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Abstract 

The primary biological role of the aldehyde dehydrogenase enzymes has long been a 

contentious issue. It was initially thought that the main function of these enzymes could 

be acetaldehyde metabolism; however, it seems unlikely that a large family of proteins 

evolved for this purpose. It has been suggested that an important function of aldehyde 

dehydrogenase enzymes may be in  the metabolism of the vitamin A derivative, retinal . 

This  thesis describes an investigation into the ability of human and sheep cytosolic 

aldehyde dehydrogenases to oxidise all-trans retinal, 9-cis retinal and CRBP-bound 

retinal under physiologically relevant conditions. A fluorescence-based assay following 

the production of NADH was employed, allowing the accurate measurement of Iow Km 
data. 

Firstly the ability of AlDH 1 to oxidise its putative biological ligands, free all-trans and 

9-cis retinal, was demonstrated. It has been proposed that retinoids occur naturally as a 

1: 1 complex with the lipocalins cellular retinol binding protein (CRBP) and cellular 

retinoic acid binding protein (CRABP). If the sheep and human class 1 enzymes play a 

role in retinoid metabolism in vivo, it is likely that they will accept CRBP-bound retinal 

as a substrate. To investigate this  possibility, recombinant CRBP was produced using an 

E.coli expression system. Using a spectrophotometric method, the purified recombinant 

CRBP was shown to bind all-trans but not 9-cis retinal, and using the same 

fluorescence-based assay as mentioned above, it was shown that both sheep and human 

AlDH 1 could accept CRBP-bound retinal as a substrate at physiologically relevant 

levels. In vivo studies into retinal oxidation were initiated using the retinoid-responsive 

human neuroblastoma cell-line SH-SY5y' It was shown that AlDH 1 was expressed in 

this cell line by Western blotting, and that the cells were responsive to retinal in addition 

to retinoic acid, indicating that retinal was being converted to retinoic acid. 

In addition, a novel, putative alcohol dehydrogenase was isolated, purified and partially 

characterised. The protein was purified using the techniques of subcellular fractionation 

by centrifugation, PEG precipitation, ion-exchange chromatography, preparative 

isoelectric focusing, hydrophobic interaction chromatography and gel purification. 

Elucidated characteristics of this protein include: subunit molecular weight 42-45 kDa, 

native molecular weight 42-45 kDa, isoelectric point 8 . 3 -8 .5, and activity with ethanol 

and other longer chain alcohols, but not with glucose, sorbitol or methanol. The protein 



was blocked at the N-terminus, and cleavage and internal sequencing attempts yielded 

some sequence infonnation. However, this infonnation did not appear to match closely 

with any known protein sequence when submitted to a protein database, suggesting that 

the protein is novel. 

From all available infonnation, we propose that in sheep and humans, the enzyme 

responsible for retinal oxidation is the major cytosolic class 1 aldehyde dehydrogenase, 

as opposed to the situation in rats and mice, where specific retinal-oxidising aldehyde 

dehydrogenases exist and the major class 1 enzymes play a more important role in 

acetaldehyde metabolism. 
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1. Chapter One :  Introduction 

1.1 The Retinoids 

Retinoids are naturally occurring and synthetic polyisoprenoid lipids which are 

structurally related to retinol (vitamin A) (Figure 1 . 1 ). All structural analogues of retinol 

are termed retinoids whether or not they exhibit any retinoid-like activity. Biologically 

active retinoids are pleiotropic compounds with a wide range of functions in vertebrate 

embryonic growth and development (Gudas, 1 994; Hoffinan & Eichele, 1 994; Maden, 

1 994) and maintenance of adult epithelial tissues (Gudas et al., 1 994; Rosenthal et al. , 

1 994; Wolbach & Howe, 1 925).  The most well characterised process with which 

vitamin A is involved is the visual system. The first recognition of the effect of vitamin 

A on the visual cascade was recorded by the ancient Greeks. Hippocrates noted a 

condition termed nyktalopia (night blindness) in cAOO BC, to which the noted prescribed 

cure was to eat large servings of raw beef liver - an excellent source of vitamin A (Wolf, 

1 996). "Minimal qualitative factors" in the rat diet necessary for growth and survival 

were identified in c. 188 1  (Hopkins, 1 906; Lunin, 188 1 )  and termed 'fat soluble factor A' 

(McCollum & Davis, 1 9 1 3 ;  Osborne & Mendel, 1 9 1 3). An attempt to isolate this factor 

yielded an active oil (Osborne & Mendel, 1 9 1 4), the yellow colour of which was 

proposed to be merely associated with the dietary factor, and which was then converted 

to the colourless active compound (Steenbock & Gross, 1 920). It was not until the 

1 930' s that the yellow compound was identified as f3-carotene, the precursor of 

colourless vitamin A (Moore, 1 930). During this time it was also discovered that the 

conversion of f3-carotene to retinol occurred within the body, the structure of f3-carotene 

was elucidated and recommended daily allowances identified (Karrer et al. , 1 93 1 ) . 

1 . 1 . 1  Functions of Retinoids 

Vitamin A plays vital roles in both embryonic formation and various adult processes. A 

deficiency in vitamin A may lead to blindness, disease and in extreme cases, death. In 

most retinoid dependent processes, retinoic acid is the biologically active compound, 

with the exception of the visual system and the reproduction requirement. Retinoic acid 

is a potent modulator of development that affects multiple organs and structures 

(Morriss-Kay, 1 993; Richman, 1 992; Summerbell & Maden, 1 990). During the 

formation of vertebrate embryos, retinoic acid programs positional information in limb 

generation and is crucial to nervous system, cardiovascular, urogenital and cranial facial 



1 -2 

6-carotene 

CHO 

13-cis retinal 
ll-cis retinal 

OH 

all-trans retinol 

9-cis retinal 

retinyl palmitate 

Figure 1 . 1: Structural Formula of {3-Carotene and Naturally 

Occurring Retinoids 

CHO 

CHO 



1 -3 

development (Hoffinan & Eichele, 1 994, and refs. therein). In mature vertebrates, 

retinoic acid is essential for processes such as normal hematopoiesis, bone remodelling 

and maintenance of epithelial integrity (Goss & McBumey, 1 992; Wolf, 1 984). The 

specific molecular processes with which retinoic acid is involved are: 1 )  inhibition of cell 

proliferation, 2) induction of cell differentiation, 3 )  induction of programmed cell death, 

4) immunomodulation, 5) inhibition of angiogenesis, and 6) influence on oncogene 

expression (Bollag, 1 996). The manner in which retinoic acid exerts its effects is 

through binding nuclear receptors, and affecting the transcription of certain target genes 

(De Luca, 1 99 1 )  (see section 1 .4). In relation to these functions, vitamin A therapy has 

now been successfully used to treat both dermatological conditions (acne, psoriasis, and 

other keratinising disorders) (Fisher & Voorhees, 1 996 and refs. therein), and certain 

cancers (acute promyelocytic leukemia, and combination therapy on particular cancerous 

and pre-cancerous diseases) (De Luca, 1 993; Gudas, 1 994; Lotan, 1 995 ;  McBumey 

et al., 1 993 and refs. therein). 

1. 1.2 The Visual Cascade 

The visual system is one of the best known signal transduction processes, and is one in 

which retinoids play an integral part. However, in this event, 1 1 -cis retinal and not 

retinoic acid is the biologically active retinoid. The irreversibility of the oxidation of 

retinal to retinoic acid means that retinoic acid will not support this function; however, 

both retinol and retinal will. The ability to detect the intensity of the visual stimulus 

(light), and its wavelength (colour), originates in the absorption of a photon by 1 1 -cis 

retinal or a derivative. 1 1 -cis retinal is complexed with a protein called opsin to form 

rhodopsin, and in this form l l -cis retinal (and in some cases, derivatives of l l -cis 

retinal) is the chromophore of all known visual pigments. The derivatives of retinal 

mentioned may be derived from all-trans retinol, 3 ,4-didehydroretinol or 

3 -hydroxyretinol (Saari et al. , 1 994) . In addition, there are a number of specific retinoid 

binding proteins found in the eye, the functions of which are not certain as yet (see 

section 1 . 3 . 5). 

1. 1 .3 The Role of Retinoic Acid in Development 

A large volume of evidence exists which implicates retinoic acid as playing a principle 

role in the specification of spatial information in the developing embryo (see Hoffinan & 

Eichele, 1 994 and refs. therein for this section). Retinoic acid is involved in growth, 

differentiation and cellular rearrangement, as well as in pattern generation in embryo 

formation. The generation of patterns is a mechanism which is distinct from the other 
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processes - for example all digits in the hand consist of the same cell types, which have 

undergone identical growth and differentiation; however, the thumb is obviously different 

from the index finger. One of the giant steps in modem developmental biology has been 

the identification of particular regulatory molecules that control the formation of body 

pattern. It is accepted that retinoids influence limb development, anteroposterior (head 

to tail or head to foot) patteming, and regenerating amphibian limbs, but their relative 

importance in these roles has yet to be confirmed. 

On the basis of considerable research, a mechanism for the action of retinoic acid (RA) 

on the limb bud has been formulated. In the early limb bud, a gradient of RA is 

established. The position of a cell in this gradient will determine the level of RA to 

which it is exposed. The detection of the local RA concentration by the retinoic acid 

receptors in the cell regulates the expression of downstream genes, which in turn define 

cell identities in the limb bud mesenchyme. This may provide the basis for digit 

patteming along the anteroposterior limb axis. It is likely that other cues are involved in 

this process such as tissue interactions or other growth factors. An indication of the 

importance of RA, however, is that local application of RA can completely recapitulate 

limb morphogenesis (Hoffinan & Eichele, 1 994) . 

