger extinction coefficient provides increased sensitivity 

for the detection o f bilirubin at 460nm the addition o f BSA effectively decreases the 

concentration o f free biliverdin. Previous studies (Phillips, 1981; Rigney, 1985) have tried 

to correct for both the increase in extinction coefficient for bilirubin and also the decrease 

in the concentration o f fi'ee biliverdin as a fraction is bound to BSA. This is clearly not 

straightforward as Phillips (1981) could only fit her data if  there was a large number o f 

binding sites (N=10) on albumin with very low affinities for biliverdin binding with Kd 

values for biliverdin greater than 0.5M.

In the standard assay total conversion o f a 1 fj.M solution o f biliverdin-IXa to bilirubin- 

IX a  will yield an absorbance increase o f 0.027 in the absence o f BSA. So measurement of 

initial rates during the conversion o f the first 10% o f substrate (that is before product 

inhibitory and substrate depletion effects are problematic) will result in an absorbance 

change o f 0.0027. As a result measurements o f initial rates with 1 fxM biliverdin or less are 

inaccurate using the traditional assay with a 1cm light path. One possible solution to the 

problem would be to increase the light path o f the assay to 10cm. Under the Beer Lambert 

law this would increase the sensitivity by tenfold giving an absorbance change o f 0.027 for 

10% conversion o f l|iM  biliverdin. Spectrophotometers such as the Beckman DU 650 

Spectrophotometer which has a 10cm light path may provide the necessary experimental 

data allowing more accurate curve fits to be achieved. However this method would only be 

useful for measurement o f concentrations o f 0.25 |iM  biliverdin or above. The 

disadvantages o f this method are obvious as the consumption o f enzyme nucleotide and 

substrate would be tenfold. Other methods o f increasing the sensitivity o f the assay were 

examined. One o f the standard tests for bilirubin involves the diazo reaction (reviewed in
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Dolphin, 1979). Diazonium salts react with aromatic amines in bilirubin to give stable 

red/violet azo derivatives (Hutchinson et al., 1972). Their use in a stopped assay as an 

extinction enhancement for bilirubin was considered but again the sensitivity would not be 

sufficient for this application. It was decided therefore that a method with most potential 

for the development o f an alternate assay system for BVR-A was that o f a radiolabelled 

assay using 2 ’-[^^P] NADPH. The production o f 2 ’-[^^P] NADPH with sufficiently high 

specific activity would allow for the assay o f this enzyme at nM concentrations. It would 

also provide the best method for the establishment o f physiological concentrations o f 

biliverdin-IXa in tissues. It is probable that the concentration o f free biliverdin is so low 

the enzyme would not suffer from substrate inhibiton in vivo. In this study a number of 

methods to separate NADPH from NADP^ and NADH from NAD^ were examined. The 

separation o f nucleotides on DEAE cellulose chromatography (Section 5.2.1) was deemed 

impractical for use in this study. The technique may have merits in processes whereby a 

single step purification o f NAD^ from NADH and NADP^ from NADPH is necessary. The 

resolution o f NADP^ and NADPH peaks in the presence o f ATP however is poor. Running 

a column for each assay sample would have proved very difficult due to the numbers o f 

samples and the generation o f large volumes o f liquid wastes. For this reason the resolution 

o f nucleotides was far superior using HPLC based separation. The synthesis o f 2 ’-[ P] 

NADPH is described in Sections 5.2.5. As shown in Table 5.5b the specific activity o f the 

7 -[^^P] ATP in the NAD kinase reaction was 30 Ci/mmol and the 2 ’-[^^P] NADP^ formed 

in the kinase reaction was 2.7 Ci/mmol which is approx 10% o f the specific radioactivity
• . . .  32o f the starting ATP. If the starting material was o f a higher specific radioactivity (7 -[ P] 

ATP with a specific activity o f 6000 Ci/mmol for instance) the reaction would facilitate the 

production o f 2 ’-[^^P] NADP"^ with a specific activity close to 600 Ci/mmol which could in 

turn synthesise 2 ’-[^^P] NADPH with specific activity o f 60 Ci/mmol. In the experiment 

described in Section 5.2.5, 14.6 |u.M 2 ’-[^^P] NADPH (1.6ml) was produced with 7856 

dpm/)j.l. If  this was used to assay BVR-A with a final reaction volume of 500|o,l, the 

volume o f the labelled nucleotide which could have been added would have been 100|^1. 

This results in a 1/5 dilution o f the solvent (30% MeOH in lOOmM sodium phosphate pH 

7) used to elute the 2 ’-[ P] NADPH. Concentrations o f methanol diluted to this level were 

shown not to inhibit BVR-A activity. Addition o f 100 (j.1 nucleotide, to a final assay 

volume of 500 ^1 also means that the concentration o f 2 ’-[^^P] NADPH is diluted from 

14.6 fiM to 2.9 |o,M, which is not saturating for the enzyme. Addition o f nonradioactive
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NADPH would be unproductive at this point as the specific activity would decrease. If the 

equivalent biliverdin concentration (2.9 |o,M) was used in the assay, and ~ 10% conversion 

o f 2 ’-[^^P] NADPH to 2 ’-[^^P] NADP”̂ obtained through the course of the reaction 0.29 p,M 

of 2 ’-[^^P] NADP”̂ would have been produced. Using the TLC method described to 

separate the 2’-[^^P] NADP"  ̂means that up to 5 |j,l of the assay would have been spotted 

onto each plate. The 2.9 )iM 2’-[^^P] NADPH (785,620 dpm/500|il) used in the assay 

would have produced 0.29 fj,M 2’-[^^P] NADP”̂ (78,562 dpm /500|ua1) in the assay assuming 

10% conversion. A major problem arises with the TLC separation as the spotting of 5 |j,l of 

the assay at the origin means that of the total counts (7856 dpm) being spotted the oxidised 

nucleotide would account for 785 dpm. It was hoped to use this assay with biliverdin 

concentrations as low as of 0.1 |iM biliverdin which would produce O.OljaM oxidised 

nucleotide in the reaction. Using the 2’-[^^P] NADPH synthesised in this study this would 

not have been possible yielding just (~27 dpm) on the TLC separation. It must be said 

however that with access to a dedicated -[^^P] fi'eeze drier or speedivac concentrator the 

2’-[^^P] NADPH purified in this study could have been concentrated enough and used to 

perform BVR-A assays using low nM ranges of biliverdin-IXa as substrate. The synthesis 

of 2 ’-[^^P] NADPH at 60 Ci/mmol would also prove invaluable in the development of this 

radiolabelled assay for BVR-A. This protocol certainly supplies a novel and sensitive assay 

for BVR-A and other reductases that use NADPH.

Although the kinetic parameters for biliverdin-IXa are difficult to obtain, the study of the 

biliverdin binding pocket of BVR-A is still possible using synthetic isomers. Substrate 

specificity studies using various isomers help us to determine how restrictive this site is. 

Previous studies by Cunningham et al., (2000) have shown that at least one bridging 

propionate is necessary for optimal binding of biliverdin isomers to BVR-A. They also 

showed that extending the propionate side chains to hexanoate resulted in a significant loss 

of activity whereas the butyrate derivatives retained high activity. The conclusions of that 

study was that a pair of positively charged amino acid side chains within the BVR-A 

structure were responsible for binding these propionates. Kikuchi et al. (2001) have 

suggested that the basic residues, Arg 171, Lys 218, Arg 224 and Arg 226, which are on 

the upper side of the putative NAD(P)H, binding pocket may be responsible for binding 

biliverdin through electrostatic interactions. In the present study biliverdin-IXa 

dimethylester was shown not to be a substrate for human BVR-A (Figure 5.21). Clearly
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oblating the negative charge of the carboxylate by forming the methylester prevents 

interactions with the enzyme. In contrast biliverdin-IXa sulphonate (Figure 5.22) and 

biliverdin ditaurate (Figure 5.19) have been shown to be a good substrates. Further studies 

using isomers with conformational restraints were analysed (Figures 5.10a and 5.10b). All 

these isomers proved to be substrates. These results are very informative and show that 

conformationally restricted isomers around C-15 of biliverdin are accessible to the 

substrate binding pocket and are catalytically productive. Examination of Figure 5.10b 

shows that when the conformationally restricted isomers are overlaid that the enzyme 

requires the central dipyrrole and one, preferably two, anionic side chains but can 

accommodate a large variation in volume at the two outer pyrroles. This is reminiscent of 

the behaviour of BVR-B where the two reducible pyrroles are fixed in density but the two 

outer pyrroles appear far more flexible (Pereira et al., 2001). This provides valuable 

information towards the development of an inhibitor for the enzyme. These substrate 

specificity studies show that the most important determining factors for substrate binding 

are the two charged propionate moieties and the central pyrrole rings. Modifications on the 

outer pyrroles do not impede binding and the enzyme’s catalytic activity.

This study was extended to determine whether a particular “chiral” form of tetrapyrrole 

binds to the various BVR-As studied. The CD spectra of biliverdin-IXa and bilirubin-IXa 

arise for different reasons. The optical activity of bilirubin-IXa (Figure 5.23a), arises from 

the extensive intra-molecular hydrogen bonds which link the polar carboxylic acids with 

the terminal lactams producing a ‘ridge tile’ type structure. An exciton coupling then 

occurs between the two dipyrrinone chromophores of the molecule causing the 

characteristic CD spectrum, with two ORD maxima, the first between 400 and 440nm, and 

the second between 446 and 448 nm. The saturation of the C-10 position of bilirubin not 

only allows the molecule to adopt the ridge tile structure but it also divides the molecule 

into two adjoining dipyrrinone chromophores. As shown in Figure 5.23 the bilirubin 

isomers have helicity designated P- (Plus) and M- (Minus) helicity (Nogales & Lightner 

1995). When bilirubin binds to ligandin and albumin it adopts a specific conformation with 

either P helicity or M-helicity and the solution becomes optically active (Lightner et al., 

1976).
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In the case of biliverdin-IXa however, the whole molecule is considered a chromophore, 

and is not split into two chromophores as a result of methene C-10 bridging position. 

Biliverdin gives its characteristic CD when it ‘twists’ into an unsymmetrical chromophore, 

as it will on binding to certain proteins. In this case ORD maxima are evident at 380 nm 

and at 650 nm. The dihedral angles 8i - 8(, govern the conformational structure of 

biliverdin-IXa. Studies by Wagniere & Blauer (1976) conclude that biliverdin adopts 

intermediate structures ranging from the conformations shown in Figure 5.28 (a) with a 

‘ring-like’ structure to the ‘open’ structure shown in Figure 5.28 (b). From Figure 5.25 (b) 

it is clear that, in the presence of NADP, biliverdin binds to the enzyme in the plus 

configuration. No spectrum was detectable in the absence of nucleotide which would 

confirm that there is an ordered binding mechanism involved with this enzyme. All other 

purified biliverdin-IXa reductases will be examined using CD analysis and the 

conformation adopted will be considered in the design and screening for a specific and 

novel inhibitor for this enzyme. The physical basis for the binding of biliverdin in an 

optically active form will depend on the solution of a crystal structure of BVR-A with 

bound tetrapyrrole.
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Chapter Six

Is biliverdin-lXa reductase a zinc metalloprotein and

does it have a leucine zipper?



6.1 Introduction

Human biliverdin IXa reductase was shown to be a metalloprotein by Maines et al., 

(1996). They performed both ^^Zn exchange and atomic absorption spectroscopy studies, 

the results of which indicate that both E.coli expressed and purified BVR-A from human 

liver contained zinc at a molar ratio of approximately 1:1. Maines et al., (1996) also 

observed a loss in activity in human BVR-A when C280 and C291 were substituted with 

alanine and interestingly, found that exogenous zinc inhibited NADPH dependent, but not 

NADH dependent activity. Further experiments by Kikuchi et al., (2001), during the 

successful crystallisation of rat BVR-A did not support the hypothesis that the rat enzyme 

is a zinc metalloprotein. These workers, supplemented the E. colt expression cultures with 

ZnCh  and, somewhat surprisingly, could not detect zinc in the purified protein. Later 

further efforts were made to introduce and co-crystallise rat BVR-A with zinc but this also 

proved refactory. Kikuchi et al., (2001) also state that neither the NADH- nor the NADPH- 

dependent activity of rat BVR-A was altered on addition of ZnCh (the concentration of 

which they have not specified). Site directed mutagenesis of cys 280 and cys 291 to alanine 

had little effect on activity. Kikuchi et al., (2001) also point out that in the rat crystal 

structure the ‘zinc finger like binding domain proposed by Maines et al., is aM  helix, 

which would not allow the tetrahedral coordination of Zn, and conclude that the structural 

and enzymatic observations strongly suggest that Zn is not essential for rat BVR-A 

activity.

It is interesting that rat and human enzymes share 83% amino acid sequence identity, and 

the proposed Zn binding site in the human corresponds to His 279-Cys 280-(Xio)-Cys 291- 

His 292 of rat BVR which is shown in Figure 6.1. Looking at all the proposed BVR-A 

sequences in Figure 3.2, we can see that only the mammalian sequences have high 

sequence identity in this area. On alignment of the BVR-A sequences from various species 

from the cyanobacteria to the mammalian enzymes one can see that the presence of the 

proposed zinc binding motif is largely a mammalian phenomenon. It is interesting to note 

that in BVR-A the ‘Rossmann fold’ and proposed active site residues ‘EYP’ of all species 

are very highly conserved. If zinc played an important structural role in BVR-A one would 

expect to find a very high degree of sequence conservation at the C-terminus. It was
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Cys281 Cys292X
N -L ys-A rg-Ile-L eu-H is280 Cys 293-Ser-A rg-L ys-C  terminus

(a)

Gallus LFMQDQNLFAKKLLGQVSKEELAAEKWRILRCLDLAGMIQQQCEQPEKICS 323
Xenopus LFMQDQNLFAKKLLGQVTREELLAEKQRILKCIDLAEEIKKKCEH 290
Zebrafish LFMQDRKLQGEVSAAELQAERNRILHCLELADRIQQITESTHA 292
Tetraodon LFMQDMVLFSAKLLGQMQKEKLRVLHCLELADRIREL-C 287
Homo QNIFVQKLLGQFSEKELAAEKKRILHCLGLAEEI-QKYCCSRK 296
Pan QNIFVQKLLGQFSEKELAAEKKRILHCLGLAEEI-QKYCCSRK 296
Canis QNIFVQKLLGQFSEKELAAEKKRILHCLWLAEEI-QKYCYSKK 296
Bos QNIFVQKLLGQFSEEELAAEKKRILHCLWLAGEI-QKHCCSKQ 296
MOUSE QDIFIQKLLGQVSAEDLAAEKKRILHCLELASDI-QRLCHRKQ 295
Rattus QDIFVQKLLGQVSAEDLAAEKKRIMHCLGLASDI-QKLCHQKK 295
Nostoc_sp.PCC TSMVLDHIFDGAPLYVTPEESLYTLRVADAAQRAAQMGITIFLT 318
Anabaena_var iab i1i s TSMVLDHLLDGTPLYVTPEESLYTLRVADAAQRAAQMGITIFLTDKLN 329
Nostoc punctiformePCC 73102 TAMVLDHLFDGTPLYVTPEQSLYTLKVADAAQRAAQTGFTMFMDKLN 322
Trichodesmium TKMVIEYLLQGTPLYITPEASLYTLKVANLSQKSSHNSGKATKFK 335
Crocosphaera TRMVLDHLFDSKPLYIKPESSIYALKVGETAHQSAISGKSVYL 341
Synechocyst is TEAVLDYLTTGKPLYVDLEASLYALEVADLCAQACGYKVEN 328
Gloeobacter TRMVLDVLQGRGELYTTPERSLHILATAAACERSAALGRSEAVEVPALPIG 332

(b)

Figure 6.1 The proposed Zinc finger of BVR-A

(a) A graphical representation of the zinc finger motif o f human BVR-A which 

has been proposed by Maines et al., (1996). This is based on an amino acid sequence 

(His 280-Cys 281-(Xio)-Cys 292-Cys 293) o f human BVR-A.

(b) The position of the proposed zinc binding motif in BVR-A from various 

species.
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Figure 6.2 Detection of protein and zinc in the eluates of Hi-Trap G-25 gel filtration devices.

(a): Equine liver alcohol dehydrogenase, (b): Human BVR-A supplemented with zinc, (c): Bovine serum albumin supplemented with zinc, 

(d): Human BVR-A without zinc supplementation, (e): Murine BVR-A without supplementation, (f): The standard curve o f absorbance at 

213.9 nm versus parts per million zinc present.



decided to look at both the newly characterised mouse BVR-A as well as the human 

enzyme, to establish whether or not they have the ability to bind zinc.

6.2 Determination of protein bound zinc by atomic absorption spectrophotometry

Atomic absorption spectrophotometry was used to measure zinc levels. This technique has 

been widely used to determine metal concentrations in biological tissue samples (Hackley 

et al., (1968). Sample preparation and zinc measurements were carried out according to the 

methods described in Section 2.5.6. The highest quality reagents available and distilled 

deionised water were used in the making o f all solutions. ZnC h  was used to create a 

standard curve over the range 0-0.5 parts per million (ppm) which is presented in Figure

6.2 (f). The absorbance at 213.9 nm was linear with respect to zinc up to the maximum 

standard measured i.e. 0.5 ppm.

Bovine serum albumin, equine liver alcohol dehydrogenase, human and murine biliverdin 

IX a reductase were all analysed for the presence o f zinc. In testing for protein bound zinc, 

both equine liver alcohol dehydrogenase (Sigma) and bovine serum albumin were used in 

control experiments. Equine liver ADH is known to contain two moles zinc per mole of 

enzyme (Drum et al., 1967) while BSA contains one (Ohyoshi et al., 1999). Human BVR- 

A was expressed in E.coli using LB supplemented with 100 |j,M ZnCU, and also in LB 

without zinc supplememtation. Expressed BVR-A was then purified to homogeneity. 1.5ml 

samples (0.5-1 mg/ml) which had been supplemented with ZnCh were dialysed against a 

200 times volume of 100 fiM ZnCh in 100 mM Tris-HCl pH 7.2 for 3 hours. Aliquots o f 

these (0.5ml) were then passed through a 5ml HiTrap™ Desalting Column (Amersham) 

equilibrated with lOOmM Tris-HCl pH 7.2. Eluent fractions were collected and those with 

peak protein content were further analysed for the presence o f zinc using atomic absorption 

spectroscopy.

Figures 6.2 (a) and (c) show the results o f the gel filtration experiments using ADH and 

BSA (which was supplemented with 100|iM ZnCh). Zinc co-elutes with BSA and on gel 

filtration as detected by the absorbance at 213.9nm, suggesting that BSA has a site which 

binds zinc with relatively high affinity. Figures 6.2 (b) and (d) represent the gel filtration 

experiments with human BVR-A [zinc supplemented and (b) and non supplemented (d)]
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and Figure 6.2 (e) shows the results for murine BVR-A (non supplemented). Where zinc 

supplementation was performed the non free zinc is seen eluting after 5ml of lOOmM Tris- 

HCl pH 7.2 had passed through. Analysis of the zinc detection results (Figure 6.3) taken 

from the peak protein fractions examined reveal that zinc is detectable in all proteins 

examined. As expected the levels in ADH are greatest with a molar ratio of 1.87 (zinc per 

protein). Interestingly, murine BVR-A seems to have substantially higher zinc bound than 

the other biliverdin reductases examined with 0.67 juiM zinc present per |iM enzyme. 

Human BVR-A both with and without supplementation contained between 0.2 and 0.3 p,M 

zinc per l|a,M enzyme, which is very similar to the levels found in BSA after 

supplementation. Even with the supplementation of zinc in the expression host growth 

media, and also through the purification process there is no significant increase in zinc 

levels. The 1:1 molar ratios reported by Maines et al., (1996) present in human liver BVR- 

A were not detected in this study with the recombinant enzyme.
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ProteinhBVRA-Zn hBVRA +Zn ADH
M ouse  BVRA

Sample Protein Concentration Zinc Concentration Zinc to Protein Ratio
Human BVR-A 39.2 nM 7.5 nM 0.19
Human BVR-A (Zn supplemented) 13.4 nM 3.8 nM 0.28
Murine BVR-A 12.9 nM 8.7 nM 0.67
Equine Liver Alcohol Dehydrogenase 26.3 nM 49.2 îM 1.87
Bovine Serum Albumin 12.7 2.7 nM 0.21

Figure 6.3 The detection of zinc in various protein samples subjected to desalting treatment on G-25.



6.3 Discussion

Based on the amino acid sequence similarities, Ahmad, Salim and Maines (2002) 

suggested that BVR-A is a basic leucine zipper-like (bZIP) DNA binding protein. They 

have indicated that certain key residues found in BVR-A are very similar to those 

conserved in the characteristic b-ZIP motifs of Saccharomyces GCN4 and YAP-1, human 

Shaker, c-myc, c-Jun, CREB, and c-Fos. b-ZIP motifs have been characterised in all of 

these transcription factors (Angel et al., 1988). Generally such bZIP proteins dimerise to 

bind specifically recognised DNA target sequences which regulate gene expression. When 

bound to DNA each monomer retains a characteristic a-helical structure whose N-terminal 

half binds the major groove of DNA while the C terminal region facilitates dimerisation to 

form a parallel leucine zipper coiled coil.

There are three basic portions of the bZIP motif which are crucial to their ability to

function as a transcriptional activator. The first region, the basic motif, is the DNA binding 

domain of the protein. The second region, is an alanine rich hinge region which separates 

the two structural motifs and allows for the transcription factor to bend. It is worth noting 

that some b-ZIP proteins (e.g., oct-1, oct-2, myc, myc-n and myc-1) are composed of two 

a-helical regions separated by a /3-tum collectively known as helix-loop-helix zipper 

proteins. Both the alpha helices and loops section have been shown to stabilise the DNA- 

protein interaction. One good example of the helix loop helix proteins, is c-myc. Its ‘hinge 

region’ is replaced by a loop or ‘turn’, which allows the N terminal helix to bind the major 

groove of the target DNA (Figure 6.5) which is characteristic of the helix-tum-helix.

Finally, the third important point to note is the actual leucine zipper domain itself which 

causes stable dimerization of all the leucine zipper monomers (Busch et al., 1990). The

zipper domain contains four to five heptad amino acid repeats. Each heptad position is

labelled a, b, c, d, e, f  and g (John et al., 1994). In Figure 6.7 the Saccharomyces GCN4 

amino acid sequence is shown highlighting the key residues of this m otif As a general rule 

position A (typically valine), and position D (typically leucine), have hydrophobic 

requirements as they are positioned at the hydrophobic interface of the associated dimmers. 

In some cases the third heptad A position is an asparagine which can hydrogen bond with 

the asparagines of the A position of the second associating monomer as is the case with
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Basic region Hinge Region Leucine Zipper Region

^Heptad Repeat 
A B C D E F G

BASIC DOMAIN___________________________________________ I.EUCINE ZIPPER DOMAIN
1 2 3 4 5

ABCDEFGABCDEFGaffiCDEgGABC33EFGABCD

(a)
The cotqplete Major Groove binding domain of hc-MYC

LOOP REGION
GHMNVKRRTHNVLERQRRNELKRSFFALRDQIPELENNEKAi KW ILKKATAYILSVQAEEQKLISEEDLLRKRREQLKHKLEQLG

hBVR-A MTLSLAAAQELWELAEQKGKVLHEEHVELLMEEFAFLKKEWGKDLLKGSLLFTSDPL
rB V R-A  MTLS FAAAQELWEIAAQKGRVLHEEHVELLMEEFEFLRREVLGKELLKGSLRFTA5PL
hSHAKER GGGGQNGQQAMS LA.I LBVIKLVRVFRIFKLSRHSKGLQILGKTLQASMRELGLLIFFL
hc-M Y c l r d q ip e l e n n e k a p k w i l k k a .t a y il s v q a e e q k £ is e e d l l r k r r e q l k h k l e q l
S6CN4 S S DPAALKRABNTEAARRSRflRKLQRMKQLEDKVEELLSKNYHLENEVAKLKKLVGER
H o -J i in  E R IKAEBKBKBNR IAASKCBKRKLERIARLEEKVKTLKAQNSELASTANMLREQVAQL
hCREB AABKBEVKmKNREAARECa«KKKEYVKCLENRVAVI.ENONKTLIEELKKLKDLYCigc
hC -FO S EEEKRRIRRERNKMAAAKCBMRRRELTDTLQAETDQLEDEKSALQTEIANLLKEKEKL
sY A P -1  DPETKOKRTAQNRAAQRAFRKRKERKMKELEKKVQSLESIQQCiHEVEATFLRDQLITL

Figure 6.4 BVR-A as a putative b-ZIP protein.
(b)

(a) The bZIP monomer.

The typical bZIP monomer has a basic region which is the DNA binding domain of 

the protein, an alanine rich hinge region which separates the two structural motifs and 

allowing flexibility in the coil, and finally the leucine zipper motif with four to five 

heptad repeats with leucine invariably at position d.

(b) BVR-A as a b-ZIP transcription factor.

The similarities between BVR-A, and the b-ZIP transcription factor dimerisation 

domains are highlighted in the alignments above. The sequences shown represent 57 

amino acids spanning the ‘leucine zipper’ domains and the ‘basic domains’.



Figure 6.5 X-Ray Structure of c-Myc-Max heterodimer associated with target 
DNA.

c-Myc-Max heterodimer associated with target DNA (INKP Protein Data Bank). The 

leucine repeats of the hydrophobic interface between the heterodimer coils o f Max 

(grey) and c-myc (green). The basic loop region and DNA binding regions are 

displayed in red and yellow respectively.

Figure: 6.6 Structure of the DNA binding domains of Nfat, Fos and Jun Bound 

to DNA
The dimerisation of human c-fos, c-jun and Nfat proteins as they interact with DNA. 

Only 57 amino acids of the whole c-fos and c-jun proteins are shown for clarity. The 

side chains o f the conserved leucine residues within the dimerisation domains are 

shown in red. The DNA binding helices (cyan hc-fos / green hc-jun) diverge from the 

base of the zipper motif and follow the major groove ot the target DNA. The 

conserved basic domains are coloured yellow. Nfat is coloured blue.
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b c

Figure 6.7 The parallel coiled coil of the leucine zipper of Saccharomyces 
GCN4.

(a) Heptad repeat positions are indicated by lower case letters.
(b) Side view of the homodimer. Amino acid backbones in helical conformation 

are represented by cylinders where the path of the polypeptide chain indicated 
by the dotted lines. Side chains are represented as knobs.

(c) End view showing how different heptad positions are arranged in the dimer. 
The side chains at the a positions are buried in the dimer interface (Zeng X. et 
a l, 1997).

Figure 6.8 Structure of the horse shoe shaped leucine rich, a-helix-tum-p 
structure, present in porcine ribonuclease inhibitor.

Ribonuclease inhibitor is a cytoplasmic protein that tightly binds and inhibits 
ribonucleases of the pancreatic ribonuclease superfamily. The primary sequence of 
this inhibitor contains leucine-rich repeats which are highlighted in red. These motifs 
are present in many proteins that participate in protein-protein interactions and have 
different functions and cellular locations.



GCN4 and CREB and c-jun. The solvent-accessible e and g positions are frequently 

occupied by charged amino acids. The basic DNA binding region invariably contains 

lysine and arginine residues which interact with the negative phosphate groups of the DNA 

phosphodiester backbone, while hydrogen bonds and Van der Waals interactions between 

amino acid residues and specific DNA bases (Glover et al) allow recognition of specific 

DNA sequences.

The B-ZIP proteins Fos and Jun combine as a heterodimer to form activator protein-1 (AP- 

1). AP-1 is a heterodimeric leucine zipper transcription factor capable of binding the TPA 

(12-0-tetradecanoylphorbol 13 acetate) response element (TRE) with a consensus 

sequence 5’ TGAGTCA 3’. The complex forms an extended interface between NFAT and 

the AP-1 site, which is facilitated by the bending of Fos and DNA. The tight association of 

the three proteins on DNA creates a continuous groove for the recognition of 15 base pairs. 