Exposure of embryos to high doses of RA causes changes in the overall body plan 

resulting in malformations. The observation that RA can alter the expression of 

homeobox genes in cultured cells (Colberg-Poley et al. , 1 985) provided some clues as to 

the mechanism by which RA is involved in embryonic patterning. Homeobox genes are 

pivotal genes involved in axis formation, and it seems that the effects of RA are at least 

partly due to alterations in expression patterns of homeobox genes. Current evidence for 

the involvement of RA in the organisation of the primary body axis of vertebrates 

includes: 1) exogenously applied RA induces specific transformations in the identity of 

mesoderm and ectoderm derived structures, e.g. vertebrae, 2) these transformations 

occur at the time when affected structures are specified, and changes are preceded by 

changes in Hox gene patterning, 3) early embryos contain endogenous retinoids and 

express retinoid receptors and binding proteins, 4) retinoic acid induces Hox genes in 

vivo and in vitro, and 5) 'organiser regions' involved in axial pattern formation e.g. 

Hensen's node, are high points of retinoic acid synthesis and contain elevated levels of 

endogenous retinoids. 
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1. 1.4 The Absorption, Storage, and Mobilisation of Dietary Retinoids 

Dietary sources of naturally occurring retinoids are �-carotene from plant tissue and 
retinyl esters found in animal tissue. Retinyl esters are converted into retinol in the 
intestinal lumen, and absorbed along with �-carotene by intestinal enterocytes. While it 
has been shown that �-carotene is directly internalised by enterocytes (EI-Gorab et al. ,  
1 975; Hollander & Ruble, 1 978), the hydrolysis of retinyl esters to retinol in the 
intestinal lumen suggested that a specific transporter for retinol may exist to transport it 
across the intestinal wall (Dew & Ong, 1 994) . The identification of large amounts of 
cellular retinol binding protein (ll) (CRBP H) (see section 1 .3 .2) in the intestinal mucosa 
led to the proposal of a mechanism for the uptake of dietary retinoids involving CRBP H. 
CRBP II binds to all-trans retinol and all-trans retinal with an approximately equal 
strength, and thus is thought to play a central role in the processing of dietary retinoids in 
the mucosal cells (Kakkad & Ong, 1 988;  Levin et al. ,  1 987; Ong et al. ,  1 99 1 ;  Ong & 

Page, 1 987; Quick & Ong, 1 990). Simple diffusion of retinol across the enterocyte 
bilayer, driven by the presence of large amounts of CRBP II present in the cell, is an 
alternative uptake scenario. 

Once in the enterocytes, �-carotene is cleaved by either 1 )  a dioxygenase to form two 
molecules of retinaldehyde (retinal), or 2) excentric oxidative cleavage to form retinal via 
the formation of �-apocarotenals (Blaner & 0lsen, 1 994 and refs. therein). The retinal 
formed from cleavage of �-carotene and bound to CRBP II is then able to be reduced to 
retinol by a retinal reductase also found in the intestinal mucosa (Kakkad & Ong, 1 988).  
The retinol produced from �-carotene, and the retinol absorbed as such (from retinyl 
ester hydrolysis in the intestinal lumen) is then esterified with palmitic or stearic acid for 
storage purposes (Ong et al. ,  1 987). Two enzymes are primarily responsible for 
esterification. The most important of these is termed lecithin-retinol acyl transferase 
(LRAT) (Quick & Ong, 1 990), and this has recently been shown to preferentially esterify 
retinol bound to CRBP II over free retinol. Due to the abundance of CRBP H, under 
normal conditions most of the retinol ingested would be bound to CRBP H, which means 
LRA T would be expected to play the major role in the esterification process. The other 
enzyme which has been shown to esterify free retinol is acyl coenzyme A: retinol 
acyltransferase (ARAT) (Helgerud et al. , 1 982; Helgerud et al. ,  1 983; Yost et al. ,  1 988) .  
It i s  believed the esterification of retinol by ARAT would only occur under conditions 
with excess retinol, and that this would provide a temporary 'store' of retinol. 
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The retinyl esters are then packaged into nascent chylomicrons which are subsequently 
released into the lymphatic system. Here the chylomicrons undergo lipolysis, giving rise 
to chylomicron remnants. Chylomicron remnants containing retinyl esters are largely 
taken up by hepatic cells, although a small amount reaches other tissues, most notably 
bone marrow (Hussain et al. , 1 989). 

There are two types of hepatic cell involved with retinoid storage - the stellate cells and 
the parenchymal cells. Of total body vitamin A, 5 0-80 % is stored in mammalian stellate 
cells, making them the major storage cells of retinyl esters. While the stellate cells are 
the main storage site, parenchymal cells are responsible for the uptake of the 
chylomicron remnants. The parenchymal cells are also the major site of synthesis and 
storage of plasma retinol binding protein (RBP) (see section l .3 .4), which binds to 
retinol and facilitates its transport throughout the body. Upon internalisation of retinoid 
by hepatic parenchymal cells, some retinol may be delivered directly to stored RBP and 
put into circulation to meet the body 's  immediate retinoid requirements. From the major 
storage site in the liver, retinol is also mobilised and transported to other retinoid 
requiring tissues, where it may be utilised immediately, or stored for future use. The 
mobilisation of stored retinoid requires the hydrolysis of retinyl esters. Two enzymes 
have been identified which are involved in the hydrolysis of retinyl esters - 1 )  a bile-salt 
dependent hydrolase, and 2) a bile-salt independent hydrolase (Blaner & Olsen, 1 994 and 
refs. therein) . RBP is the sole protein involved in the transport of mobilised retinol. 
Retinol binds to RBP in a 1 :  1 ratio, and RBP-retinol travels complexed with the protein 
transthyretin which minimises losses by glomerular filtration. 

It is still unclear how retinol enters target cells .  The existence of a specific cell surface 
receptor involved in receptor mediated endocytosis of RBP has been suggested, as has 
the existence of a channel through which retinol may enter the cell. Recognition between 
circulating RBP-retinol and the specific receptor is postulated to initiate transfer of the 
retinoid across the membrane and into the cytosol of the target cell . It is also possible 
that such a receptor may recognise a cellular retinol binding protein on the intracellular 
side of the membrane. Support for these models includes the observation of specific 
binding of RBP (with and without transthyretin) to cellular membranes (Bavik et al. , 

1 99 1 ;  Bok & Hell er, 1 976; Heller, 1 975; Rask & Peterson, 1 976; Shingleton et al., 

1 989; Sivaprasadarao & Findlay, 1 988), internalisation of RBP (Blomhoff et al. , 1985 ;  
Gjoen e t  al. , 1 987; Senoo e t  al. ,  1 990; Vieira & Schneider, 1 993), and internalisation of 
transthyretin (Vieira et aI. , 1 995;  Vieira & Schneider, 1 993) .  An alternative hypothesis 
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does not require a specific receptor for retinol uptake.  It has been demonstrated that 
retinol is able to 'flip' from one side of the lipid bilayer to the other. Retinol delivered to 
the membrane by RBP may rapidly equilibrate between the inner and outer leaflets of the 
bilayer. The amount of apo-CRBP inside the cell would then in part determine the 
amount of retinol entering the cell by binding to retinol, and effectively ' pulling the 
equilibrium across' (see Blaner & Olsen, 1 994 and refs. therein for review). It is quite 
possible that both of these mechanisms exist, and are cell and/or tissue dependent. Once 
inside the target cell, retinol can either be metabolised, or esterified and stored. Thus 
retinoid-sensitive cells may have their own store of retinyl esters, which are maintained 
by the major retinol store in the liver (stellate cells). For an overview of retinoid 
absorption, storage and initial metabolism see Figure 1 .2. 

1. 1 .4. 1 Plasma Retinoic Acid Circulation 

Although retinol is the major circulating retinoid in human plasma, low levels of retinoic 
acid (4- 1 4  nM), corresponding to 0.2-0.7 % of total plasma retinoid levels are also 
present (De Leenheer et al. , 1 982; Eckhoff & Nau, 1 990). This can be derived from 
dietary sources or from endogenous tissue metabolism of retinol. In contrast to retinol, 
retinoic acid circulates bound to serum albumin, and does not bind to plasma retinol 
binding protein (Lehman et al. , 1 972; Smith et al. , 1 973) .  At physiological pH, it has 
been demonstrated that uncharged retinoic acid can rapidly and spontaneously cross cell 
membranes, and in this manner gain entry to cells (Noy, 1 992a; Noy, 1 992b). 

In addition to all-trans retinoic acid, the related compounds 1 3 -cis retinoic acid and 
1 3 -cis-4-oxoretinoic acid have been shown to be present at significant levels in human 
plasma. The circulating concentrations of these retinoids in normal human plasma have 
been estimated to be - 4.4 nM (all-trans-), 5 .4  oM ( 1 3-cis-), and 1 1 . 7 oM 
( 1 3 -cis-4-oxo-) (Eckhoff & Nau, 1 990; Tang & Russell, 1 990) . It has also been 
demonstrated that circulating levels of all-trans and 1 3-cis retinoic acid rise transiently in 
response to oral retinyl palmitate doses, returning to basal levels within 20 days. Plasma 
1 3  -cis-4-oxoretinoic acid levels also rise, but the rise is sustained (Eckhoff et aI. , 1 99 1 ;  
Tang & Russell, 1 990). This work indicates that there i s  some as yet unknown 
mechanism controlling circulating retinoic acid levels. There is a lot less known about 
circulating retinoic acid in comparison to the circulation and uptake of retinol However, 
there is significant circulating retinoic acid, and the contribution this makes to overall 
retinoid signalling mechanisms, though this is likely to be minor relative to retinol, should 
be taken into account. 
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1.2 Intracellular Retinol Metabolism 

In all retinoid-sensitive cells except ocular cells, the carboxylic acid retinoic acid is now 
thought to be the most potently active physiological retinoid (De Luca, 1 99 1 ;  Napoli 
et al., 1 99 1 ;  Ross, 1 993b; WiUiams & Napoli, 1 985) .  Although the body has a basic 
requirement for vitamin A, excess retinoic acid is teratogenic (Morriss-Kay & Sokolova, 
1 996; Wilson et al. , 1 953) ,  and toxic postnatally. Retinoic acid excess or deficiency at 
crucial stages or specific areas in embryonic development result in a range of 
malformations and toxicity (see section 1 .5) .  Therefore, due to the requirement for exact 
spatio-temporal retinoic acid concentration, it is obvious that the production and 
availability of retinoic acid to responsive cells is  likely to be tightly controlled. The 
understanding of the regulation of retinoic acid biosynthesis from its precursor retinol is 
of vital importance when studying retinoid-dependent processes. Retinoic acid supports 
all vitamin A dependent processes with the exception of the reproductive and vision 
requirements (Dowling & Wald, 1 960; Eskild & Hansson, 1 994; Thompson et al., 1 964) 
(see section 1 . 1 . 1 ). The machinery to produce retinoic acid from internalised retinol is 
present in every retinoic acid sensitive cell type (Napoli, 1 986; Napoli & Race, 1 987; 
Williams & Napoli, 1 985)  (Figure 1 .3 ) .  

It is  generally accepted that retinoic acid i s  formed from retinol by a two-step oxidative 
process with retinal as an intermediate. The oxidation of retinol to retinal and then to 
retinoic acid in this way is analogous to the oxidation of ethanol to acetic acid via 
acetaldehyde. The amount of retinoic acid available in the cell is of vital importance. At 
present the mechanisms of control which are involved in the biosynthesis of retinoic acid 
are unclear. There are a number of enzymes which have been shown to oxidise free 
retinol or free retinal in vitro, but the physiological relevance of these enzymes in relation 
to one another is not known. The presence of the intracellular retinoid binding proteins, 
(the CRBPs and the cellular retinoic acid binding proteins (CRABPs)), lends a further 
possible level of control and specificity to this process (see section 1 .3) .  The proposal 
that holo-CRBP (i.e. CRBP bound to its ligand all-trans retinol or retinal) is  the actual 
physiological substrate for retinoid oxidation, may answer the question of biological 
relevance of the retinoid-oxidising enzymes. In this scenario, only those enzymes which 
recognise holo-CRBP would play a role in retinoic acid biosynthesis .  Other enzymes 
which may be able to metabolise free retinoids would normally play only a minor role, 
but perhaps a greater role in situations of hypervitaminosis A. There has also been an 
alternative suggestion that the CRBPs are not involved in retinoic acid production at all 
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(Duester, 1 996), but are only involved in directing the storage of retinol as retinyl esters 

(see sections 1 . 3 . 1 .4 and 1 . 3 .2 . 3) .  In this hypothesis there would be many enzymes 

contributing to retinoid reduction and oxidation intracellularly, and no advantage would 

be conferred on those enzymes recognising holo-CRBP. There would also be less 

control of retinoic acid synthesis if this was the case, and the distribution and amount of 

CRABPs in the cell could be critical, especially in retinoid-sensitive cells (see section 

1 . 3 . 3 ) .  The dissection and understanding of this mechanism is proving to be a 

contentious and complex issue, which is further complicated when looking at the 

mechanism by which retinoic acid exerts its effects (see section 1 .4) . 

1.2. 1 The Conversion of Retinol to Retinal 

The conversion of retinol to retinal is the rate limiting step in retinoic acid biosynthesis 

(Blaner & Olsen, 1 994; Chen et ai. , 1 995; Kim et ai. , 1 992; Napoli, 1 986) . This reaction 

is reversible, which means the reduction of retinal to retinol may also occur. A number 

of enzymes from both the alcohol dehydrogenase (ADH) family and the short chain 

dehydrogenase reductase (SDR) family have been shown to be involved in this 

conversion. Both of these families consist of several evolutionarily related forms, some 

of which use retinoids as substrates. Each family has an ancient origin, and it is likely 

that ancient forms involved in the metabolism of other compounds have diverged to give 

rise to more recent forms, some of which may use retinol and retinal (Hempel et ai. , 

1 993 ; 10rnvall et ai. , 1 995; Nelson et ai. , 1 993 ; Persson et ai. , 1 995). However, the 

relative importance of these enzymes, and therefore the biological role they play, has 

proved to be a controversial issue. 

The ADH family contains 7 evolutionarily related classes, each class exhibiting unique 

tissue distribution and properties (Duester et ai., 1 995;  Jornvall et ai. , 1 995;  Kedishvili 

et ai. , 1 997a; Kedishvili et ai. , 1 997b). Human ADH classes I, ll, and IV have been 

shown to oxidise all-trans-, 9-cis-, and 1 3-cis- retinol, class III will not accept retinoids 

as substrates (Boleda et aI., 1 993 ; Yang et aI. , 1994), and classes V and VI have not 

been examined. The SDR family is evolutionarily related to the ADH family, both 

families sharing a similar co enzyme-binding domain. The main differences between the 

families are - 1 )  the ADHs have larger subunit molecular weights (-40 kDa compared to 

25-3 5 kDa for the SDR - hence 'short-chain') ,  and 2) ADHs are zinc-dependent and 

SDR's have no metal requirement (Duester, 1 996 for review). Recently, three new 

members of the SDR family which are able to utilise retinoids as substrates have been 

identified and cloned (Chai et ai. , 1 995a; Chai et ai. , 1 996; Chai et al. , 1 995b) . These 
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enzymes are located in the microsomal fractions o f  various tissues, and have been named 
retinol dehydrogenase (RoDH) I, ll, and Ill. A cytosolic retinol oxidising activity 
distinct from the known cytosolic ADHs has also been observed (Ottonello et al. , 1 993). 

These three retinol-oxidising (and retinal-reducing) groups of enzymes have been 
identified as potentially playing an important physiological role in the production of 
retinoic acid .  However, their relative roles in vivo have yet to be fully elucidated. 

1.2. 1 . 1  The Alcohol Dehydrogenase Enzymes 

A number of efforts have been made to address the controversial issue of biological 
relevance among retinol-oxidising enzymes. The case for the ADHs - in particular 
classes I and IV - playing a relatively major role in cellular retinol oxidation is put 
forward by Duester and colleagues (see Duester, 1 996 for review). In this hypothesis, 
the role of the CRBP proteins is confined to facilitating storage and mobilisation of 
retinol, with no involvement in metabolism. Observations supporting this scenario 
include a comparison of catalytic efficiencies of ADH IV and RoDH I (Du est er, 1 996). 
Pure ADH IV showed a catalytic efficiency (kcatlKm) with cofactor NAD+ that was 
around 1 00 times greater ( more efficient) for retinol oxidation than that for retinal 
reduction (Duester, 1 996; Yang et al. , 1 994). For RoDH I (data from Boerman & 
Napoli, 1 995a; Boerman & Napoli, 1 995b), the comparable calculations indicated a five­
fold increased efficiency for retinal reduction over retinol oxidation (Duester, 1 996). It 
was also seen that ADH IV was �1 . 6  times more efficient at retinol oxidation than 
RoDH I (Duester, 1 996) . 

In addition, RoDH I only uses NADP(H) as a cofactor (Boerman & Napoli, 1 995a; 
Napoli et al. , 1 992; Posch et al. , 1 99 1 ), with ADH IV preferring NAD(H) (Boleda et al. ,  
1 993 ; Connor & Smit, 1 987; Kedishvili et  al. , 1 995;  Yang et  al. , 1 994) . The cytosolic 
NAD+/NADH ratio in aerobically growing cells is � 1 000, compared to �0 . 0 1  for 
NADP+/NADPH (Veech et al. , 1 969). This means the reduction of retinal by the 
NADP(H)-preferring RoDH enzyme is more likely to occur, and the reverse is true for 
ADH IV (Duester, 1 996) . In addition, RoDH only accepts all-trans retinoids (Boerman 
& Napoli, 1 995b), while ADH I and IV both utilise cis isomers (Boleda et al. , 1 993 ; 
Yang et al. , 1 994) . The role of eis-isomers of retinoids (see section 1 . 3 .6) indicates it is 
likely that the ability to interconvert 9-cis, 1 3 -cis and 3 ,4-didehydro- retinoids between 
their alcohol, aldehyde and acid forms, or simply to more polar metabolites for excretion, 
IS necessary. 



1 - 1 3  

Inhibitor studies also indicate an important role for ADH isoenzymes. A classic ADH 
inhibitor, 4-methylpyrazole, inhibited retinoic acid synthesis from retinol in vivo in mouse 
embryos (Collins et al. , 1 992). Citral (another ADH inhibitor), eliminated retinol 
oxidation in vitro in rat embryo homogenates (Chen et al. , 1 995), and ethanol inhibited 
ADH IV-catalysed retinol oxidation in vitro (Julia et al. , 1 986; Kedishvili et al. , 1 997a; 
Yin et al. , 1 997) . None of these compounds are inhibitors of microsomal RoDH activity 
(Chai et al. , 1 995b). Final evidence for ADH I and/or IV playing an important role in 
retinol metabolism comes from tissue distribution studies. The spatio-temporal 
expression of class I and IV ADH mRNA has been correlated to the appearance of 
retinoic acid in mouse embryos (Ang et al., 1 996a; Deltour et al., 1 996), and in adult 
vertebrates, ADH I and IV are detected in retinoic acid sensitive epithelia (Ang et al. , 
1 996b). 

1 .2.1 .2 The Short Chain ReductaselDehydrogenase Enzymes 

There is also an abundance of evidence in support of the microsomal RoDH activity 
being the biologically significant activity in retinol-retinal interconversion. A major 
difference in these two scenarios is  the involvement of the CRBPs (see section 1 .3 . 1 .4) . 
In this hypothesis CRBP I plays an important role in directing the metabolism of retinol 
by protecting retinol/retinal from the aqueous environment in which it is unstable and 
poorly soluble, protecting retinol/retinal from random enzymatic or non-enzymatic 
conversions, and conferring specificity by restricting access to those enzymes able to 
recognise CRBP. It is well documented that microsomal RoDHs recognise holo-CRBP 
as a substrate in addition to free retinoids (Boerman & Napoli, 1 995b; Napoli et al. , 
1 992; Posch et al. , 1 99 1 ), but the ability of ADH IV to utilise holo-CRBP has not been 
examined. If the CRBP proteins do play a central role in retinoid homeostasis, then 
ADH must be able to accept holo-CRBP as a substrate to be considered relevant. It has 
been estimated that the major source of retinol in CRBP-expressing cells occurs as 
retinol bound to CRBP, and the estimated concentrations are 5 IlM (holo-CRBP) and 
2 IlM (apo-CRBP) (Bashor et al. , 1 973 ; Boerman & Napoli, 1 996; Harrison et al. , 1 987; 
Napoli, 1 993 ;  Napoli et al. , 1 995; Napoli et al. , 1 992; Ong, 1 982 ;  Ottonello et al. , 1 993 ; 
Yost et al. , 1 98 8), and a free retinol concentration of 50-500 fold less (assuming only 
10  % excess of CRBP over retinol) (NapoIi, 1 993) .  