The AP-1 complex may often act in combination with other transcription factors. The 

crystal structure of the nuclear factor of activated T cells (NFAT)-Jun-Fos-DNA complex 

has been resolved (Figure 6.6). NFAT sites usually have an AP-1 like site downstream of 

the NFAT binding site and bind together with AP-1 binding fifteen nucleotides of the 

major groove to activate NFAT controlled genes in the T cell receptor (TCR) activation 

pathway. As is evident from Figures 6.5 and 6.6, the tertiary structure of the jun/fos 

heterodimer, and the c-myc/max heterodimer are continuous a-helices. These structures 

interact in the leucine zipper domain and each form an asymmetric coiled-coil in which the 

one subunit curls around the other. The subunits split at the flexible fork which allows 

them to bind the major groove of their specific target sequences such as the AP-1 binding 

site.

Salim and Maines (2002), compared the amino acid sequences for these b-ZIP 

transcription factors and BVR-A. They highlighted some striking similarities between 

BVR-A, and the dimerisation domains of these transcription factors, details of which are 

shown in the alignments below. The sequences shown represent 57 amino acids spanning 

the putative ‘leucine zipper’ domains and the ‘basic domains’. The full amino acid 

sequence of c-myc which is depicted in the crystal structure of Figure 6.6 is shown in 

Figure 6.4 (b). For clarity the first 27 amino acids were not shown in the alignments. It is 

evident that in many of the recognised leucine zippers (with one notable exception, sYAP’s
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Figure 6.9 Crystal structure of rat BVR-A

A ribbon representation based on the crystal structure of rat BVR-A. Shown in red are 

the heptad D positions (L1-L5) and high-lighted in yellow is the basic DNA binding 

domain proposed by Ahmad Salim and Maines (2002).



asparagine), the D3 position is occupied by leucine residues. In both human and rat BVR- 

A, D3 positions are occupied by lysine. Both sGCN4 and hCREB have four leucine repeats 

with the D5 position being filled by arginine and lysine respectively. Ahmad Salim and 

Maines (2002), conclude that the lysine substitution at position D3 in BVR-A is acceptable 

on the basis that the D5 positions in sGCN4 and hCREB have arginine and lysine 

substitutions. One could suggest that since both lysine and arginine have positive charges 

at the ends of long, flexible hydrophobic element to produce a flat hydrophobic surface 

like that of isoleucine. From sequence analysis one could possibly conclude that BVR-A is 

a leucine zipper like protein as it seems to fulfil all the necessary criteria. However, 

Bomberg et al., (1998) and Hirst et al., (1996), have pointed out some of the problems of 

predicting leucine zippers from sequence information alone. Crystal structure data has 

provided a wealth of information on how these zippers function. Apart from the leucine 

repeats and the requirements of the other heptad positions the nature of the coil adopted by 

the zipper has proven to be very important for dimerisation and functionality. It is also 

worth noting that many sequences have the leucine repeat but do not adopt the leucine 

zipper structure Brendel (1989). Bomberg-Bauer (1998) developed the ‘2ZIP program’, 

available from the Max Plank Institute for Molecular Genetics 

(http://cmb.molgen.mpg.de/), which combines a standard coiled coil prediction algorithm 

with searches for the characteristic leucine repeat. The GCN4, YAP-1, human Shaker, c- 

myc, c-Jun, CREB, and c-Fos sequences were all analysed using this program, the results 

of which are displayed in Appendix VI. Both rat and human BVR-A sequences failed to 

provide a positive result with 2ZIP.

The most convincing evidence that BVR-A is unlikely to be a b-ZIP or HLH-ZIP leucine 

zipper like protein comes from the crystal structure of rat BVR-A (Kikuchi et al., (2001); 

Whitby et al., (2002)). It is interesting to note that the sequence in question adopts an a- 

helix-tum-jS-sheet fold which threads through the centre of the protein, and forms an 

internal bridge from the active centre to the characteristic beta sheet folds on the enzyme 

surface (Figure 6.9). Salim and Maines (2002) have curiously suggested that the ‘a-helix- 

tum-jS-sheet’ fold may bind DNA in a fashion like that of the porcine ribonuclease 

inhibitor protein shown in Figure 6.8. This structure represents a class of alpha/beta protein 

fold where individual leucine repeats are integral constituents of the beta-alpha structural 

units. The interesting point here is that the leucine repeats help to achieve strong protein-
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protein interactions. Looking closely at the interactions o f the conserved BVR-A leucines, 

one could simply suggest that the high leucine content in this region functions structurally 

to form a hydrophobic core, which functions to anchor and provide packing stability to the 

(-helices o f the Rosmann fold, and also on the inner surface o f the /3-sheets (Figure 6.10).
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Figure 6.10 Crystal structure of rat BVR-A
A ribbon representation of the structure of rat BVR-A. Shown in red dots one can see 

the positioning of leucine residues. Note the concentration of these residues in core 

positions of the enzyme.



Chapter Seven 

General Discussion



Chapter 7 General Discussion

The species distribution of biliverdin-IXa reductase (both prokaryotic and eukaryotic) has 

been reinvestigated and the results of which are presented in Chapter 3. It seems 

increasingly likely that birds and amphibia have the potential to express an active 

biliverdin-IXa reductase. Searches of the database have revealed that the chicken (Gallus 

gallus) has a gene which encodes for a biliverdin reductase like protein. Furthermore 

biliverdin reductase activity has been detected in turkey erythrocyte cytosols. These 

findings should lead to a renewed interest in the detection and characterisation of putative 

avian biliverdin IX-a reductases. In tandem, the full length cDNAs encoding human, 

Danio rerio, murine, and Xenopus BVR-A were successfully amplified and cloned into 

various expression vectors (pET4a-Mod for human and Danio rerio, ppMAL for the 

murine and pGEX-KG for the Xenopus enzyme). To date human BVR-A pET41 a-Mod, 

murine BVR-A ppMAL, and Xenopus BVR-A pGEX-KG transformed cultures have been 

induced with IPTG resulting in the expression of recombinant proteins which display the 

appropriate molecular weights. Antibodies against the murine, human and synechocystis 

enzymes have also been raised in this study. The cloning and expression of an active 

Xenopus BVR-A in this study extends the phylogenetic distribution of BVR-A to include 

amphibian and supports the idea that biliverdin-IXa reductase is not just present in some 

fish, mammals and in cyanobacteria. The study of this enzyme in different species may 

prove interesting and answer the question why bilirubin and bilirubin conjugates are found 

in these species even though biliverdin is seen as the major haem degradation product.

Phosphate has been shown to enhance NADH binding by human BVR-A as the apparent 

Km for NADH is decreased over 100-fold with no change in the apparent Vmax- 

Examination of the rat BVR-A crystal structure showed that three phosphate anions were 

bound to the enzyme. Of these phosphates two were interestingly positioned, one by the 

nucleotide pyrophosphate binding site and one at the NADPH 2’-phosphate binding site. 

Replacement of residues around the 2 ’ phosphate binding pocket was used to further 

investigate the nature of phosphate activation. It was shown that the R44A mutant not only 

abolished the kinetic discrimination between NADH and NADPH, but also the activation 

by phosphate during the NADH dependent reaction. It is clear that NADH binding is 

augmented by inorganic phosphate “mimicking” the 2 ’-phosphate of NADPH.
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The kinetics of the mammalian enzymes have been distorted by the effects of substrate 

inhibition and by the activation of NADH dependent activity by phosphate. It now seems 

likely that the nature of the dual pH-cofactor specificity initially reported by Kutty & 

Maines (1981), is due to the pH dependence of substrate inhibition which is additionally 

complicated by phosphate activation with NADH as cofactor.

In order to overcome the effects of substrate inhibition hampering the full characterisation 

of these enzymes it was decided to initiate the development of a radiolabelled assay for 

BVR-A using. This would allow the assay of BVR-A at sub-inhibitory biliverdin 

concentrations (nM range). It has been shown that recombinant E.coli NAD^ kinase and 

Thermoanaerobium brockii alcohol dehydrogenase can be used to synthesise 14.6 (J.M 2’- 

[^^P] NADPH with a specific activity of 243mCi/mmol. It has also been shown that the 

TLC separation of NADP^ from NADPH and NAD^ from NADH on PEI cellulose allows 

for a convenient method to assay the activity of this enzyme.

The substrate specificity of BVR-A was further investigated with the hope of gaining an 

insight into factors determining substrate binding. These studies suggest that the most 

determining factors for substrate binding are the charged propionate moiety on two central 

pyrrole rings as biliverdin-IXa dimethylester was shown not to be a substrate for human 

BVR-A, while the reaction using biliverdin-IXa sulphonate as substrate was catalytically 

productive. Further studies using biliverdin isomers with conformational restraints were 

analysed and the results of these experiments suggest that significant modifications on the 

conformational volume occupied by the outer pyrroles of biliverdin do not impede 

substrate binding. This may be interpreted in a model where the outer prrroles are not 

intimately associated with the enzyme surface.

It has been suggested that BVR-A has functions, beyond its recognised catalytic activity. 

One such function is based on the enzymes ability to associate with zinc and as a result it 

has been suggested that BVR-A may play a role in either Zn^^ storage, or in the regulation 

of gene expression as suggested by Maines (1996), who proposed that there is a Zn^^ co

ordination site at the carboxy-terminal region which is similar to a zinc finger like motif 

Atomic absorbance spectroscopy measurements show that Zn^^ can indeed associate with
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hBVR-A, however the molar ratio of zinc to protein of 0.28:1 is of the same order as that 

seen with a control protein (BSA) not normally considered to be a zinc protein. Under the 

same conditions alcohol dehydrogenase was shown to have a zinc to protein ratio of 1.8 to 

1 in agreement with its known zinc stoichiometry (2:1). The mouse enzyme is ‘sticker’ for 

zinc with a molar ratio of 0.67 to 1. Based on the crystal structure data for the rat enzyme 

there is no evidence for bound zinc and the residues proposed to co-ordinate a hypothetical 

zinc ion are not appropriately found in space. The suggestion that BVR-A is a zinc finger 

protein is therefore unlikely. Later the Maines group proposed that the enzyme functioned 

as a leucine zipper like protein based on amino acid sequence homologies to other leucine 

zipper proteins (Ahmad et al., 2002). As outlined in this study an analysis of the crystal 

structure of the rat enzyme suggests otherwise.
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A ppendix I M aterials

Biochemical reagents and chemicals were o f analytical grade, where possible, and 
were obtained from BDH, Rieded-de Haen and Sigma.

Ambion hic. 2130 Woodward Street Austin, TX 78744, USA

Amicon Corporation, Scientific Systems Division, Danvers, MA 01923, USA.

Amersham Biosciences UK Limited, Little Chalfont, Buckinghamshire, England HP7 
9NA.

Bio-Rad Laboratories Ltd., Export Division, Bio-Rad House, Marylands Avenue, 
Hemel Hempstead, Herts., HP2 7TD, England.

Bio-Sciences, 3 Charlemont Tee., Crofton Road, Dun Laoghaire, Co. Dublin 
BDH Laboratory supplies, Poole, BH15 ITD, England

Calbiochem, biosciences inc. La Jolla, CA 92039-2087 and Merck Biosciences GmbH 
Ober der Roth 4, 65824 Schwalbach/Ts, Germany

Greiner GmBH, Maybachstrasse 2, D-7443, Frickenhausen, Germany

Kodak Ltd., Acomfield road, Kirkby, Liverpool 546 2101, England

Lennox Laboratory Supplies Ltd., John F Kennedy Drive, Naas Road, Dublin 12

Naglene Company, Subsidary o f Sybron Corporation, Rochester, New York 14602- 
0365, USA

National Diagnostics, 305 Patton Drive, Atlanta, Georgia 30336, USA

Promega Biosciences Inc., Promega Corporation San Luis Obispo, California

Roche Diagnostics GmbH, Mannheim, Germany 
Takara Bio hic. Seta 3-4-1, Otsu, Shiga 520-2193, Japan

Sigma-Aldrich Chemie Gmbh P.O 1120 89552 Steinheim, Germany 4-7329-970

Starstedt, Sinnetstown Lane, Drinagh, Wexford / Aktiengesellschaft & Co., D-51588 
Numbrecht, Germany.
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■ PstI (1960)

Smal Sail S a d
CTG GTT CCG CGT GGA TCC CCG GGA ATT TCC GGT GGT GGT GGT GGA ATT CTA GAC TCC ATG GGT CGA CTC GAG CTC AAG CTT AAT TCA 

BamHI EcoRI Ncol Xhol Hindlll
Leu Val Pro Arg/Gly Ser Pro Gly lie Ser Gly Gly Gly Gly Gly lie Leu Asp Ser Met Gly Arg Leu Glu Leu Lys Leu Asn Ser 

Throm bin C leavage Site Polyiinker

Figure 2 The pGEX-KG Multiple Cloning Vector

The pGEX-KG expression vector (Guan and Dixon 1991) is based on the pGEX-2T expression vector. In frame cloning o f target cDNA into 

the multiple cloning site o f the pGEX-KG expression vector produces a GST tagged fusion protein. Target protein cleavage from the GST 

moiety is facilitated through the thrombin encoded recognition site. Amino acid translation is displayed in red.
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Appendix II
. lac Iq

pMBP-ParalleH r R a c

6724 bpOri

m alE

rTEV p rotease  en cod ing  c lev a g e  site

b eta -la cta m a se
Fiiv;. Ncol 

Hindllli iiv' ^
:!'■ , BamHI

' ECORI
XhoMni'^StuI
PstI

Xbal

- Sail 
Noll

C l a l N c o l  B am H IS a d
GAC GCG CAG ACT AAT TCG AGC TCG AAC AAC AAC AAC AAT AAC AAT AAC AAC AAC CTC GGG ATC GAT ACG ACC GAA AAC CTG TAT TTT CAG GGC GCC ATG GAT CCG