Several experiments have indicated the requirement for both microsomal and cytosolic 
subcellular compartments in retinoic acid production from retinol (Kim et al. , 1 992; 
Napoli, 1 993 ; Napoli et al. , 1 992; Posch et al. , 1 99 1 ;  Posch et al. ,  1 992) . From these 
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results, a mechanism for retinoic acid production involving first retinol oxidation by 
microsomal enzyme( s), and second, retinal oxidation by cytosolic components was 
proposed. Evidence to the contrary includes the ability of cytosol alone to produce 
retinoic acid from retinol in ADH negative deermice (Posch & Napoli, 1 992), and the 
identification of a cytosolic RoDH activity in calf liver (Ottonello et al. , 1 993) .  The 
microsomal RoDHs have a distinctive tissue distribution. In the adult rat, RNase 
protection assays identified RoDH isozymes in the liver, and to a lesser extent in the 
lung, kidney, testis and brain, while RoDH I and II expression was also observed in day 
12 . 5  and 1 3 . 5  rat embryos (Chai et al. , 1 995a; Chai et al. , 1 996; Chai et al. , 1 995b; 
Napoli et al. , 1 995). This expression coincided with the expression of CRBP (Napoli 
et al. , 1 995) .  An investigation into the relative roles of microsomes and cytosol in 
retinol oxidation revealed that microsomes provided the major share of retinal for 
retinoic acid synthesis (Boerman & Napoli, 1 996). U sing estimated physiological 
concentrations of holo- (5 �M) and apo- (2 �M) CRBP, it was shown that 93 % of total 
retinal produced came from the microsomal fraction. In addition, the rate of microsomal 
retinal production was -45 times faster than cytosolic retinal production. Inhibition of 
the cytosolic retinol dehydrogenase by ethanol in a subcellular fraction containing both 
cytosol and microsomes did not decrease the amount of retinoic acid produced - which 
shows that either the cytosol contributes little overall, or the drop in cytosolic 
contribution can be compensated for by the microsomal fraction. It was also seen that 
the microsomal activity (unlike the cytosolic) was insensitive to increased amounts of 
apo-CRBP. This is further evidence that holo-CRBP is a substrate (Boerman & Napoli, 
1 996). A chemical cross-linking experiment showed that retinol-CRBP cross-linked to a 
microsomal protein of approximately the same size as RoDH (Boerman & Napoli, 
1 995a). In addition to these experiments, other reasons why it is unlikely for ADH I 
and/or IV to be the main retinol oxidising system have been put forward (Napoli, 
1 996b). These are: 1 )  the relatively high Km of ADH's  for retinol (20-200 �M), 2) lower 
Kms for other substrates, 3 )  limited tissue distribution of ADH' s, 4) the requirement for 
control in retinoic acid production, and 5)  the existence of holo-CRBP as the major in 

vivo substrate. 

It is also interesting that the group proposing the importance of the microsomal RoDHs 
previously published a paper citing evidence in opposition to this theory (Napoli & Race, 
1 987) . Retinoic acid synthesis from retinol was observed in rat liver and kidney cytosol 
and was NAD+ but not NADP+ dependent. Ethanol ( 1 00 mM) inhibited retinoic acid 
production from retinol in the liver (54 %) and in the kidney (30 %), and 
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4-methylpyrazole was an inhibitor of retinoic acid synthesis, especially in liver. In 
addition, it was found that the CR(A)BPs were not obligatory players in this scenario. 
These observations not only contradict subsequent experiments performed by this group, 
they also go some way to supporting the case for the involvement of the ADHs, 
especially ADH IV, in physiological retinoic acid production. 

Table 1 . 1 :  A Summary of the Characteristics of Four Major Retinol­
Oxidising Enzymes 

,,' 

MAJOR ENZYMES INVOLVED IN RETINOL METABOLISM 

Class I Class IV RoDH (M) RoDH (C) 
ADH ADH 

Km (free retinol) 45-290 �l 3 1  J..lM! 4- 1 0  J..lM2.4 7. 1 J..lM (NAD)3 
Km (bound retinol) ND ND l.6  - 1 .  9 �2.4 3 . 5  � (NAD)3 
Catalytic efficiency ND 1 900 min'! mM' I 17 min'! mM' I ND 

(retinol) kcatIKm (human)5 
Catalytic efficiency ND 1 200 min'! mM' I 93 min,l mM,l 5 ND 

(retinal) (human)5 
Tissue Distribution Various mouse Various mouse Various rat Calf liver, testis, 

embryonic tissues, embryonic tissues, embryonic kidney, retinal 
adult epithelia, adult tissues, l iver, pigment 

liver, kidney, epithelia,stomach testes, lung, epithelia3 
intestine, lung, 6.7.9 kidney brain8,l O 

stomach6.7.8,9 
Inhibitors Ethanol, 4- EthanoL 4- Ethanol x ,  ND 

methylpyrazole5 methylpyrazole5 ketoconazole x2 
Activity with holo- ND ND YES2 YES3 

CRBP 
Preferred cofactor NAD+5 NAD+5 NADP+2,4 NADP+/NAD+3 
Activity with cis YES5 YES5 N07 ND 

isomers 

Key: x = does not inhibit, ND = not determined, M = microsomal, C = cytosolic 

1 2 ' 4 References: Yang et al. , 1 994; Posch et al. , 1 99 1 ;  � Ottonello et al. , 1 993 ; Napoli 
et aI. , 1 992; 5 Duester, 1 996; 6 Ang et al. , 1 996a; 7 Boerman & Napoli, 1 995b, 8 lornvall 
et al. , 1 995 ,  9 Duester et al. , 1 995 
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1 .2.1 .3 Other Retinol Oxidising Enzymes 

A.ll additional cytosolic retinol-oxidising enzyme distinct from the ADHs has been 
identified (Ottonello et al. ,  1 993).  This enzyme is able to use both free retinol and 
CRBP-retinol as low Km substrates (see Table 1 . 1 ), is inhibited by apo-CRBP but not by 
other retinoid-binding proteins, and uses both NAD+ and NADP+ as cofactors. 

1.2.1 . 4  Summary 

The issue of relative importance of these retinol-oxidising enzymes remains unresolved. 
The high Km values of the ADHs for retinol would seem to discount them from playing a 
physiological role as the available free retinol has been estimated at < 1 00 nM (Napoli, 
1 993). However, overestimations may have occurred when calculating ADH Km values, 
due to the presence of detergents and other agents to solubilise the relatively insoluble 
retinol .  The issue of structural isomers seems to be important - ADHs but not RoDHs 
can accept cis isomers, although the recent identification of a 9-cis-specific alcohol 
dehydrogenase which doesn't oxidise all-trans retinol (Mertz et al. ,  1 997) may support 
the proposal that the RoDHs are the major enzymes. A final important issue which 
remains to be resolved is the role that CRBP plays in retinoid metabolism. 

1 .2.2 The Conversion of Retinal to Retinoic Acid 

The second step in the biosynthesis of retinoic acid from its precursor retinol is the 
irreversible oxidation of retinal . Two main families of enzymes are involved in this 
reaction - the aldehyde dehydrogenases, and cytochrome P450. 

1 .2.2. 1 The Cytochrome P450 Enzymes 

Of the multiple forms of cytochrome P450 identified to date, only two are able to 
efficiently oxidise retinal to retinoic acid - P450 I A 1  and P450 1 A2 (Raner et al., 
1 996; Roberts et al. , 1 992), while all other known forms have negligible retinal-oxidising 
activity (Raner et al. ,  1 996). The active forms can utilise all-trans, 9-cis, and 1 3-cis 
retinal; however, P450 l Al  is by far the more active, and the expression of the P450 
I Al gene has been demonstrated in mouse embryos as early as day 7 of gestation 
(Kimura et al., 1 987). A more likely role in vivo for the cytochromes P450, however, 
lies in the metabolism of retinoids to more polar metabolites, as many P450 isoenzymes 
have the ability to derivatise the carbon at position 4 in the ionone ring (Duester, 1 996). 
The ability of the P450 enzymes to convert retinoic acid to such metabolites as retinoyl 
�-glucuronide, 5 ,6-epoxyretinoic acid, 4-hydroxyretinoic acid, 4-oxoretinoic acid and 
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3 ,4-didehydroretinoic acid has been well established (Eckhoff et ai. , 1 99 1 ;  Heyman 
et aI. , 1 992; Levin et ai. , 1 992b; McCormick et ai. , 1 978; Skare et ai. , 1 982; Tang & 

Russell, 1 990; Thaller & Eichele, 1 990). Some of these metabolites may be active in 
retinoic acid function (e.g. 3 ,  4-didehydroretinoic acid, 4-oxoretinoic acid), whereas 
many are likely to be catabolic products destined for excretion. A likely role for the 
cytochrome P450 enzymes is in the direct metabolism of retinoic acid. Retinoic acid 
metabolism by P450 enzymes has also been demonstrated to occur when retinoic acid is 
bound to CRABP (Fiorella & Napoli, 1 99 1 ), though it still is not certain what the precise 
role of CRABP is in this process (see section 1 .3 . 3) .  

1 .2.2.2 The Aldehyde Dehydrogenase Enzymes 

In general, members of the aldehyde dehydrogenase (AlDH) family exhibit a broad 
substrate specificity, and can oxidise various biogenic and xenobiotic aliphatic and 
aromatic aldehydes (Ambroziak & Pietruszko, 1 99 1 ;  Goedde & Agarwal, 1 990; Hsu & 

Chang, 1 99 1 ;  Sladek et aI., 1 9 89; Yoshida et ai. , 1 99 1 ) .  Only a limited number of 
identified AlDH enzymes are able to oxidise retinal - human and sheep AlDH 1 

(Klyosov et ai. , 1 996; Yoshida et ai. , 1 992; this thesis), mouse AHD-2 (Dockham et ai. , 

1 992; Lee et aI., 1 99 1 ), and a number of novel enzymes isolated from rat and mouse 
tissues. These include rat kidney RALDH- l (Bhat et ai. , 1 995; Labrecque et al. , 1 993; 
Labrecque et aI. , 1 997; Labrecque et ai. , 1 995), mouse RALDH-2 (Zhao et aI. , 1 996), 
rat liver RalDHl (el Akawi & Napoli, 1 994; Posch et ai. , 1 992), and rat testis RalDH2 
(Wang et ai. , 1 996). 

A number of observations link class 1 AlDH to retinoic acid production in vertebrate 
animals. High endogenous levels of retinoic acid are found in the retina of the embryonic 
mouse, an area in which AlDH 1 activity is also localised (McCaffery et ai. , 1 992) . In 
zebrafish embryos, AlDH 1 activity co-localises with retinoic acid levels (Marsh­
Armstrong et aI., 1 994), and AlDH 1 was shown to be expressed in the basal forebrain, 
early in the development of mouse embryos (McCaffery & Drager, 1 994). Early work 
showed that enzyme-catalysed retinal oxidation is restricted to the cytosolic fraction of 
mouse liver (Lee et ai. , 1 99 1 ) .  This activity is 90 % NAD+ dependent, and 90 % of the 
NAD+ dependent activity was identified as AHD-2 - the mouse equivalent of human 
AlDH 1 .  The remaining portion of the NAD+ dependent activity was shown to be due to 
AHD-7 and xanthine oxidase (dehydrogenase form). The Km values of these three 
enzymes for retinal were determined to be 0 .7  fJ.M (AHD-2), 0 . 6  fJ.M (AHD-7), and 
0 .9 fJ.M (xanthine oxidase). The non-NAD+ dependent activity is likely to be due to 
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aldehyde oxidase, as it is largely inhibited by the aldehyde oxidase inhibitor pyridoxal. 
However, the major retinal-oxidising activity of mouse liver was identified to be a class 1 
cytosolic dehydrogenase. These experiments agreed with similar work using rat liver 
(Leo et al. , 1 98 9) ,  rat kidney (Napoli & Race, 1 987), and human keratinocytes 
(Siegenthaler, 1 990). In an experiment using human liver cytosol, in contrast to the 
majority of studies which use murine tissues and subcellular fractions, all aldehyde 
dehydrogenase activities were chromatographically isolated, using various aldehydes as 
substrates for activity (Dockham et al. , 1 992). From the seven distinct aldehyde 
dehydrogenase activities separated, only one could oxidise retinal - AIDH 1 .  

Although the studies mentioned above all identify AlDH 1 as playing a major role in 
retinal oxidation, a number of papers, while identifYing AlDH 1 activity as important, 
found other enzyme activities to play a significant role (Bhat et al. , 1 988b;  Chen et al. , 

1 995;  Kishore & BoutweU, 1 980; Leo et al. , 1 989; Napoli & Race, 1 988) .  It is likely 
that these contrasting observations stem from differences in experimental approach; 
species specific differences, and tissue and cell specific differences. For example, the 
studies of (Chen et al. , 1 995) focused on rat conceptal homogenates. Homogenates 
from days 10 . 5 ,  1 l . 5  and 12 . 5  of gestation each exhibited enzyme activity for retinoic 
acid production. The production of retinoic acid was reduced by 40-45 %, both by 
omission ofNAD+, and replacement ofNAni- by NADH or NADPH. In addition, NAD� 
was a more efficient cofactor than NADP+ Retinoic acid biosynthesis from retinol was 
inhibited by the alcohol and aldehyde dehydrogenase inhibitor citral, but not by high 
concentrations of azide, 4-methylpyrazole (ADH 1 inhibitor), or  metapyrone 
(cytochrome P450 inhibitor) . The biosynthesis of retinoic acid from retinal was inhibited 
by citral, but not metapyrone .  From these observations, a two step pathway for retinoic 
acid synthesis in rat embryos was proposed, whereby the conversion of retinol to retinal 
is catalysed by an NAD�INADP+ dependent retinol dehydrogenase and the conversion of 
retinal to retinoic acid is catalysed by an NAD+/NADPT dependent retinal dehydrogenase 
and a retinal oxidase. 

There is a strong case for cytosolic aldehyde dehydrogenase being the major enzyme 
involved in retinal oxidation in the human. It was previously thought that the principle 
role of AlDH 1 was the oxidation of acetaldehyde derived from the oxidation of ingested 
ethanol (Greenfield & Pietruszko, 1 977) . However, the reported Km of AIDH 1 for 
acetaldehyde varies from 22 to 483 !J,M (Rashkovetsky et ai. , 1 994), while typical 
physiological concentrations of acetaldehyde are only 0 .4  - 2. 5 !J,M (Klyosov et al. , 
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1 996) . Reported Km values for acetaldehyde oxidation by another major AIDH found in 

liver, mitochondrial AIDH 2, range from <0. 1 I-lM to 9 I-lM, making it highly likely that 

this isozyme has acetaldehyde oxidation as its main function (Rashkovetsky et al. , 1 994). 

The ability of AlDH 1 to oxidise retinal has been well documented (Dockham et al. , 

1 992; Klyosov et al. , 1 996; Rashkovetsky et al. ,  1 994; Yoshida et al. , 1 992; Yoshida 

et al. ,  1 993) .  In addition, AlDH 1 is the only identified liver enzyme with retinal­

oxidising ability in humans, as AlDH 2 is unable to accept retinal as a substrate (Y oshida 

et al. , 1 992). The reported Km values of AIDH 1 for all-trans retinal range from 

0 .06 I-lM (Y oshida et ai. , 1 993) to 1 . 1  I-lM (KJyosov et ai. , 1 996), and the catalytic 

efficiency for retinal is 1 00-500 times greater than for acetaldehyde (KJyosov et al. ,  

1 996; Yoshida e t  al. , 1 993) .  This means that, with an estimated biological concentration 

of retinal of -0. 1  I-lM, retinal is an excellent candidate for the primary physiological 

substrate of AlDH 1 .  

1 .2.2.3 The Retinal Dehydrogenase Enzymes 

Recently, four retinal-specific dehydrogenases from rat and mouse tissues have been 

identified - RalDHl (el Akawi & Napoli, 1 994; Posch et al. , 1 992), RalDH2 (Wang et 

al. , 1 996), RALDH-1 (Bhat et al., 1 995;  Labrecque et  al. , 1 993 ;  Labrecque et al. , 

1 995),  and RALDH-2 (Zhao et al. , 1 996) . The isolation of RalDHl from rat liver 

cytosol was the first reported retinal-specific aldehyde dehydrogenase (Posch et al. , 

1 992). RalDHl is tetrameric (214 kDa native MW), with a monomer size of 5 5  kDa 

estimated by SDS-PAGE, and a basic isoelectric point (8 .3 ). NAD� dependent RalDHl 

accepts as substrates free all-trans retinal and 9-cis retinal, aB-trans retinal bound to 

CRBP, and retinal generated from retinol by microsomes, but does not utilise 1 3 -cis 

retinal (el Akawi & Napoli, 1 994; Posch et al. , 1 992). Allosteric kinetics were observed 

for all substrates, and substrate inhibition was seen at retinal concentrations greater then 

6 I-lM (Posch et al. , 1 992). A chromatographically similar enzyme activity to RalDHl 

was observed in both rat kidney cytosol, and rat testis cytosol (Posch et al. ,  1 992) . 

A further novel retinal-oxidising enzyme (RALDH-l ) was isolated from the cytosol of 

rat kidney (Labrecque et al. , 1 993) .  RALDH-l has a native molecular weight of 

1 40 kDa as determined by size exclusion chromatography, a sub unit molecular weight of 

53 kDa by SDS-PAGE, and a basic isoelectric point of 8 . 5  (Labrecque et al. , 1 993) .  

Aldehyde dehydrogenases are typically dimeric (class 3)  or tetrameric (classes 1 and 2); 

however, the quaternary structure of RALDH-l cannot be estimated from these data. 

The method used to estimate the native molecular weight has its limitations; in particular, 
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the effective Stokes radius of reference and test proteins has a great bearing on how they 

run through gel filtration columns. In this case no  mention of any salt in the gel filtration 

buffers was made, the absence of which may increase random hydrophobic and ionic 

interactions by some proteins with the column matrix. It is likely therefore that this 

enzyme is in fact, tetrameric. RALDH- l utilises acetaldehyde, free aU-trans retinal, 9-cis 

retinal, and l l -cis retinal, but not 1 3  -cis retinal as substrates (Labrecque et a!. , 1 993 ; 

Labrecque et al. , 1 995) .  Michaelis-Menten kinetics were observed for all substrates, and 

substrate inhibition was seen at retinal concentrations greater than 20 !lM. The activity 

of this enzyme with CRBP-retinal has not been tested, the authors stating that CRBP 

does not bind retinal . Although this was originally thought to be the case (MacDonald & 
Ong, 1 987; Ong & Chytil, 1 975), it is now accepted that CRBP does bind all-trans 

retinal (see section 1 .3 . 1 . 1 ) .  The gene encoding RALDH- l has been cloned from a rat 

kidney cDNA library (Bhat et al. , 1 995) .  The full length isolated cDNA contains a 

23 1 5  bp open reading frame, encoding a deduced protein of 50 1  amino acids. Northern 

blotting experiments identified this gene to be expressed largely in kidney, followed by 

lungs, testis, intestine, stomach and trachea, with only a small amount in liver. The 

absence of retinal-oxidising activity and constitutive AlDH activity from rat liver had 

been noted previously (Bhat et al. , 1 995;  B hat et al. , 1 988b; Lindahl & Evces, 1 984; 

Tottmar et al. , 1 973). 