PN

E c o R I S t u I S a i l

N

S a d

N N N N N N N N N E N M

S p e l N o t l X b a l P s t I X h d S p h I  K p n l  H i n d i I I
GAA TTC AAA GGC CTA CGT CGA CGA GCT CAA CTA GTG CGG CCG CTT TCG AAT CTA GAG CCT GCA GTC TCG AGG CAT GCG GTA CCA AGC TTG GCA CTG GCC GTC GT 
E F K G L R R R A O L V R P L S N L E P A V S R H A V P S L A L A V V

Figure 3 The pMBP-Paraiiell Multiple Cloning Vector
In frame cloning o f target cDNA into the multiple cloning site o f the pMBP-Pl expression vector will produce a maltose binding protein 

(MBP) fusion protein. Target protein cleavage from the MBP moiety is facilitated through the rTEV encoded recognition site. Amino acid 

translation is displayed in red.
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Appendix II Xlwl (5627) 1 
Not! (SE19) il

HindW (56t2) -I
Sall(560S)
Sacl(5603> if/
StiH (5S7S) 

EcoRI <55eS) %
BamHI (5560)

Spel (550S) 
Seal(5J13) - 

9«al (5267)

Kanamycin ResistanceGST

Smal (1070)

5806 bp
EeoSTi (1600)

lac(

GAT.AAG.TAC.TTG.AAA.TCC.AGC.AAG.TAT.ATA.GCA.TGG.CCT.TTG.CAG.GGC.TGG. CAA. GCC. ACG. TTT. GGT. GGT. GGC . GAC. CAT. CCT. CCA. AAA . TCG. GAT . GGT . TCA . ACT. AGT. GGT. 
GST encoding C terminus region------- ------------------------------ ----- -.............. Asp His Pro Pro Lys Ser Asp Gly Ser Thr Ser Gly

6XHis tag SacII Thrombin BamHl EcoRl Stul Pstl Sad Sail Hind III
TOT ■ GGT. CAT ■ CAC ■ CAT ■ CAC. CAT. CAC ■ TCC ■ GCG ■ GGT ■ CTG ■ GTG. CCA. CGC ■ GOA ■ TCC ■ GAA ■ TTC TGT. ACA. GGC . CTT. GGC . GCG. CCT. GCA. GGC. GAG. CTC. CGT. CGA. CAA. GCT. TGC 
Ser Gly His His His His His His Ser Ala Gly Leu Val Pro Arg/Gly.Ser Glu Phe Cys Thr Gly Leu Gly Ala Pro Ala Gly Glu Leu Arg Arg Gin Ala Cys

Xhol HIS TAG
GGC. CGC. ACT. CGA. GCA. CCA. CCA. CCA. CCA.CCA.CCA.CCA. CTA. ATT. GAT. TAA.TAC. CTA. GGC .TGC.TAA. ACA. AAG.CCC. GAA. AGG. AAG. CTG. AGT.TGG. CTG.CTG.CCA.CCG. CTG. AGC . 
Gly Arg Thr Arg Ala Ala.Pro.Pro.Pro.Pro.Pro.Pro.Leu lie Asp End

Figure 4 The pET41aMod expression vector.

In frame cloning o f target cDNA into the multiple cloning site (BamHI to Hindlll) o f  the pET41aMod expression vector will produce a 6X 

histidine tagged GST fusion protein. Target protein cleavage from the His tagged GST is facilitated through the thrombin encoded 

recognition site. The amino acid translation is displayed in red.
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Appendix 11
sflB2 3’ cDNA Insert s atfBI

pCMV«SP0RT6.1 
4 .2  kb

Comments for pCMV*SP0RT6.1 (no insert)
4177 nucleotides

SV40 early polyadenytatk>n signal (c): bases 126-392 
M13 Forward (-20) priming site: bases 664-679 
T7 fx-otnoter/priming site: bases 691-710 
afrB2: bases 711-735 
affBI: bases 807-831
Sp6 promoter/priming site (c): bases 833-850
M13 Reverse priming site (c): bases 861-877
CMV promoter (c): bases 920-1510
pUC origin: bases 1895-2562
Ampidllin (Wa) resistance gene (c): bases 2729-3589
6/a promoter (c); l>ases 3590-3641
f1 origin (c): bases 3721-4176
(c) = complementary strand

NAME: pCMV-SP0RT6.1 (ampicillin resistant; 50-200 ug/ml) SEQUENCING PRIMERS: M13(-21), M13 reverse, sp6 SOURCE: 
Invitrogen Life Technologies V_TYPE: phagemid POLYLINKER SEQUENCE:
caccacagaagtaaggttccttcacaaagatcccaagctagcagttttcccagtcacgacgttgtaaaacgacggccagtgcctagcttataatacgactcactatagggaccactttgtacaagaaagctgggtacgcgt
aagcttgggcccctcgagggatactctagagcggccgccgatccggcttactaaaagccagataacagtatgcgtatttgcgcgctgatttttgcggtataagaatatatactgatatgtatacccgaagtatgtcaaaaa
gaggtgtgcttctagaatgcagtttaaggtttacacctataaaagagagagccgttatcgtctgtttgtggatgtacagagtgatattattgacacgcccgggcgacggatggtgatccccctggccagtgcacgtctgct
gtcagataaagtctcccgtgaactttacccggtggtgcatatcggggatgaaagctggcgcatgatgaccaccgatatggccagtgtgccggtctccgttatcggggaagaagtggctgatctcagccaccgcgaaaatga
catcaaaaacgccattaacctgatgttctggggaatataagtcgacgatatcccgggaattccggaccggtaccagcctgcttttttgtacaaacttgttctatagtgtcacctaaataggcctaatggtcatagctgttt
cctgtgtgaaattgttatccgctccgcggcctaggctagagtccggaggctggatcggtcccggtgtcttctatggaggtcaaaacag

Figure 5 Illustration of the pCMV-Sport 6.1 cloning vector.

The I.M.A.G.E cDNA clone (IMAGE; 5308696) consists o f the full length xenopus tropicalis biliverdin reductase cloned ligated into the 

pCMV-Sport6.1 cloning vector. This clone was ordered from the I.M.A.G.E consortium and used as template in subsequent PCR 

amplification reactions o f the putative xenopus BVR-A.
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SeqA Name Length(aa)

3 Homo 296
14 Nostoc sp. PCC 322
3 Homo 296
4 Canis 296
3 Homo 296
4 Canls 296
9 Pan 296
5 MOUSE 295
3 Homo 296
5 MOUSE 295
6 Rattus 295
3 Homo 296
4 Canls 296
4 Canls 296
5 MOUSE 295
6 Rattus 295
11 Nostoc 333
11 Nostoc 333
1 Gallus 323
7 Zebraflsh 292
1 Gallus 323
1 Gallus 323
1 Gallus 323
1 Gallus 323
1 Gallus 323
1 Gallus 323
1 Gallus 323
2 Xenopus 290
11 Nostoc 333
1 Gallus 323
2 Xenopus 290
15 Anabaena 329
2 Xenopus 290
2 Xenopus 290
5 MOUSE 295
14 Nostoc sp.,PCC 322
2 Xenopus 290
2 Xenopus 290
3 Homo 296
4 Canis 296

Name Length(aa) Score

Pan 296 99
Anabaena 329 94
Canis 296 93
Pan 296 93
Bos 296 91
Bos 296 91
Bos 296 91
Rattus 295 89
Rattus 295 83
Pan 296 83
Pan 296 83
MOUSE 295 82
MOUSE 295 81
Rattus 295 81
Bos 296 81
Bos 296 81
Nostoc sp.PCC 322 76
Anabaena 329 76
Xenopus 290 69
Tetraodon 287 62
Bos 296 59
Homo 296 58
Canls 296 58
MOUSE 295 58
Tetraodon 287 58
Pan 296 58
Rattus 295 57
Zebrafish 292 57
Tr1chodesmium 335 57
Zebrafish 292 56
Tetraodon 287 56
Trlchodesmlum 335 55
Canls 296 54
Bos 296 54
Tetraodon 287 54
Trlchodesmium 335 54
Homo 296 53
Pan 296 53
Zebraflsh 292 53
Zebraflsh 292 53

SeqB

9
15
4
9
10
10
10
6
6
9
9
5
5
6
10
10
14
15
2
8
10
3
4
5
8
9
e
7
16
7
8
16
4
10
8
16
3
9
7
7

SeqA Name Length(aa) SeqB Name Length(aa) Score

6 Rattus 295 8 Tetraodon 287 53
7 Zebrafish 292 9 Pan 296 53
7 Zebrafish 292 10 Bos 296 53
2 Xenopus 290 5 MOUSE 295 52
3 Homo 296 8 Tetraodon 287 52
4 Canis 296 8 Tetraodon 287 52
8 Tetraodon 287 9 Pan 296 52
11 Nostoc 333 13 Synechocystis 328 52
2 Xenopus 290 6 Rattus 295 51
5 MOUSE 295 7 Zebrafish 292 51
6 Rattus 295 7 Zebrafish 292 51
8 Tetraodon 287 10 Bos 296 51
13 Synechocys ti s 328 14 Nostoc sp.PCC 322 51
13 Synechocystis 328 15 Aneibaena 329 51
11 Nostoc 333 17 Crocosphaera 341 50
13 Synechocystis 328 16 Trichodesmlum 335 50
14 Nostoc sp.PCC 322 17 Crocosphaera 341 50
16 Trichodesmlum 335 17 Crocosphaera 341 50
15 Anabaena 329 17 Crocosphaera 341 49
13 Synechocystis 328 17 Crocosphaera 341 45
11 Nostoc 333 12 Gloeobacter 332 42
12 Gloeobacter 332 14 Nostoc sp.PCC 322 42
12 Gloeobacter 332 15 Anabaena 329 42
12 Gloeobacter 332 13 Synechocystis 328 41
12 Gloeobacter 332 16 Trlchodesmium 335 38
12 Gloeobacter 332 17 Crocosphaera 341 36
2 Xenopus 290 11 Nostoc 333 24
2 Xenopus 290 14 Nostoc sp.PCC 322 23
5 MOUSE 295 11 Nostoc 333 23
5 MOUSE 295 13 Synechocystis 328 23
5 MOUSE 295 15 Anabaena 329 23
8 Tetraodon 287 14 Nostoc sp.PCC 322 23
8 Tetraodon 287 15 Anabaena 329 23
5 MOUSE 295 14 Nostocsp.PCC 322 22
8 Tetraodon 287 11 Nostoc 333 22
1 Gallus 323 11 Nostoc 333 21
1 Gallus 323 15 Anabaena 329 21
2 Xenopus 290 13 Synechocystis 328 21
2 Xenopus 290 15 Anc±>aena 329 21
3 Homo 296 11 Nostoc 333 21
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SeqA Name Length(aa) SeqB Name Length(aa) Score SeqA Name Length(aa) SeqB Name Length(aa) Score

3 Homo 296 13 Synechocystis 328 21 7 Zebrafish 292 14 Nostoc sp.PCC 322 18
5 MOUSE 295 12 Gloeobacter 332 21 7 Zebrafish 292 15 Anabaena 329 18
5 MOUSE 295 16 Trichodesmlum 335 21 8 Tetraodon 287 13 Synechocystis 328 18
6 Rattus 295 11 Nostoc 333 21 10 Bos 296 11 Nostoc 333 18
e Rattus 295 13 Synechocystis 328 21 10 Bos 296 14 Nostoc_sp.PCC 322 18
6 Rattus 295 15 Anabaena 329 21 2 Xenopus 290 17 Crocosphaera 341 17
7 Zebrafish 292 16 Trichodesmium 335 21 4 Canis 296 13 Synechocystis 328 17
9 Pan 296 11 Nostoc 333 21 7 Zebrafish 292 11 Nostoc 333 17
9 Pan 296 13 Synechocystis 328 21 7 Zebrafish 292 12 Gloeobacter 332 17
3 Homo 296 15 Anabaena 329 20 8 Tetraodon 287 12 Gloeobacter 332 17
6 Rattus 295 14 Nostoc sp.PCC 322 20 10 Bos 296 12 Gloeobacter 332 17
6 Rattus 295 16 Trichodesmium 335 20 1 Gallus 323 12 Gloeobacter 332 16
9 Pan 296 15 Anabaena 329 20 4 Canis 296 16 Trichodesmium 335 16
1 Gallus 323 14 Nostoc sp.PCC 322 19 1 Gallus 323 16 Trichodesmium 335 15
2 Xenopus 290 12 Gloeobacter 332 19 3 Homo 296 16 Trichodesmium 335 15
2 Xenopus 290 16 Trichodesmium 335 19 5 MOUSE 295 17 Crocosphaera 341 15
3 Homo 296 12 Gloeobacter 332 19 8 Tetraodon 287 17 Crocosphaera 341 15
3 Homo 296 14 Nostoc_sp.PCC 322 19 9 Pan 296 16 Trichodesmium 335 15
4 Canis 296 12 Gloeobacter 332 19 10 Bos 296 16 Trichodesmium 335 15
6 Rattus 295 12 Gloeobacter 332 19 1 Gallus 323 13 Synechocystis 328 14
8 Tetraodon 287 16 Trichodesmium 335 19 6 Rattus 295 17 Crocosphaera 341 14
9 Pan 296 12 Gloeobacter 332 19 7 Zebrafish 292 13 Synechocystis 328 14
9 Pan 296 14 Nostocsp.PCC 322 19 1 Gallus 323 17 Crocosphaera 341 13
10 Bos 296 13 Synechocys ti s 328 19 7 Zebrafish 292 17 Crocosphaera 341 13
10 Bos 296 15 Anabaena 329 19 3 Homo 296 17 Crocosphaera 341 12
4 Canis 296 11 Nostoc 333 18 4 Canis 296 17 Crocosphaera 341 12
4 Canis 296 14 Nostoc sp.PCC 322 18 9 Pan 296 17 Crocosphaera 341 12
4 Canis 296 15 Anabaena 329 18 10 Bos 296 17 Crocosphaera 341 12

Figure 1 Amino acid sequence identity shared between all known and putative biliverdin IXa reductase enzymes identified.