Attempts to clone RalDH1 from a rat liver library were initially confounded by the 

presence of more abundant AlDH enzymes such as the rat phenobarbital-inducible 

enzyme (Wang et al. , 1 996) . Recently, the cDNA encoding this enzyme has been cloned 

using oligonucleotides designed to peptides purified during the initial purification 

(Penzes et al. , 1 997). The expressed and purified protein showed similar characteristics 

to the protein originally purified from rat liver (see Table 1 .2) . While screening a rat 

testis library for RalDHl ,  a previously unknown aldehyde dehydrogenase was cloned, 

which was named RalDH2 (Wang et al. , 1 996). Expressed and purified protein 

recognised free all-trans retinal, and retinal bound to CRBP as substrates, but not 

acetaldehyde, and the preferred cofactor was NAD"'. Michaelis-Menten kinetics were 

observed for all substrates. Northern blotting experiments showed that RalDH2 was 

expressed solely in testis, but RNase protection assays identified small amounts « 1 0 % 

of that in testis) in lung, brain, heart, liver and kidney. 

A fourth retinal-oxidising enzyme has been isolated (Zhao et al. , 1 996), which is thought 

to correspond to one of two previously identified enzyme activities (McCaffery & 
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Figure 1 .4 :  Dendrogram Showing Clustering Relationships Between 

Aldehyde Dehydrogenase Enzymes 
32 aldehyde dehydrogenase sequences were aligned using the GCG program 'pileup' .  The above diagram is a 
pictorial representation of the clustering relationships used in the construction of the sequence alignment (see 
Chapter 5). The diagram represents similarity between primary amino acid sequences. The retinal oxidising 

enzymes are - the retinal specific enzymes RALDH- l and -2, RaIDHI and 2, and the class 1 enzymes H I ,  S I ,  R I ,  
and M l  (human, sheep, rat and mouse). For references and full descriptions see Chapter 5 
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Table 1 .2 :  A Summary of the Characteristics of Six Aldehyde 
Dehydrogenases Involved in Retinal Oxidation 

MAJOR ENZYMES INVOLVED IN RETINAL OXIDATION 

RALDH- l RALDH-2 
1,2,3 4 

Native MW 140 kDa ND 
Subunit MW 5 3  kDa ND 

pI 8 .5  ND 
Organism Rat Mouse 

Km AT- 8-10 ).lM ND 
retinal 

eis-isomer 9-cis, l l-eis None 
activitv 

Cofactor NAD+ NAD+ 

Kinetic Michaelis- ND 
Mechanism Menten 

CRBP-retinal ND ND 
activity 
Tissue Kidnev, Day 9 mouse 

Distribution lung, testis, embryo, 
(underlining stomach, adult mouse 

denotes main intestine, testes, pia 
location) trachea, 

liver 

References: 

RalDH1 5,6 

2 14 kDa 
55 kDa 

8 . 3  
Rat 

0 .76 ± 0.35  
).lM, 1 .6 ).lM 

9-eis 

NAD+ 

Allosteric 

0 . 1 3  ).lM 

Liver, 
kidney, 

testes 

RalDH27 

ND 
-50 kDa 

ND 
Rat 

0 .7  J..l.M 

ND 

NAD+j 
NADP'" 

Michaelis-
Menten 
0 .2 ).lM 

Testis, lung, 
brain, heart, 
liver, kidney 

AHD_28,13 AlDH 1 
9, 10, 1 1 , 12, 1 4  

240 kDa 
54 kDa 

7. 96-8.25 5 . 2  
Mouse Human, 

Sheep, 
Cow, 

Horse etc. 
0 . 7  ).lM 0.05 ).lM -

1 . l ).lM 
ND 9-eis, 13-

eis 
NAD+ NAD+ 

Michaelis- Michaelis-
Menten Menten 

ND 0.2-1  ).lM 

Liver, lung, Liver, 
testis brain, lung 

kidney, 
heart, 

spleen, 
stomach 

1 Labrecque et al. ,  1 993 ; 2 Labrecque et al. ,  1 995;  3 Bhat et aI., 1 995 ;  4 Zhao et aI., 1 996; 

5 Posch et aI. , 1 992; 6 el Akawi & Napoli, 1 994; 7 Wang et aI., 1 996; 8 Lee et aI. , 1 99 1 ;  

9 Yoshida e t  aI. , 1 99 1 ;  10 Rashkovetsky et aI. , 1 994; 1 1  Klyosov e t  aI. , 1 996, 1 2  This 

Thesis, 1 997;  13 Manthey et aI., 1 990; 14 Harada et aI. ,  1 980 .  

Drager, 1 993 ; McCaffery & Drager, 1995;  McCaffery et aI. , 1 992) . The gene encoding 

this enzyme has been cloned from P 1 9  teratocarcinoma cells, and has been named 

RALDH-2 (Zhao et al. , 1 996) . No substrates for RALDH-2 apart from retinal have 

been identified using standard zymography. It has been shown that RALDH-2 IS 

upregulated by the presence of its product (retinoic acid) in P 1 9  cells, which IS 

postulated to occur at the transcriptional level. To study retinoic acid synthesis, this 
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group uses a retinoic acid responsIve reporter cell line, which consists of F9 

teratocarcinoma cells transfected with a retinoic acid response element driving 

B-galactosidase expression. Traditional protein purification and enzyme characterisation 

have not been carried out. 

The four retinal specific enzymes have been isolated from murine and rat tissues. Due to 

the fact that the groups involved do not refer to each other' s work, it is difficult to 

understand the overall situation in these animals, and indeed to relate the situation to that 

which occurs in humans.  Each enzyme is reported to be a novel enzyme, in its own 

class, but the relation to each other is not known. In an attempt to rationalise the data, 

the sequences of all known retinal-oxidising aldehyde dehydrogenase enzymes were 

aligned, and a dendrogram constructed to show the relationship of these enzymes to each 

other and to other members of the aldehyde dehydrogenase family (see Figures lA, 5 .2, 

Chapter 5) .  It was found that RalDHl and RALDH- I were identical except in two 

positions which were thought likely to be attributable to sequencing errors, as the 

substitutions occurred at highly conserved positions. In addition RalDH2 and RALDH-2 

were also shown to be identical bar one substitution. This substitution was a 

conservative one, an isoleucine in one enzyme and a valine in the other. It also seems 

likely that these two enzymes are identical . 

As human and sheep cytosolic AlDH 1 are not considered significant in acetaldehyde 

metabolism (Klyosov, 1 996; Klyosov et al. , 1 996; Rashkovetsky et  al. , 1 994), it is 

possible that these isoenzymes may have evolved for the purpose of retinal oxidation in 

humans and sheep. In the rat, however, the main cytosolic enzyme has a lower Km for 

acetaldehyde making it more likely to be involved in acetaldehyde oxidation in vivo 

(Klyosov et al. , 1 996), hence the need for specific retinal-oxidising enzymes. 

1 .2.2.4 Other Retinal-Oxidising Enzymes 

Two other classes of enzyme potentially play a role in retinal oxidation. Both belong to 

a broad family of molybdenum-containing proteins. They are the aldehyde oxidases and 

the xanthine oxidases (Calzi et al., 1 995) .  The aldehyde oxidases are flavoproteins 

which oxidise various xenobiotic substrates under aerobic conditions without a 

requirement for NAD+ or NADP+ (Calzi et al. , 1 995). Typically they are homodimeric, 

with a subunit MW of - 1 50 kDa. An enzyme activity which catalysed the formation of 

retinoic acid from retinal was observed in rat kidney cytosol in 1 988  (Bhat et al. , 1 98 8a) . 

On the basis of cofactor studies and inhibition studies using the aldehyde oxidase 
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inhibitor 4 '  -(9-acridinylamino )methanesulfon-amsidide, this activity was identified as an 

aldehyde oxidase. Due to the relatively high Km for all-trans retinal ( 1 25 [lM), it i s  

unlikely that this enzyme plays a role in vivo. Further studies on rabbit liver cytosol 

showed that an NAD+ independent activity was responsible for �40 % of retinoic acid 

production in this subcellular fraction (Huang & Ichikawa, 1 994) . This enzyme activity 

was again shown to belong to an aldehyde oxidase for which, however, the calculated Km 
value was much lower (8 [lM). It i s  still unlikely with an estimated cellular retinal 

concentration of � 1 00 nM that this enzyme plays a large role. Confirmation of the 

identity and characteristics of the rabbit hepatocyte enzyme came with its purification in 

1 994 (Tsujita et al., 1 994) . The purified protein is a homodimer of two 1 3 5  kDa 

subumts, with a Km for all-trans retinal of 8 [lM, for 9-cis retinal of 1 3  [lM, and for 

1 3 -cis retinal of 0 .9  mM . 

The aldehyde oxidases may play a role in retinal metabolism, but their high Km values 

seem to preclude this. To date, retinal oxidase activity has been identified in rat tissues 

(Bhat et aI. , 1 988b, Hupert et aI, 1 99 1 ), mouse liver (Lee et aI. ,  1 99 1), and the above 

mentioned rabbit hepatocyte activity. It would be interesting to evaluate the activity of 

these enzymes with CRBP-retinal, which may prove to be important in terms of 

physiological relevance. 

Xanthine oxidase (dehydrogenase form) is also a flavometalloprotein with similar 

substrate specificities to the aldehyde oxidases and generally a wider tissue distribution 

(Lee et aI. , 1 99 1 ) . This protein has also been identified as possessing the ability to 

convert retinal to retinoic acid (Lee et  aI., 1 99 1 )  with a low Km (0. 9 [lM). These two 

enzymes (aldehyde and xanthine oxidases) may play an important role in certain tissues, 

possibly those in which other retinal-oxidising enzymes are not present, or present at low 

levels (Lee et aI. , 1 99 1 ) . 

1.3 Cellular Retinoid-Binding Proteins 

In the search for nuclear retinoid receptor proteins, a number of cytosolic retinoid 

binding proteins were discovered. These small proteins (�1 5  kDa) are members of the 

larger intracellular lipid-binding protein family (iLBP '  s), which also includes the fatty 

acid-binding proteins. To date, four cytosolic retinoid-binding proteins have been 

isolated and characterised, though it is possible that more exist. There are two cellular 

retinol-binding proteins (CRBP and CRBP II), and two cellular retinoic acid-binding 
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proteins (CRABP I and CRABP IT). The genes for all four proteins have been cloned, 

and the structures have been determined by X-ray crystaUography. Although the 

structures are well understood, the functions of these proteins are less well understood. 

The cellular retinoid binding proteins facilitate the transport of the hydrophobic retinoid 

molecules, by sequestering them from the aqueous environment. A number of enzymes 

have been shown to recognise free retinoids as substrates, and activity of these enzymes 

may lead to random interconversion of free retinoids in vivo. By binding to their 

particular ligand (s), the cellular retinoid binding proteins are proposed to lend some 

stability and specificity to retinoid homeostatic mechanisms, by restricting enzyme access 

to the retinoids. In addition, this sequestration would restrict partitioning of retinoids 

into membranes and cellular compartments, which would have a deleterious effect on 

cellular integrity. 

1.3. 1 CRBP I 

CRBP I was first identified in rat and human cytosol by sucrose gradient centrifugation 

(Bashor et al. ,  1 973) during the search for retinoid receptor proteins analogous to those 

found for steroid hormones. The molecular weight of the retinol-binding protein 

identified (� 1 5  kDa), made it unlikely that this was the retinoid equivalent to the steroid 

hormone nuclear receptors. However, its retinol binding property warranted further 

investigation.  The protein was first purified from a number of sources in 1 978 - rat liver 

(Ong & Chytil, 1 978), rat testis (Ong & Chytil, 1 978; Ross et al. , 1 978), and bovine 

retina ( Saari et al. , 1 978) . Each source yielded a single polypeptide chain of � 1 5  kDa. 

The cloning of human CRBP (Colantuoni et al., 1 985)  revealed a protein sequence of 

1 34 amino acids, while protein sequencing methods applied to rat CRBP (Sundelin et al. ,  

1 985) also yielded an 1 3 4  amino acid protein. The rat and human CRBP protein 

sequences show 96 % identity, differing only at 5 positions .  In rat, CRBP protein is 

found in most tissues, with the highest expression in liver, kidney and proximal 

epididymis (Kato et al. , 1 985 ;  Porter et al. , 1 983) .  The corresponding mRNA levels 

agree well with the levels of expressed protein (Levin et al. , 1 987 ;  Rajan et al. , 1 990). 

However, in human tissues the highest levels of CRBP are found in the ovary, followed 

by the testis and the liver (Fex & Johannesson, 1 984; Ong & Page, 1 986). CRBP I has 

been identified in every vertebrate tested although there are no invertebrate or 

prokaryotic homologues known as yet. The isoelectric point of CRBP purified from rat 

testis was shown to be 4 .8  - 4 .9  (Ross et a!. , 1 978). 
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1 .3. 1 . 1  Ligands 

The main physiological ligand of CRBP is al1-trans retinol (Ong et al. , 1 976; Saari et al. ,  

1 982). It was originally thought that CRBP was unable to  bind all-trans retinal (Bashor 

et al. , 1 973 ;  MacDonald & Ong, 1 987;  Ong & Chytil, 1 975), but it is now generally 

accepted that CRBP binds both all-trans retinol and all-trans retinal with a stoichiometry 

of 1 : 1  (Levin et al., 1 988 ;  Li & Norris, 1 996; Li et al. , 1 99 1 ;  Napoli, 1 996b) . CRBP 

also forms high affinity complexes with 1 3-cis retinol and 3-dehydro-retinol, but does 

not bind to 9-cis or l l -cis retinol, or to retinoic acid (MacDonald & Ong, 1 987). The 

elucidation of the tertiary structure of CRBP (Cowan et al. , 1 993 ;  Newcomer et al. , 

1 98 1 ) enables us to understand the basis for this selectivity in binding (see section 

1 . 3 . 1 .2, and Figure 1 . 5 ) .  Spectrofluorometric techniques were used to study the binding 

characteristics of recombinant CRBP (Levin et al. , 1 988) .  The excitation, emission, and 

absorption spectra of all-trans retinol are significantly changed upon binding of apo­

CRBP, and vice-versa, and these differences were used to quantitate retinol binding. 

The apparent K.i values obtained for a single binding site using data both from 

monitoring all-trans retinol fluorescence and from monitoring protein fluorescence were 

similar (26 ± 20 nM and 1 9  ± 8 nM, respectively) (Levin et al. , 1 988) .  The calculated 

stoichiometry of binding at saturation was 1 :  1 .  The same methods were used to 

calculate the binding of all-trans retinal to CRBP. In contrast to previous data using 

competitive binding studies (Ong & Chytil, 1 975) which showed that molar excesses of 

all-trans retinal could not displace all-trans retinol from holo-CRBP, these direct binding 

studies indicated that CRBP could bind all-trans retinal . Monitoring changes in protein 

fluorescence only (as retinal, unlike retinol, has no intrinsic fluorescence), an apparent K.i 
for a single binding site was found to be 50 ± 3 nM (Levin et al. ,  1 988) .  Spectral 

analysis confirmed this interaction. The wavelength of maximum absorbance of retinal 

complexed with CRBP was red-shifted approximately 3 3  nm from its spectrum in water 

(from 3 74 nm to 407 nm) .  

An alternative method employed to study the interaction of retinal and retinol with 

CRBP was comparative 19F NMR studies (Li et al., 1 99 1 ) . Incorporation of 

6-fluorotryptophan (6-FTrp) into CRBP allows differentiation between the resonances of 

6-FTrp derivatives of apo-CRBP and CRBP complexed with both retinol and retinal. 

The apparent dissociation constants for CRBP complexes measured using this method 

were: CRBP-retinol, K 'd == �10  nM and CRBP-retinal, K'd = �50 nM. 
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Figure 1 .5 :  Ribbon Diagram of CRBP I 
This diagram was constructed using the program TURBO-FRODO (Cambillau et ai, 

1 996) from the PDB entry CRB 1 (Cowan et aI. , 1 993) .  a-Helices are coloured red, 

�-strands blue, and loops yellow, while all-trans retinol is shown in green. 
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The first crystals of  CRBP were grown in  1 98 1  (Newcomer et al., 1 98 1 ), and the 

structure of CRBP in complex with all-trans retinol was solved to 2 . 1 A  resolution in 

1 993 (Cowan et al. , 1 993).  The large time period ( 1 2  years) between obtaining crystals 

and publishing the structure, indicates that this structure was exceedingly difficult to 

determine. Crystals were grown by hanging drop vapour diffusion of rat liver CRBP 

protein. The crystals were orthorhombic with a space group P2j212 j .  The structure was 

solved using molecular replacement from P2 myelin protein, and the final R-factor was 

1 8 .8  % .  

The basic structure o f  CRBP i s  a single domain orthogonal p-barrel (Figure 1 5) .  

Although primary sequence identity between iLBP family members i s  fairly low - as little 

as 1 2  % identity between CRBP I and an insect fatty acid binding protein - the basic 

structural framework is highly conserved within the family. The structure consists of 1 0  

anti-parallel f3-strands organised into 2 anti-parallel p-sheets which are folded over to 

create the 'barrel' .  Each strand is connected to the next by a short reverse turn, except 

strands A and B which are connected by a helix-turn-helix motif. 

1.3.1 .3 Ligand Binding 

The ligand fits into the centre of the barrel, lying along the barrel axis, with the functional 

group in the core of the protein (Figure 1 . 5 ) .  Interactions in the form of hydrogen 

bonds, salt links and hydrophobic interactions are made both with internal protein side 

chains (from sheets and helices), and with buried solvent molecules. There is no 

connection between the internal closed cavity and the external solvent. 

There are usually 2 entrances to the internal cavity created by an orthogonal barrel 

structure. However in CRBP I, both of these are closed off - one by a-helices and the 

other by side chain residues . This raises an interesting question as to how the ligand 

gains entry to and is released from the protein. The structures of the apo- and the holo­

proteins show very few differences (Winter et al., 1 993), and it is not obviously apparent 

how retinoids enter into the binding cavity. A current theory is that time dependent 

fluctuations in the conformation of the structure exist in solution. It is  likely that one or 

more of these conformations may be more open which may allow ligand access. A 

candidate for the flexible part of the structure which could facilitate access is the helix­

turn-helix motif between sheets A and B, functioning as a 'helical cap' (Jamison et al., 
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1 994). Favourable van der Waals contacts between the retinoid J3-ionone ring and the 

helices exist in the holoprotein which may stabilise this structure. However in the 

absence of ligand, and without these interactions, the helical cap may be able to move 

enough to allow the ligand to enter. A similar process has been described for two lipases 

(Brzozowski et al., 1 99 1 ;  Tilbeurgh et al., 1 993) .  

An examination of the tertiary structures of apo- and holo - CRBP I gives a structural 

basis for the observed differences in affinity for all-trans retinol and retinal. There are a 

number of general interactions between the binding protein and the ligand, which would 

be expected to occur whether retinol or retinal was the ligand. A positive charge on the 

side chain of lysine 40 interacts with the isoprene tail of the retinoid. There are eight 

water molecules in the internal cavity which participate in hydrogen bonding and create a 

cavity with a shape complementary to the ligand. However, there is one interaction at 

the tail end of the retinoid which occurs with all-trans retinol as the ligand but not with 

retinal (Figure 1 .6). The carbonyl oxygen on the side chain of glutamine 1 08 (GIn 1 08)  

forms a hydrogen-bond with the alcohol moiety of retinol. At the same time, there is a 

stabilising interaction between an amino group hydrogen (Gin 1 08) and the phenylalanine 

ring of phenylalanine 4 (phe 4). When retinal is the ligand, the most likely situation is 

one where the same favourable electrostatic interaction between Phe 4 and Gin 1 08 

occurs. This leaves no hydrogen donors in the proximity which are free to form an 

interaction with the oxygen from the aldehyde carbonyl group of retinal . Alternatively, 

GIn 1 08 could rotate, providing a hydrogen donor from the amino side-chain which 

would stabilise the binding of retinal . The hydrogen bonding geometry between GIn 1 08 

and the carbonyl oxygen of retinal adopted in this scenario is sub-optimal, and this 

interaction would also erase the favourable electrostatic interaction with Phe 4. These 

observations largely account for the different dissociation  constants observed for CRBP I 

binding to all-trans retinol and all-trans retinal . 