Sequences were analysed using the Clustalw Alignment tool available online at www.ebi.ac.uk and alignment scores calculated.
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1 gi30353883gbBC052146 .1  ATGAGTACTGAGCCAAAGAGGAAATTTGGTGTGGTAGTGGTTGGTGTTGGCAGAGCTGGCTCTGTGAGGATAAGGGACT|gAAGGATCC
2 gil2832064dbjAK002231.1  ATGAGTACTGAGCCAAAGAGGAAATTTGGTGTGGTAGTGGTTGGTGTTGGCAGAGCTGGCTCTGTGAGGATAAGGGACTTGAAGGATCC
3 gi31982540re£NM_026678 . 3  ATGAGTACTGAGCCAAAGAGGAAATTTGGTGTGGTAGTGGTTGGTGTTGGCAGAGCTGGCTCTGTGAGGATAAGGGACt|GAAGGATCC
4 gil2846571dbjAK010847 .1  ATGAGTACTGAGCCAAAGAGGAAATTTGGTGTGGTAGTGGTTGGTGTTGGCAGAGCTGGCTCTGTGAGGATAAGGGACTTGAAGGATCC
5 Murine BVRA ppMAL GATCCTCTAGAATGAGTACTGAGCCAAAGAGGAAATTTGGTGTGGTAGTGGTTGGTGTTGGCAGAGCTGGCTCTGTGAGGATAAGGGACTTGAAGGATCC

1 gi30353883gbBC052146 .1 ACACTCTTCAGCATTCCTAAACCTGATTGGATATGTGTCCAGACGAGAACTTGGGAGCCTTGATAATGTACGGCAGATTTCTTTGGAAGATGCTCTCCGC
2 gil2832064dbjAK002231.1 ACACTCTTCAGCATTCCTAAACCTGATTGGATATGTGTCCAGACGAGAACTTGGGAGCCTTGATAATGTACGGCAGATTTCTTTGGAAGATGCTCTCCGC
3 gi31982540refNM_026678 . 3 ACACTCTTCAGCATTCCTAAACCTGATTGGATATGTGTCCAGACGAGAACTTGGGAGCCTTGATAATGTACGGCAGATTTCTTTGGAAGATGCTCTCCGC
4 gil2846571dbjAK010847 .1 ACACTCTTCAGCATTCCTAAACCTGATTGGATATGTGTCCAGACGAGAACTTGGGAGCCTTGATAATGTACGGCAGATTTCTTTGGAAGATGCTCTCCGC
5 Murine BVRA ppMAL ACACTCTTCAGCATTCCTAAACCTGATTGGATATGTGTCCAGACGAGAACTTGGGAGCCTTGATAATGTACGGCAGATTTCTTTGGAAGATGCTCTCCGC

1 gi30353883gbBC052146 .1 AGCCAAGAGGTTGATGTCGCCTATATTTGCACTGAGAGTTCCAGCCACGAAGACTATATAAGGCAGTTTCTTCAGGCTGGCAAGCATGTCCTCGTGGAAT
2 gil2832064dbjAK002231.1 AGCCAAGAGGTTGATGTCGCCTATATTTGCACTGAGAGTTCCAGCCACGAAGACTATATAAGGCAGTTTCTTCAGGCTGGCAAGCATGTCCTCGTGGAAT
3 gx31982540refNM_02667 8 .3 AGCCAAGAGGTTGATGTCGCCTATATTTGCACTGAGAGTTCCAGCCACGAAGACTATATAAGGCAGTTTCTTCAGGCTGGCAAGCATGTCCTCGTGGAAT
4 gil2846571dbjAK010847 .1 AGCCAAGAGGTTGATGTCGCCTATATTTGCACTGAGAGTTCCAGCCACGAAGACTATATAAGGCAGTTTCTTCAGGCTGGCAAGCATGTCCTCGTGGAAT
5 Murine BVRA ppMAL AGCCAAGAGGTTGATGTCGCCTATATTTGCACTGAGAGTTCCAGCCACGAAGACTATATAAGGCAGTTTCTTCAGGCTGGCAAGCATGTCCTCGTGGAAT

1 gi30353883gbBC052146 .1 ACCCCATGGCATTGTCATTTGCGGCAGCGCAGGAGCTGTGGGAGCTGGCTGCACAGAAAGGGAGAGTCCTGCATGAGGAGCACATCGAACTCTTGATGGA
2 gi 12832064dbjAKO02231.1 ACCCCATGGCATTGTCATTTGCGGCAGCGCAGGAGCTGTGGGAGCTGGCTGCACAGAAAGGGAGAGTCCTGCATGAGGAGCACATCGAACTCTTGATGGA
3 gi31982540refNM_026678 . 3 ACCCCATGGCATTGTCATTTGCGGCAGCGCAGGAGCTGTGGGAGCTGGCTGCACAGAAAGGGAGAGTCCTGCATGAGGAGCACATCGAACTCTTGATGGA
4 gil2846571dbjAK010847 .1 ACCCCATGGCATTGTCATTTGCGGCAGCGCAGGAGCTGTGGGAGCTGGCTGCACAGAAAGGGAGAGTCCTGCATGAGGAGCACATCGAACTCTTGATGGA
5 Murine BVRA ppMAL ACCCCATGGCATTGTCATTTGCGGCAGCGCAGGAGCTGTGGGAGCTGGCTGCACAGAAAGGGAGAGTCCTGCATGAGGAGCACATCGAACTCTTGATGGA

1 gi30353883gbBC052146 .1 AGAGTTCGAATTCCTGAAAAGAGAAGTGGCCGGGAAGGAGCTGCTAAAAGGATCTCTTCGCTTCACAGCCAGCCCCCTGGAAGAAGAGAAATTTGGCTTC
2 gil2832064dbjAK002231.1 AGAGTTCGAATTCCTGAAAAGAGAAGTGGCCGGGAAGGAGCTGCTAAAAGGATCTCTTCGCTTCACAGCCAGCCCCCTGGAAGAAGAGAAATTTGGCTTC
3 gi31982540refNM_026678 . 3 AGAGTTCGAATTCCTGAAAAGAGAAGTGGCCGGGAAGGAGCTGCTAAAAGGATCTCTTCGCTTCACAGCCAGCCCCCTGGAAGAAGAGAAATTTGGCTTC
4 gil2846571dbjAK010847 .1 AGAGTTCGAATTCCTGAAAAGAGAAGTGGCCGGGAAGGAGCTGCTAAAAGGATCTCTTCGCTTCACAGCCAGCCCCCTGGAAGAAGAGAAATTTGGCTTC
5 Murine BVRA ppMAL AGAGTTCGAATTCCTGAAAAGAGAAGTGGCCGGGAAGGAGCTGCTAAAAGGATCTCTTCGCTTCACAGCCAGCCCCCTGGAAGAAGAGAAATTTGGCTTC

1 gi30353883gbBC052146 .1 CCTGCGTTCAGTGGCATTTCTCGCCTGACCTGGCTGGTCTCCCTCTTTGGGGAGCTTTCTCTTATTTCTGCCACCATGGAAAACCGAAAAGAAGATCAAT
2 gil2832064dbjAK002231.1 CCTGCGTTCAGTGGCATTTCTCGCCTGACCTGGCTGGTCTCCCTCTTTGGGGAGCTTTCTCTTATTTCTGCCACCATGGAAAACCGAAAAGAAGATCAAT
3 gi31982540refNM_026678.3 CCTGCGTTCAGTGGCATTTCTCGCCTGACCTGGCTGGTCTCCCTCTTTGGGGAGCTTTCTCTTATTTCTGCCACCATGGAAAACCGAAAAGAAGATCAAT
4 gil2846571dbjAK010847 .1 CCTGCGTTCAGTGGCATTTCTCGCCTGACCTGGCTGGTCTCCCTCTTTGGGGAGCTTTCTCTTATTTCTGCCACCATGGAAAACCGAAAAGAAGATCAAT
5 Murine BVRA ppMAL CCTGCGTTCAGTGGCATTTCTCGCCTGACCTGGCTGGTCTCCCTCTTTGGGGAGCTTTCTCTTATTTCTGCCACCATGGAAAACCGAAAAGAAGATCAAT
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1 g i 3 0 3 5 3 8 8 3 g b B C 0 5 2 1 4 6 .1
2 g i l 2 8 3 2 0 6 4 d b j A K 0 0 2 2 3 1 . 1
3 g i 3 1 9 8 2 5 4 0 r e f N M _ 0 2 6 6 7 8 .3
4 g i l 2 8 4 6 5 7 1 d b j A K 0 1 0 8 4 7 . 1
5 Murine BVRA ppMAL

ATATGAAAATGACCGTGCAGCTCGAGACCCAGAACAAAAGTCCATTATCATGGATTGAAGAGAAAGGGCCTGGCTTAAAAAGGAACAGACATATAAGCAT
ATATGAAAATGACCGTGCAGCTCGAGACCCAGAACAAAAGTCCATTATCATGGATTGAAGAGAAAGGGCCTGGCTTAAAAAGGAACAGACATATAAGCAT
ATATGAAAATGACCGTGCAGCTCGAGACCCAGAACAAAAGTCCATTATCATGGATTGAAGAGAAAGGGCCTGGCTTAAAAAGGAACAGACATATAAGCAT
ATATGAAAATGACCGTGCAGCTCGAGACCCAGAACAAAAGTCCATTATCATGGATTGAAGAGAAAGGGCCTGGCTTAAAAAGGAACAGACATATAAGCAT
ATATGAAAATGACCGTGCAGCTCGAGACCCAGAACAAAAGTCCATTATCATGGATTGAAGAGAAAGGGCCTGGCTTAAAAAGGAACAGACATATAAGCAT

1 g l 3 0 3 5 3 8 8 3 g b B C 0 5 2 1 4 6 .1
2 g i l 2 8 3 2 0 6 4 d b j A K 0 0 2 2 3 1 . 1
3 g i 3 1 9 8 2 5 4 0 r e f N M _ 0 2 6 6 7 8 .3
4 g i l 2 8 4 6 5 7 1 d b j A K 0 1 0 8 4 7 . 1
5 Murine BVRA ppM AL

CCACTTCAAATCTGGGTCCTTGGAGGAAGTGCCAAATGTAGGAGTCAATAAGAACATTTTCCTGAAAGATCAGGATATATTTATCCAGAAGCTCTTGGGC
CCACTTCAAATCTGGGTCCTTGGAGGAAGTGCCAAATGTAGGAGTCAATAAGAACATTTTCCTGAAAGATCAGGATATATTTATCCAGAAGCTCTTGGGC
CCACTTCAAATCTGGGTCCTTGGAGGAAGTGCCAAATGTAGGAGTCAATAAGAACATTTTCCTGAAAGATCAGGATATATTTATCCAGAAGCTCTTGGGC
CCACTTCAAATCTGGGTCCTTGGAGGAAGTGCCAAATGTAGGAGTCAATAAGAACATTTTCCTGAAAGATCAGGATATATTTATCCAGAAGCTCTTGGGC
CCACTTCAAATCTGGGTCCTTGGAGGAAGTGCCAAATGTAGGAGTCAATAAGAACATTTTCCTGAAAGATCAGGATATATTTATCCAGAAGCTCTTGGGC

1  g i 3 0 3 5 3 8 8 3 g b B C 0 5 2 1 4 6 .1
2 g i l 2 8 3 2 0 6 4 d b j A K 0 0 2 2 3 1 . 1
3 g x 3 1 9 8 2 5 4 0 r e f N M _ 0 2 6 6 7 8 .3
4 g i l 2 8 4 6 5 7 1 d b j A K 0 1 0 8 4 7 . 1
5 Murine BVRA ppMAL

CAGGTCTCTGCAGAGGACCTGGCTGCTGAGAAGAAGCGCATCCTGCATTGCCTGGAGCTGGCCAGCGACATCCAGAGGCTGTGCCACCGGAAGCAGTGAG
CAGGTCTCTGCAGAGGACCTGGCTGCTGAGAAGAAGCGCATCCTGCATTGCCTGGAGCTGGCCAGCGACATCCAGAGGCTGTGCCACCGGAAGCAGTGGG
CAGGTCTCTGCAGAGGACCTGGCTGCTGAGAAGAAGCGCATCCTGCATTGCCTGGAGCTGGCCAGCGACATCCAGAGGCTGTGCCACCGGAAGCAGTGAG
CAGGTCTCTGCAGAGGACCTGGCTGCTGAGAAGAAGCGCATCCTGCATTGCCTGGAGCTGGCCAGCGACATCCAGAGGCTGTGCCACCGGAAGCAGTGAG
CAGGTCTCTGCAGAGGACCTGGCTGCTGAGAAGAAGCGCATCCTGCATTGCCTGGAGCTGGCCAGCGACATCCAGAGGCTGTGCCACCGGAAGCAGTGAG

1  g i 3 0 3 5 3 8 8 3 g b B C 0 5 2 1 4 6 .1
2 g i l 2 8 3 2 0 6 4 d b j A K 0 0 2 2 3 1 . 1
3 g i 3 1 9 8 2 5 4 0 r e f H M _ 0 2 6 6 7 8 .3
4 g i l 2 8 4 6 5 7 1 d b j A K 0 1 0 8 4 7 . 1
5 Murine BVRA ppMAL

GAGGAAGCTTCAGATACCTCTG-
GAGGAAGCTTCAGATACCTCTGA
GAGGAAGCTTCAGAT----------------
GAGGAAGCTTCAGAT----------------
GAGGAAGCTTGGCACTGGCCGTC 
* * * * * * * * * *  *

Appendix III Figure 2

Shown above are cDNA sequencing results from the ppMAL- mouse BVR-A construct (sequence 5), ahgned with some of the murine cDNA 

sequences available on the NCBI nucleotide database (sequences 1-4). Accession numbers for each sequence are 1; BC052146.K 2; 

AK002231.1 3; NM 026678.3 and 4: AK010847.1.

124



Appendix III

1153

a a c a a a  L t g  TTTGGGA ■ 

2954

AGTTTT L g CAATATTGI 

3372

t t c a g a Lt g t t t t t a g  ■

4591

ACAGGT L aAGTCCTCCI 

5334

ACCAGG^CAGCGTCCTTi

11244

a c t a g g I c t c t c a c t t  ■

Exon 1

MFGTVWGVGIAGLARIRDLMNPMPSSPSEHLKLLGFVSR 

cDNA, c lone  ChEST458fS

Exon 2

GNIDEAEQiSLEDALRSKEIHAAFISTENRSHEETIR 

cDNA, c lo n e  ChEST46Sf9

Exon 3

MFLEAGKHVLVEYPMALSAEAAHELWETAEQKG 

cDHA. c lo n e  ChEST458f9

Exon 4

KVLHVEHIELLTEEYKQLKKEVAGKDLVKGTLHFTG 
cDNA, c lo n e  ChEST458f9

Exon 5

SVLDETKAGFPAFSGIARLTWLIDLFGDLTITSASREEQKOKNYSRMTVHFQTANKK

Exon 6

1272

1
■TGTATCCAGG TTAGAC

3083

■ AACCATCAGA^GTATTT

4070

I
■ AGCAAAAAGGT AATGGA

46ST7

■ a t t t t a c a g J  t c a g t a

5SS5

I AAACAAGAAG^TGAGTA 

11516

CTGTTCTTGA GTTTGC
PLTWIEERGPGMRREKKINFCFTSGCLENFPQAPRPAVGLFMQDQNLFAKKLLGQVSKEE

LAAEKWRILRCLDLAGMIQQQCEQPEKICS’

Figure 3.1 Gallus gallus DNA which may encode a BVR-A like protein

Analysis o f the chicken chromosome 2 genome (accession number gi|50733099: 

20393135-20405371) revealed a gene with exons, detailed in red encoding for a 

protein similar to other biliverdin reductases. Exon start and end positions are 

numbered, while their translated products are shown. EST evidence (is represented in 

blue.
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>giI 50733017 I ref|XM_418872.11 PREDICTED: Gallus gallus similar to 
Biliverdin reductase A precursor (Biliverdin-IX alpha-reductase) (BVR 
A) (LOC420776), mRNA

ATGAGCTTCAAAGATGGCCGTGGTAAAGGTGAGTATTACTGCTGCCTAGAGCTTTCTGATGGGAGGATT
CAGATTAACAAAATGTTTGGGACTGTGGTGGTTGGAGTTGGAATTGCTGGCTTAGCACGGATTCGAGAT
TTGATGAATCCAATGCCTTCTAGCCCTTCAGAGCATCTGAAGCTCCTTGGATTTGTATCCAGGAGAAGT
TTTGGCAATATTGATGAGGCTGAGCAGATTAGCCTGGAAGATGCTCTAAGAAGCAAAGAGATTCATGCA
GCCTTTATCAGCACAGAGAACAGAAGCCATGAAGAAACCATCAGAATGTTTTTAGAAGCTGGGAAACAT
GTCCTTGTTGAGTACCCCATGGCTTTGTCTGCTGAGGCAGCCCATGAGCTCTGGGAGACGGCTGAGCAA
AAAGGTAAAGTCCTCCATGTGGAGCATATTGAACTTCTGACTGAAGAATACAAGCAGCTGAAAAAGGAG
GTGGCTGGGAAAGACCTAGTGAAGGGAACATTACATTTTACAGGCAGCGTCCTTGATGAAACAAAAGCA
GGGTTTCCAGCTTTCAGTGGAATTGCCCGACTGACTTGGCTGATTGACCTCTTTGGAGACCTCACCATT
ACCTCTGCCAGCAGAGAAGAGCAGAAGGATAAGAATTATTCTAGAATGACCGTTCATTTTCAGACTGCA
AACAAGAAGCCTCTCACTTGGATCGAAGAACGAGGACCGGGGATGAGACGTGAAAAGAAAATCAATTTC
TGTTTCACCAGTGGTTGTCTGGAGAACTTCCCTCAAGCCCCAAGGCCTGCTGTGGGCCTTTTCATGCAG
GATCAGAACCTCTTCGCCAAAAAACTGTTGGGACAGGTATCCAAGGAGGAGCTGGCTGCTGAGAAATGG
CGAATTTTGCGGTGTCTTGACCTTGCTGGGATGATTCAACAGCAGTGTGAACAGCCAGAGAAAATCTGT
TCTTGAGTTTGCTCTTCCAAGAGGATCATGGCAGACAGAAAAGCTGTAGGTCTAGAGTTCAGTGTTGCC
ATCAGGTAATTGCTGTTTCTGCCTTATTACATTCTCCTTGACTGAACGTGAATCCTAGGTTCTCTGTGT
GGACTGGAGAGCCTGGGCTATGCCCCATGCCTTCTGGTGTACGCTGGAACACAAAGCAACGTGTTACCC
TGCTCCAATGCATTGCTGTCCTTTCAGCCAGACAGGAACCTAGCAGCAACAAGGTTTCTCATGGTTGCT
TCCAAGCAGTTTAGTTGGTAATGTCCCTGAGGTCAGATCATGGAGGATTGCAAATTTGTAACATGATTT
TTCTTCTTGAGTATTCTTTCTCCTCTATTTAGATATATGTGAAAATGAGACATATTGGATTATCTAGAA
CAAAGCTCTAAATGAATTTTCAACCTCTCTGCTTGATCTGCAAAAGTTGTACCACCTCAGTCCCAACCT
TTTTTTTCTGGGTACTCTGAATTTGTTTGTGTGTTTGCTCTGATTAGAAGTTGTGCCTGTTTTGTTTTG
TGTTTCACACTGGAAATCATCTTCCTTCAACCAGAATCTATAATGGTATCAAACCAGAATAGAAATATC
TTGTTTCTGACAGATGCCATGTTGAATTCATTCTATTTCTCTGGTGTCCTGTGCCAACAGGGAAATGTT
TTTCCAGCAGAGATTAAAACAATACATTAATACATCA

>gi150733018 I ref|XP_418872.1 I PREDICTED: similar to Biliverdin 
reductase A precursor (Biliverdin-IX alpha-reductase) (BVR A) [Gallus 
gallus]

MSFKDGRGKGEYYCCLELSDGRIQINKMFGTVWGVGIAGLARIRDLMNPMPSSPSEHLKLLGFVSRRS 
FGNIDEAEQISLEDALRSKEIHAAFISTENRSHEETIRMFLEAGKHVLVEYPMALSAEAAHELWETAEQ 
KGKVLHVEHIELLTEEYKQLKKEVAGKDLVKGTLHFTGSVLDETKAGFPAFSGIARLTWLIDLFGDLTI 
TSASREEQKDKNYSRMTVHFQTANKKPLTWIEERGPGMRREKKINFCFTSGCLENFPQAPRPAVGLFMQ 
DQNLFAKKLLGQVS KEELAAEKWRILRCLDLAGMIQQQCEQPEKICS

Figure 3.2 The nucleotide and deduced amino acid sequence of cDNA 

encoding the putative chicken biliverdin-IXa reductase.

Shown above is the full nucleotide sequences and the amino acid translation of the 

putative chicken BVR-A (see Section 3.9.1 for further explanation).
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Synechocystis BVK-A 
Anabaena HSD gl|75906978|

MSENPAVATPVRVGIVGTGYAAQRRAEVFRGDRRSQLVSFWGNSEANTAK
--- MAEAT-IRIGIVGTGYAAKLRAEAFLEDKRSHLVAIAGSTLERTQA

.* ** .*.*********. ***,* *.**:•*.. *,:
50
45

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

FADTFGVRPQQSWQALINDPEIDLVLIATINQLHGAIAEAALQAGKHWIi
LAQDYQAEAITGWQQLVEREDIDLWICTINRDHGAIARAALTAGKHVIV

100
95

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

EYPLALTYAMGKKLQQLAREKGKLLHVEHIELLGGVHQAIRQNLGKIGEV
EYPLSVDLTEAEELIALAKAQQKLLHVEHIELLGGLHQALKQNLDKVGHL

150
145

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

FYARYSTIMGQNPAPQRWTYHHQQFGFPLVAALSRISRFTDLFGTVQQVD
FYVRYSTVNPQNPAPRKVfTYNHEMFGPPLIGALSRLHRLTDLFGKVFTVN
* * , * * « * .  A * * * * . ; * * * . * .  * * « * * . , * * * * •  * • « * * * * , *  *;

200
195

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

AQCRFWDQPNPEYFRACLATAYLQFNNGLKAEVIYGKGEVFHQNERIFTL 
CHQRYWEI-EPEYYQTCFCMTQLCFTSGLLAQVIYGKGESLWQPERKFEV 

*.*. .***...*•. * *..** *.******* . * * * * ;

250
244

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

HGDRGTLIFVGETGRLIQGQTETEITVGSRRGLFRQDTEAVLDYLTTGKP 
HGDNGALIFDGDTGPFIQSGESTAIEVGSRRGLFAKDTSMVLDHLLDGTP 
***,*:*«* *.** :**. .* * ******** :**. ***•* *.*

300
294

Synechocystis BVR-A 
Anabaena HSD gi|75906978|

LYVDLEASLYALEVADLCAQACGYKVEN...... 328
LYVTPEESLYTLRVADAAQRAAQMGITIFLTDKLN 329
*** * ***•*,*** A

NostOCHSD BAB75819.1 
Anabaena HSD gi|75906978|

MGVKLGILGLGTVGTGTVQLLQDTVGRHPLLQEIEIYRVGVRSLDKSRDV
--MAEATIRIGIVGTGYAAKLRAEAFLEDKRSHLVAIAGSTLERTQALAQ

, . . * * * * * ,  *.  ̂ , ^̂ 5 ... :z
50
48

NostOCHSD BAB75819.1 
Anabaena HSD gi|75906978|

QLQPEVITTDLESIVNDPAVDIWEVMGGLEPARSLILQAIHNGKHWTA 
DYQAEAITG-WQQLVEREDIDLWICTINRDHG-AIARAALTAGKHVIVE 
. * * * *  •*• •*.** *. ****•

100
96

NostOCHSD BAB75819.1 
Anabaena HSD gi|75906978]

NKAAIARPGAEIFTAANQAGVYVMLEAAVGGGIPVIQPLKQALSVNRLHT
YPLSVDLTEAEELlALAKAQQKLLHVEHI--- ELLGGLHQALKQN-LDK

:: * * • *  .* 2 :::
150
141

NostocHSD BAB75819.1 
Anabaena HSD gi|75906978|

VTGIVNGTTNYILTRMQTEGSEPADVLADAQRLGYAEADPTADVEGLDAA
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: * : : * * * .  :**. ***,
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Anabaena HSD gi|75906978|
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YGKGES....... LWQPERK--PEVHGDNGALIFDGDTG-- FPIQSG

:: : : : : *: : : .*
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NostOCHSD BAB75819.1 
Anabaena HSD gi|75906978|

AGAGATASAVTSDILSLVAALKSNTTAPNPLLTCRHEEYSQVAPISDLLT
ESTAIEVGSRRGLFAKDTSMVLDHLLDGTPLYVTPEESLYTLR------

. . . . .  ** * . . . .
350
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NostOCHSD BAB75819.1 
Anabaena HSD gi|75906978|

RFYARPLTKDQAGVIQQLGTCFGNHGVSIESIVQTGFQGELVEIVWTHD
...... VADAAQRAAQMG............ -....... . . ITIFLTD
: .*:* : :: :: : *
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Anabaena HSD gi|75906978]

VREGEFRQALAEZQNLPAIDSIPSILRVL 429 
KLN.................. .......329

B

Figure 4

Alignments o f  the protein sequence accession number gi|75 70073 l|gb|ABA20407.1 

(annotated as an NAD-binding, homoserine dehydrogenase from Anabaena variabilis 

ATCC 29413) against the Nos toe sp. PCC 7120 homoserine dehydrogenase accession 

(number BAB75819.1) shown in part B. It is clear that this protein has greater 

similarity to the synechocystis biliverdin reductase than homoserine dehydrogenase o f  

the Nostoc sp. PCC 7120.
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Appendix III
CBAC COMTE/1-120 
PHT4 PSEPU/12-130 
GFO ZYMMO/64-208 
MVIM ECOLI/4-121 
MI2D BACSU/3-125 
Q45376 BORBR/11-130 
YISS BACSU/S-125 
Y1686 STRPN/2-116 
YJHC ECOLI/2-118 
Q00781 EMENI/12-146 
Q6MMX6 BDEBA/5-120 
Q74AT7 GEOSL/5-121 
YCJS ECOLI/10-130 
Q55548 SYNY3/24-140 
026961 METTH/4-122 
NTPC BACSU/2-118 
Q54368 STRLN/3-119 
STRI STRGR/1-121 
MOCA RHIME/4-121 
Y816 SYNY3/7-126 
Q6YPE5 ANASP/12-131 
Q396B4 DAUCA/9-132 
Q54531 9ACTO/10-129 
YMOl RHIME/4-124 
YGJR ECOLI/2-121 
Y4HM RHISN/18-148 
P94437 BACSU/13-144 
P72782 SYNY3/11-129 
YVAA BACSU/14-131 
YDGJ ECOLI/5-122 
YHHX ECOLI/3-123 
GAL PSEFL/4-114 
YM94 YEAST/4-127 
BlEA RAT/9-124______

MRIGWGLG. . . . KAFMLMLPTFLMD. RRVQLV.......AASDTDPLSLR . . .
LRLGWGLG. . . . RAFTLMLPTFLAD. RRVQLV.......GACDPREQARR. . .
FGYAIVGLG. . . KYALNQILPGFAGC . QHSRIE.......ALVSGNAEKAK. . .
LRIGWGLG. . .GIAQKAWLPVLAAA.SDWTLQ.......GAWSPTRAKAL. . .
LRIGVIGTG. . . .AIGKEHINRITNKLSGAEIV.......AVTDVNQEAAQ. . .
IRFGLVGCG_____RISKNHIGAIAQHGDRAELV...... EICDTNPEALQ. . .
VRCAVLGLG_____RLGYYHAKNLVTSVPGAKLV...... CVGDPLKGRAE . . .
VKYGWGTG YFGAELARYMQKN . DGAEIT....... LLYDPDNAE.....
INYGWGVG. . . . YFGAELARFMNMH.DNAKIT....... CVYDPENGE.....
ILIVIVGAG....LIGPRHAQSVQRH.PRTQLI....... AFVDPSPSAI....
LRGAWGVG. . . . YLGKFHAQKYKNN. PNVELV...... GVCDHFPAQAD. . .
LRTAVIGVG. . . . YLGQFHAEKYAQL . PDTELV...... AWDTDMNRAA. . .
LRVAIIGAG. . .QVADKVHASYYCTR.NDLELV.......AVCDSRLSQAQ. . .
IRIGVIGVG___NMGQHHTRVLSLM.KDVEFV........GIADVNVERGL. . .
INVGVIGVG___AMGYNHARVYYRL. KNANLM........AVSDIMKGTLQ. . .
KKIGIIGAG___GIARAHATALSTI .KNAELV........GVYDINQQNAE. . .
HRCGIIGTG. . . .LQATRRVRALIEA.ADAEPV.......RVAGATPDTTK. . .
MRVGIVGAG____ RMGRLHARTLLEL . PDPPDL.......WHDVDPDGAH. . .
FRLGLVGAG____ RMGQVHVRAAAES . SLVEIA.......AVADPIAASRL. . .
LTVAVIGTG. . . .FGQAVHIPALQYH.QQTQAI...... AIYHRDLAKAQ. . .
IGVAIAGTG_____FGQKVHIPAFQAH.HRTDIV...... AIYHRDIHKAK. . .
VKIGILGCA....EIARKLSRAIHLV.PEDVCIS...... AIGSRSESKAI...
LRMGVIGTA. . . NIAIRRIMPVLAAH . DHVDLV...... AVASRDKARAE . . .
VRFGIIGTA. . .AIAVEKVIPSMLSA.EGLEW...... AIASRDLDRAR. . .
IRFAVIGTN___WITRQFVEAAHES.GKYKLT........AVYSRSLEQAQ . . .
LRLGFIGGGK.GGLVGRWHFAGARLS.NHWEIVA...... GALSSDPENAH...
LRWAMVGGGRLSQVGYKHRIGALRDN.TAFQLTA...... GAFDIDAERGK...
VRVGIVGTG. . . . YAAQRRAEVFRGD . RRSQLV.......SFWGNSEANTA. . .
IKVGILGYG...LSGSVFHGPLLDVL.DEYQISK...... IMTSRTEEVKR...
IRVGLIGYG. . .YASKTFHAPLIAGT.PGQELA...... VISSSDETKVK. . .
INCAFIGFG...KSTTRYHLPYVLNR.KDSWHVA...... HIFRRHAKPEE...
IRLGLVGYG. . . KIAQDQHVPAINAN . PAFTLV...... SVATQGKPCPG. . .
LNVGIVGTG...IFARDRHLPSYQEF.PDKFKVI...... AAFNRHKAKAL...
F GWW G V G .  . . .RAGSVRLRDLKDP.RSAAFL.......NLIGFVSRREL. . .

.QFKADFP. .AAA. . . . VHGDIE.SLCK.... NPDVEWYI .

.QFERDFD. .APA.....YETIE.DLAA.... DSNVDALYI .

.IVAAEYG..VDPRKIYDYSNFD.KIAK.....DPKIDAVYI.

. PICESWR. . IPY....ADSLS . SLAA....... SCDAVFV.

. KWEQYQLNATV....YPNDD. SLLA..... DENVDAVLV.

. AAEAATG. . ARP....FSSLS . DMLA..... QGNADALVL .

.QVARELG. . lEK....WSEDPYEVLE..... DPGIDAVII .

. AIAEELG. . AKV....ASSLD. ELVS..... SDEVDCVIV.

.NIARELQ. .GIN....MSSLD.ALVS..... SKLVDCVIV.

. PVAESFG. . VPC....YDSIT. SMLDWGKTTGKPDAAIV.

. KIAMELG. . VKS.....FHKPQ. DLIG.......HVDLVTI.

.EVAAKVG. .TSP.....CTDYR.ELLD.......RVDAVSI .

.ALAEKYG. .NAS. . . .VWDDPQ.AMLL... AVKPDWSV .

.DTASKYR. .VHF....FEDYQ.EMLP....... HVDAVCV.

.KVANKYD. .TVG....YVDYE.NLLE..... IPEIEWSV.

.SFVKTFG. .GKS....FENVD.ELID....... ASEGLIV.

. GVRAEHG. . LNA....VADWR. ELVA..... DDGIDWFV .

. RLAQELAAGTKA.QVTVERELAD . . . .TVTKADAIW.

.NLAGNG. . . IKT.....YETAG.DMIE.... AGEVDGVLI .

.EVAKSND. .LAY____SYNNLE.ELLA.... NPEVQAVTI .

.AIAEANN..IPH....AFDTIA.DTVN.....LPEVQAVSI.

.QFAAANGFPVSA...KVYGSYD.AVLE.....DPDVDAIYM.

. RVGAAFG. . CGG....VGDYA. ALVE..... RDDLDAVYI .

.AAATRFG..IGR....SYGSYD.EILA.....DPEIEAVYI.

.HFANDFS..VEH....LFTSLE.AMAE.....SDAIDAVYI.

.ASAAEWM..lAP..DRSYSDWN.AMATAEAARDDGIEAVSI. 

.DFGVNLG. .VDA. . ERCYPNYQ . TMFAEEAKRQDGIEWSI.

.KFADTFG. .VRP....QQSWQ.ALIN..... DPEIDLVLI .

. DFPD AEV....VHELE . EITN..... DPAIELVIV .

......... ADWPTVTWSEPK.HLFN..... DPNIDLIVI .

.QAPIYSH. . IHF....TSDLD.EVLN..... DPDVKLVW.

......... VEN.... FQSLG. ELLE____ NGPPVDAIAF.

.DFAKVAD..IPE..NKVYDNLD.EILN.....DPHVDYIDA.
■ GSLDEVR......... QISLE . DALR..... SQEIDVAYI ■

.GTPHQFHAVHAEIALNAG.K . 

.AS PHQFHAEHTRIAAANR.K . 

.ILPNSLHAEFAIRAFKAG.K . 

. HSSTASHFDWSTLLNAG. V . 

.TSWGPAHESSVLKAIKAQ.K . 

.AT PSGLH PWQAIEVAQAG.R . 
VTPTSTHGDMIIKAAENG.K . 
.ATPNNLHKEPVIKAAQHG.K . 
.ATPNYLHKEPVIKAAKNK.K . 
.ST PNHTHVDVTLQLLENGIR. 
.AASTLSHFELAKMFVENG.V . 
. WPTQYHFEVARAFLDRG . V . 
.CSPNRFHYEHTLMALEAG.C . 
.AVPTRLHHDVGMNCLQNN.V . 
CVPTTHHYNWMDALEHD. K . 
.AS PNFCHKEHALQALGKH.K . 
CVRPICTRDD...ASLRAG.K . 
.ATPATQRRAPLLAAARAG.L . 
.AT PSNTHVDTVADIAARG.L . 
.AS PPFLHYEMAKQAILAG.K . 
.ATPPFLHYEMGKTVLQAG.K . 
.PLPTSLHLKWAVLAAQKQ.K. 
.PLPPGMHHEWALRALRSG.K . 
.PLPNHLHVHWAIRAAEAG.K . 
.ASPNSLHFSQTQLFLSHK.I. 
.VTPNWTHHRIATAFLKAG.I. 
.ATPNGTHYEICKAALEAG.V . 
.ATINQLHGAIAEAALQAG.K . 
.TT PSGLHYEHTMACIQAG.K . 
.PTPNDTHFPLAKAALEAG.K. 
.CTHADSHFEYAKRALEAG.K . 
.CTPPQGRFALVQQALAAG.K . 
.LLPAQFNADIVEKAVKAG.K . 
.CSESSSHEDYIRQFLQAG.K.

. HVLVEKPMAVTLEDCCRMNACAQR........ A . GKY . LIVGH

. HVLVEKPMALSLDECDRMIADCAE........ A . GVK. LIVGH

. HVMCE KPMATS VADCQRMIDAAKA........ A . NKK . LMI GY

. HVCVDKPLAENLRDAERLVELAAR........ K . KLT . LMVGF

. YVFCEKPLATTAEGCMRIVEEE IK........ V. GKRLVQVGF

. HWSEKPMATRWEDGKRMVKACDE........ A . GVR . L F W K

. QIFVEKPLTLSLEESKAASEKVKE........ T . GVI . CQVGF

. NVFCEKPIALSYQDCREMVDACKE........ N . NVT. FMAGH

. HVFCEKPlALSYEDCVDMVKACKE........ A . GVT. FMAGH

.NILLEKPISDDLESAEHLLATVKEQKCKDEKRGKDAKINIQIGH

. HVNVEKPITATVPQAEELLALAAK........ K . NVK. VAVG.

.HVLLEKPITTTIEEADELIRIADE........ R . KAV . FQVGH

. HVMCEKPPAMTPEQAREMCDTARK........ L . GKV . LAYDF

. HTLIEKPIAAS lAEAESLVNAAAD........ A . NCI . LQVGH

. HVLVEKP lAFTLEEAEDMVKTARK........ K . GLK. LGTGH

. HVLCEKPMAISLEEASIMKDTAER........ L . SVR . ASMGF

. HVLCEKPLARTADEADEMCRVARA........ T . GRV . LGCGF

. PVFCEKPLTADETEAAELVEALAH............. TRLHVGF

. PILCEKPCGVTAEEARKAADVAER........... YKVHLQIGY

. HVLLEKPMTLRVEETIELYHLARQ........ R . EVQ . VI PDF

. HLLLEKPVTLNVAEAQELYQLAKK........ Q .GVI. ATVDF

. HLLVEKPVAMHVDELDAILEACDD........ N . GVQ . YMDGT

. HVLVEKPMSDTYEKTLELMSTASE........ L .GLV . LAENF

. HVLCEKPLALDVEELSRLIDCRDR........ T .GRR . IQEAV

.NVICEKPLASNLAEVDAAIACARE........... NQWLFEAF

. DVILDKPMTTTVSDARELVELQRA........ T . DRL . VIMTY

.HVICEKPLFFTSAEGQEIKALAEK........ K.GKI .VGVTY

. HWLEYPLALTYAMGKKLOQLARE........ K . GKL . LHVEH

. HWMEKPMTATAEEGETLKRAADE........ K . GVL . LSVYH

. HVWDKPFTVTLSQARELDALAKS........ L . GRV. LSVFH

.NVLVEKPFTPTLAQAKELFALAKS........ K.GLT .VTPYQ

.HVLVEKPPCATLGKAALWIKREQA........ S  APCSP

. PVILEKPIAANLDQAKEIVKIAES........ T . PLP .VGVAE

. HVLVEYPMTLSFAAAQELWELAAQ........ K . GRV. LHEEH
023580 ARATH/10-138 
Q53739 STRCH/13-129 
025390 HELPY/1-127 
P72133 PSEAE/2-129 
Y40X RHISN/6-128 
054512 YEREN/8-126 
Q882M7 PSESM/5-123 
Q9ZB60 PROMI/5-123 
Q7N4K9 PHOLL/5-123 
Q6LRK0 PHOPR/18-136 
Q8ZHV7 YERPE/5-123 
Q73TH4 MYCPA/9-125 
Q9EWP2 STRCO/7-124 
Q9HWG5 PSEAE/5-122 
034371 BACSU/2-129

TKYGIVGIG....MMGREHLINLHHL 
LRALMVGFA. . .GHQGKEYLPWREY 
MLFAMIGSG...GFIAPKHLQAIRDT 
KNFALIGAA...GYIAPRHMRAIKDT 
LHIGAGGFG...ERWCDTFLPQNVAD
QRVLIVGA.....KFGEMYLNAFMQP
LKVLWGA.....KFGELYLNSFLLE
KKWIVGS.....KFGEVYLNAFIQP
RRVLIVGS.....KFGELYLNAFLQP
KKIVIVGA.....KFGELYLNAFIEP
QKIWCGT.....LFGQVYLSAFKTA
. R A I W G S .....TFGAVYAEALAAP
FRVLVCGT.....NFGRFYAEAVHRR
RSVWAGS.....RFGQFYAAGVAAD
KNIVFCGLSS..RAFSMFIKPLMERF

, RDQGLAV...... VCIADPHPPSQLLAIELAQSFGWELKV.....FSGHE . ELLK.....SELCDVIW . . SSPNMTHHQILMDIINYS ,
,ADIV..........GGVDVAPAAG.....ALADDWG. .FPR.... FTGIG.EALK.....RVDFDVAMV. .TVPHSEHFPLCRELLLHG.
GHFLDCSFDIHDSVGVLDEYFAQSE... 
GNCLVSAYDINDSVGIIDSISPQSE...
G T I E W ........ GLVDIDAKALD. . .
PEGLELV....... GLLAQGSARSR. . .
QPGLQLA....... GLLANGSPRAR. . .
QDKWHLI....... GLFSKGSTRSR. . .
QSGLELA....... GILAQGSARSQ. . .
HPDLELA....... GIVSTGSERSK. . .
FEGGELA....... GILAQGSERSR. . .
ESPVELV....... GLLSTGSRQSA. . .
PGYAPA........ GILSRGSAASR. . .
PRFVLR........ GILGQGSRRSR. . .

.FFTN............ lEDFE.KHLEQSKDMGKEINYLSV. .CTPTHTHFDHIRFGLRNG

. FFTE............ FEFFLDHASNLKRDSATALDYVSI . . CSPNYLHYPHIAAGLRLG

. IGRKHLGLKAEQ CFTAAA. QAFQ MVDADFCTI. . VIPPALHEGIVDLALARG

. ELAHAFG. . I PL....YTSPE. QITG..... MPDIACIWRSTVAGGAGTQLARHFLARG

. ALANAFG. . IAL....YTDIE. QLPD..... DLDIACVWRSAWGGAGGQLTESLLRRG

. ELSKAFG. . I PL....FTRFD. QLPE..... KIDLACIWRSAIVGGEGSQLAQAFLQRG

. QLACDFN . . VPL....FRSLD . ELPD..... DIDIACWIRAEVIGGKGDQLTQALLARG

.QLAEAFG. .VPL....FMNIS.ELPQ..... DIDIACWIRASVIGGNGNLIVEDLLQRQ

.QLAHAYG. .VPL....YHHVD.ELPD..... DINMACWIRSTIVGGKGSEITKALLKRG

. DLASRLA. . I PL....YTGMN . SLPR...... VDIAFVWRSGWGGEGTRVCKELLSRG

. ACAERLG. .VPH....YTDVA. DLPA..... GIDAACVAVSSAISGGQGTELARALMDRG

.ALAERLG. .VET....WCEVE.ALPD..... DVRLACVAVGGAARGEQGPALAEALMARG
STHYEIT...... GLLDADPKRFAVCKKKFPE.....LAHVPEFSEDAFD . EMMR..... VSKPDIVIV . . AGRDDTHVAYIVKSLQWN . T . . DVITEKPMVTTVQDANRVLEAEAK........ S. EGK

KPHHVLVEKPLCTTVADCKQVLEAAKK........ RSDMV . VQVGL
K . . HIVKEKPFAVTEEEARQLIELAEG.........A . DRS . VYTLL
M . . HVICEKPLVLDPGEIQELKDLEVK......... H . QKR. VFSLL
C . . DVICEKPLVPTPEMLDQLAVIERE........ T . DKR . LYNIL
M . . HILSEKPIADTMEASVRIAEKVRK........ S . GLN . MGVTM
V. .HVIQEHPL. .HPDDISSLQTLAQE......... Q.GCC.YWINT
L. .HVIQEHPV. .HPDELVRHQQLATR......... M.GCQ.YIVNS
I . .SWQEHPV. .HPDEITRLQSLAEK......... M.HCH.YIVNS
I . .SVIQEHPL. .DAEAIKKHQLTANK......... H . DAM . FWVNS
I . .HVIQEHPV. .SINELNRHKTLAQK......... H.GVQ.YRVNS
I. . SVLQEHPV. . CLEDVAECLRLARQ......... Q . GCH . YQVNT
V. .HWQEQPV. .HADEIMSLLHVAAE......... N.AVL.YTVND
I. . HVLQEHPV . . HLTELTDNLTHARR........ R . GVQ . YRLNT
I . . DVLIEHPL . . LPREWQDLLRSAER........ L . GRR . CLLNT

.VTVAF

Figure 5 The GFO/IDH/MOCA family

The amino acid sequences o f  the GFO/IDH/MOCA family consensus sequence. Areas o f  similarity are evident throughout all sequences. The amino acid 

sequence o f  rat BVR-A is underlined.
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Appendix IV Figure 1 The dissociation constant of NAD witli rat
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(a) The dissociation constant o f NAD with rat BVR-A in 50mM 

Tris pH 7.2 supplemented with 5 mM sodium phosphate. Data 

points were fitted to the Michaelis equation F(x)=a*b/(x+b) with b 

representing the appKo values.
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(b) The dissociation constant o f  NAD with rat BVR-A in 50mM 

Tris pH 7.2 supplemented with lOmM sodium phosphate. Data 

points were fitted to the M ichaelis equation F(x)=a*b/(x+b) with b 

representing the appKo values.



Appendix IV Figure 1 The dissociation constant of NAD with rat BVR-A over increasing concentrations of phosphate
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R2 0.99814

(c) The dissociation constant o f NAD with rat BVR-A in 50mM 

Tris pH 7.2 supplemented with 50mM sodium phosphate. Data 

points were fitted to the Michaelis equation F(x)=a*b/(x+b) with b 

representing the appKo values.
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R2 0.99537

(d) The dissociation constant o f NAD with rat BVR-A in 

50mM Tris pH 7.2 supplemented with lOOmM sodium phosphate. 

Data points were fitted to the Michaelis equation F(x)=a*b/(x+b) with b 

representing the appKo values.
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Appendix IV Figure 2 The dissociation constant of NADP with rat BVR-A at 50mM Tris pH 7.2 and pH 8.7

150-r 
14 0 -  
13 0 -  
1 2 0 -  

1 1 0 -  

1 0 0 -  

9 0 -  
8 0 -  
7 0 -  
6 0 -  
5 0 -  
4 0 -  
3 0 -  
2 0 -  

1 0 -

D
Ol

200 8 12 164

Concentration o f NADP (|J.M)

F(x)=a*b/(x+b)
a 1.87E+02 7.39E+00
b 6.39E+00 6.37E-01
R2 0.99145

(a) Determination o f the apparent dissociation constant of 

NADP with rat BVR-A in 50mM Tris pH 7.2. The data was fitted to 

the MichaeUs equation F(x)=a*b/(x+b) where b represents the estimated 

appKo values.
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(b) Determination of the apparent dissociation constant of 

NADP with rat BVR-A in 50mM Tris pH 8.7. Data was fitted to the 

Michaehs equation F(x)=a*b/(x+b) where b represents the estimated 

appKo values.
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Appendix IV Figure 3 The dissociation constant of NAD and NADP with rat BVR-A

120

1 0 0 -

8 0 -

On
6 0 -

4 0 -

2 0 -

250 300100 150 2000 50

Concentration of NAD (|iM)

F(x)=a*b/(x+b)
a 3.47E+02 4.32E+01
b 6.54E+02 1.06E+02
R2 0.99648

(a) Determination o f the dissociation constant for NAD on rat 

BVRA in 50 mM Tris pH 8.7. Data points were fitted to the 

Michaehs equation F(x)=a*b/(x+b) with b representing the appKo 

value.
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(b) Determination of the dissociation constant for NADP on rat 

BVRA in 50 mM sodium phosphate pH 7.2. Data points were fitted 

to the Michaelis equation F(x)=a*b/(x+b) with b representing the 

appKo value.
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Appendix IV Figure 4 The dissociation constant for NAD with rat BVR-A.
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The dissociation constant for NAD with rat BVR-A in 50mM Tris pH 7.2. The 

fluorescence intensity was measured at 340nm (excitation wavelength 295nm) after 

each addition of nucleotide. The measured fluorescence intensities were corrected for 

the ‘inner filter effect’ to yield the corrected fluorescence Fcon- which is represented as 

Delta F in the data presented.
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Hill equation f(x)=(a*x''b)/c+x''b)

a 1.66463E+00 +/- 1.66463E+00

b 1.85943E+00 +/- 1.91472E-01

c 1.99E+03 +/- 1.32745E+03

SSE 0.01656 0.9910

Table 1 The effect of phosphate on the activity of human BVR-A.

Assays were performed with 20 |J,M bihverdin and 700 |0,M NADH  at 30°C with 

increasing sodium phosphate (Figure 4.6). The reaction was started on addition o f  

enzyme. Experimental data obtained from the effect o f  phosphate on the activity o f  

human BVR-A is fitted to the Hill equation.
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5 ^1 lOxPfu reaction buffer
10 ng (in 5)^1) Rat BVR-A in pHisParallel-1 plasmid
1 |xl (10pmol/|o.l) Forward mutagenic primer
1 nl (lOpmol/^l) Reverse mutagenic primer
3 |xl dNTP mix (10 mM each nucleotide)

29^1 Nuclease free H2O

1 ^l PfuTurbo DNA polymerase (2.5 U/|j,1)

(i)

1 95°C 2 minutes
2 95°C 30 seconds
3 58°C 30 seconds
4 72°C 8 minutes
5 Go to step 2 16 times
6 72°C 10 minutes
7 4°C 10 minutes
8 END

(ii)

Table 2 Site directed mutagenesis of rat BVR-A

(i) The PCR reaction mixtures used to introduce mutations into the pHis- 

Parallel 1 vector containing cDNA for rat BVR-A, were prepared with the 

components detailed above, (see Section 4.6)

(ii) Details o f  the cycling parameters used for the PCR o f these mutants.
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a b C K (s-^) Chisquared
Signal
noise

50 mM Tris
-3.1126-03 +/- 

5.739e-05
4.5116-03 +/- 

1.0626-04
2.8296-03 +/- 

5.9156-05
1.5146+01 +/- 

6.2206-01 1 0.000071

5 mM phosphate
-7.048e-03 +/- 

4.783e-05
2.0076-02 +/- 

9.6636-05
4.4006-03 +/- 

3.5886-05
1.8536+01 +/- 

2.8256-01 1 0.000871775

10 mM phosphate
-7.368e-03 +/- 

3.3556-05
2.1486-02 +/- 

1.0676-04
4.2366-03 +/- 

3.4006-05
1.8276+01 +/- 

2.0226-01 0.9999 0.000535814

20 mM phosphate
-9.4026-03 +/- 

8.869e-05
2.4386-02 +/- 

2.1856-04
6.9436-03 +/- 

6.5166-05
2.366+01 +/- 

4.8506-01 0.9999 0.0014017

50 mM phosphate
-1.267e-02 +/- 

8.1586-05
2.8956-02 +/- 

1.7696-04
1.1166-02 +/- 

4.9926-05
2.8576+01 +/- 

9.8626-01 0.9999 0.00138655

100 mM phosphate
-1.2646-02 +/- 

8.3866-05
3.0476-02 +/- 

1.7726-04
1.0136-02 +/- 

5.0426-05
2.7736+01 +/- 

3.8256-01 1 0.00134688

200 mM phosphate
-1.4946-02 +/- 

4.5796-05
3.3376-02 +/- 
9.07116-05

1.4466-02 +/- 
4.3926-05

2.6816+01 +/- 
2.1996-01 0.99901 0.00154

Table 3 The effects of phosphate concentration on the burst rate constant of human biiiverdin reductase in 50mM sodium citrate 

pH 7.2.

The results o f stopped flow experiments discussed in Section 4.4 were fitted with to the single exponential plus slope where y = a . e ^ ' ^ ’‘  ̂+ b . x  

+ c. As X approaches infinity the equation effectively reduces to y = b.x + c, the steady state rate. The burst rate constant (kb) is represented as k 

in this equation.
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SSE: 0.69075
R2: 0.99965
a: 9.89E+01 +/- 2.9458E+00
b: 2.35E+02 +/- 1.1036E+01

(a)

SSE 1.9524

0.99768
(Km) a: 6.00E+01 +/- 4.10489
(V„,ax) b: 3.77E+02 +/- 4.37680

(b)

Table 4 The effect of increasing NAD PH and NADH concentrations on

activity of the rat BVR-A R44A mutant.

(a) NADPH was varied over the concentrations 2, 5, 10, 15, 25, 50 100 and 

200)aM in 50mM Tris pH 8.7.

(b) The activity was measured by monitoring bilirubin production at 460 nm using 

various NADH concentrations (5, 10, 25, 50 100, 200 and 400 |aM) in 50 mM Tris pH 

8.7.

Data points from Figure 4.22 were fitted to the Michaelis equation f(x)=(a*x)/(x +b) 

and estimates for Km and Vmax are presented in accompanying tables.
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f(x) = a*x/(x+b) using NADH as cofactor

a = 6.00078E+01 +/- 4.1 E+00
b = 3.76995E+02 +/-4.3E+01

SSE 1.952
R2 0.99768

(a)

f(x) = a*x/(x+b) using NADPH as cofactor

a=9.83707E+01 3.656E+00
b = 2.33047E+02 1.369E+01

SSE 1.09422
R2 0.9994

(b)

Table 5 The effect of increasing NADH and NADPH concentrations on 

activity of the rat BVR-A R44A mutant.

Data sets presented in Figures 4.22 (a) and (b) were fitted to the Michaelis equation 

f(x)=(a*x)/(x +b) and estimates for the Km and Vmax were detemined.

(a) The activity was measured by monitoring biUrubin production at 460nm using 

various NADH concentrations (5, 10, 25, 50 100, 200 and 400|J,M) in 50mM Tris pH 

8.7.

(b) NADPH was varied over the concentrations 2, 5, 10, 15, 25, 50 100 and 200 

HM in 50mM Tris pH 8.7.
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f(x) = a*x/(x+b) using NADH as cofactor

a=  3.30706E+00 +/- 6.50030E-02
b =  2.12849E+01 +/- 1.65466E+00
c=  6.19746E-01 +/- 4.65483E-02
SSE 0.01563
R2 0.9982

Table 6 The effect of phosphate on the activity of rat BVR-A.

Rat BVR-A was assayed using 700 îM NADH and 10|j,M BV as substrate in 50 mM 

Tris pH 7.2 at 30°C with increasing concentrations of phosphate (0, 3.125, 6.25, 12.5, 

25, 50, 100, 250mM). Data points presented in Figure 4.20 was fitted to the Michaelis 

equation f(x)=((a*x)/(x +b))+c, the results o f which are presented above.
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ZZZanti 18ET biliverdin
a 7.43E+03 2.61 E+06 SSE 0.465
b 1.23E+03 4.32E+05 R2 0.9957
0 1.24E-02 4.36E+00
d 2.70E+02 9.54E+04

ZZZ-syn 18ET biliverdin
a 5.21 E+03 7.56E+05 SSE 0.00114
b 1.06E+03 1.54E+05 R2 0.99995
c 4.77E-03 6.93E-01
d 1.72E+02 2.50E+04

ZZEanti 18ET biliverdin
a 3.82E+05 9.21 E+10 SSE 0.6595
b 2.12E+04 5.12E+09 R2 0.98761
0 6.52E-05 1.50E+01
d 5.12E+03 1.23E+09

Figure 1 The effects of increasing concentrations of locked biliverdin isomers on 
the activity of human biliverdin-IXa reductase.

The effects of increasing concentrations of 15ZZE-anti 18ET biliverdin, 15ZZZ-syn 18ET 

biliverdin and 15ZZZ-anti 1 SET biliverdin on human biliverdin-IXa reductase are shown 

in Figures 5.17, 5.14, and 5.12. The curves obtained were fitted with the equation for 

partial substrate inhibition, the coefficients for which are detailed above.
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