The inability of CRBP I to bind retinoic acid, and eis-isomers of retinol and retinal may 

be explained fairly straightforwardly. The binding of retinoic acid would introduce 

another negative charge into the barrel, leaving no space in the cavity for extra water 

molecules for solvation. This is considered very energetically unfavourable. The overall 

shape of the 9-eis or l l -eis isomers of retinal and retinol (Figure 1 . 1 ) compared to the 

all-trans conformation is such that it may be sterically impossible for the molecule to gain 

access to the highly restricted site, and for the molecule to fit in the highly defined site if 

it could gain access .  
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Figure 1 .6 :  Schematic Diagram Showing Structural Basis for Observed 

Binding Constants of CRBP and CRBP II for Retinal and Retinol 

Diagram adapted from Banaszak et aI. , 1 994, p 1 3 7  
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1 .3.1 .4 Function of CRBP I 

Recent research has indicated that the function of CRBP I and II (see also section 

1 . 3 .2 .3)  is to direct retinoids to different sites of intracellular metabolism (Boerman & 

Napoli, 1 996; Fiorella & Napoli, 1 99 1 ;  Kakkad & Ong, 1 988; Napoli et aI. , 1 995;  

Napoli et al., 1 99 1 ;  Napoli & Race, 1 987; Ong & Page, 1 987; Ottonello et aI., 1 993 ;  

Posch e t  aI. , 1 99 1 ;  Posch e t  al., 1 992; Saari et al. , 1 982). In  many retinoid responsive 

cells the concentration of CRBP exceeds the concentration of free unesterified retinol 

(Bashor et aI. , 1 973 ; Harrison et aI., 1 987; Ong, 1 982; Yost et al., 1 988) .  The total 

concentration of CRBP in liver cells has been estimated at -7 IlM, while the total 

concentrations of retinol and retinal have been calculated at 5 IlM and 0 . 1 1lM, 

respectively (Harrison et al., 1 987; Napoli et aI. , 1 992). The physiological 

concentrations, along with the low dissociation constants of the binding proteins for their 

ligands, indicate that intracellular retinoids are likely to be bound to the CRBPs in vivo. 

This being the case, the most abundant and available substrate for retinoic acid 

biosynthesis would be holo-CRBP (Bashor et aI., 1 973 ; Ong, 1 982). 

A number of studies have produced evidence in support of the hypothesis that CRBP in 

both its apo- and holo- forms plays a vital role in directing retinoid metabolism. In 1 99 1  

it was demonstrated that holo-CRBP was a substrate for retinal synthesis from 

microsomal liver, kidney, lung and testis preparations (Posch et aI. , 1 99 1 ). Four major 

observations provided evidence that the retinal synthesis was from retinol-CRBP, rather 

than from free retinol in equilibrium with holo-CRBP. These were: 1 )  the rate of 

synthesis from holo-CRBP exceeded the rate observed from the concentration of free 

retinol in equilibrium with holo-CRBP; 2) with holo-CRBP as a substrate, the rate was 

3-fold greater when NADP+ was used as a cofactor compared to NAD+, while with free 

retinol, NAD� and NADP+ dependent rates were equal; 3) an increase in the 

concentration of apo-CRBP which would decrease the concentration of free retinol in 

equilibrium did not affect the rate; and 4) an increase in holo-CRBP while maintaining a 

constant free retinol concentration increased the rate. 

In 1 990, it was demonstrated that microsomes cannot convert retinal produced from 

holo-CRBP into retinoic acid at high rates in the presence of apo-CRBP (Napoli & Race, 

1 990). The previous two studies together indicate a low microsomal retinal 

dehydrogenase activity, a high microsomal retinol dehydrogenase activity, and support 

binding of retinal to CRBP - an originally controversial issue. These observations were 
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further supported when Posch and co-workers observed a rat liver microsomal NADP"'­

dependent enzyme activity which catalysed the oxidation of CRBP-retinol to retinal, and 

a cytosolic dehydrogenase activity converting retinal generated from the microsomal 

activity into retinoic acid (Napoli et aI. , 1 992; Posch & Napoli, 1 992). A two step 

reaction requiring both microsomal and cytosolic subcellular fractions was proposed. 

The cytosolic enzyme activity was later isolated and purified, and shown to use free 

retinal or  retinal-CRBP as a substrate (Posch et aI. , 1 992) (see section 1 .2 .2 .3) .  In 

contrast to the above studies, a calf liver cytosolic retinol dehydrogenase enzyme activity 

which oxidised retinol-CRBP to retinal with an exogenous supply of NAD+ or NADP'" 

was observed (Ottonello et al., 1 993) .  This activity was distinct from previously 

identified cytosolic retinol oxidising activities, which were isolated using free retinol as a 

substrate (Kim et al., 1 992; Napoli & Race, 1 987), and was the first cytosolic CRBP­

retinol oxidising activity identified. 

In addition to the role played by CRBP in directing the biosynthesis of retinoic acid by 

sequestering retinoVretinal from multiple cytosolic and microsomal activities shown to 

utilise free retinoids, apo-CRBP itself is thought to be important in this process .  

Apo-CRBP has been demonstrated to be a specific inhibitor of retinoic acid synthesis 

from CRBP-retinol by the cytosolic dehydrogenase activity (Ottonello et al. , 1 993), but 

does not inhibit the microsomal activity (Boerman & Napoli, 1 996). The presence of 

significant amounts of apo-CRBP would be likely to indicate low circulating retinol. In 

this situation, apo-CRBP stimulates hydrolysis of endogenous retinyl esters by cholate­

independent retinyl ester hydrolase activity in microsomes (Boerman & Napoli, 1 99 1), 

freeing stored retinol for subsequent conversion to retinoic acid. The rate of release of 

retinol has a Michaelis-Menten dependence on the concentration of apo-CRBP, with 

2 .6 /lM apo-CRBP producing half-maximal rate stimulation. No more than 1 0  % of 

endogenous retinyl esters were depleted, and no more than 4 % of apo-CRBP was 

converted into holo-CRBP at the apo-CRBP concentrations that produced a maximum 

rate of re tiny 1 ester hydrolysis .  Finally, it has been shown that a microsomal LRAT uses 

holo-CRBP to synthesise retinyl esters (Ong et al. , 1 988;  Yost et al. , 1 988) .  This activity 

is also inhibited by apo-CRBP. Here again, in times of low retinol levels, available 

retinol is required to maintain retinoic acid synthesis, so apo-CRBP levels are increased 

and esterification of retinol for storage is inhibited by apo-CRBP. These observations 

point to the amounts of, and ratios  of, apo- and holo-CRBP playing an important role in 

directing retinoids to their metabolic fate. 
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I n  contrast, it has also been proposed that the major role of  CRBP I lies solely i n  the 
storage of retinoids, and that it plays no role in retinoid m etabolism (Duester, 1 996) , 
The catalytic efficiency of the maj or microsomal retinol dehydrogenase, RoDH 1 ,  has 
been estimated in both the direction of retinal reduction (93 min-l mM" 1), and retinol 
oxidation ( 1 7  min-l mM"1) (Duester, 1 996). It can be seen that this enzyme appears to be 
approximately five times more efficient in the direction of retinal reduction. Supporting 
this calculation is the fact that the microsomal retinol dehydrogenase has been shown to 
use NADP(H) as a cofactor in preference to NAD(H) (Napoli, 1 996a; Napoli et aI. , 
1 995 ;  Napoli et aI., 1 992; Posch et aI. , 1 99 1 ;  Posch et aI. , 1 992). Because of the high 
physiological ratio of NADPH to NADP+ (Veech et aI. , 1 969), retinal reduction would 
again be expected to be the preferred direction. The specificity of the microsomal 
enzyme for all-trans isomers is another reason put forward for the primary role of CRBP 
being one of storage. Retinoid turnover should be able t o  accommodate any isomeric 
retinoid forms which may arise; however, storage systems need only be concerned with 
all-trans i somers (see section 1 . 1 .4) . It is also known that CRBP-retinol is a substrate 
for retinyl ester formation, It is thus suggested that CRBP I along with the microsomal 
retinol dehydrogenase play a role in the liver analogous to that played by CRBP II and 
retinal reductase in the intestine (Duester, 1 996) (see Section  1 . 3 .2 .3) .  

I t  seems generally accepted that CRBP I plays an important role in  the storage of retinol 
in the liver. However, what is not clear is what role, if any, CRBP I plays in the 
biosynthesis of retinoic acid from retinol. What is obvious though is the complexity of 
retinoid homeostasis, and the number of enzymes that may potentially play an important 
role. 

1.3. 1 . 5  Transfer o f  Ligand t o  Metabolic Enzymes 

The manner in which the ligand is transferred from the binding proteins to the metabolic 
enzymes is unresolved. It is clear that there must be a 'release trigger' , which initiates 
opening of the helical cap (which is closed in holo-CRBP) and release of the ligand 
enabling either direct binding to the enzyme or binding after dissociation into the 
aqueous media to occur, This trigger may be a protein-protein interaction between 
CRBP and the enzyme. The next step in the process is not clear. There is a body of 
evidence suggesting that retinoid intermediates pass through the metabolic pathway by 
direct transfer (Bemhard, 1 988;  Clegg, 1 984; Srivastava & Bemhard, 1 986), rather than 
by diffusion through the aqueous phase. If the direct transfer model is correct, this 
would raise a number of questions. Firstly, the binding protein, ligand and enzyme may 
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form a complex such that the product is subsequently released from the binding protein 

after metabolism. If this is the case, the rate of reaction for CRBP-ligand would be 

expected to be a lot slower than that for free retinoid. The hydroxyl or aldehyde group 

of retinol/al is known to be buried deep in the centre of the CRBP molecule. The 

molecule would have to be rotated at some stage in order for the metabolising enzyme to 

have access to the active group. This is unlikely to happen in this situation due to space 

constraints imposed by the CRBP binding site. The second hypothesis involves an 

interaction between the binding protein and the enzyme, the transferral of the ligand to 

the active site of the enzyme, and release of the product from the metabolising enzyme. 

This is a more likely situation, although the retinoid i s  still likely to need rotation, which 

would have to be facilitated by the enzyme. Again, the rate of reaction would be 

expected to decrease markedly compared to that for free retinoid. A third transfer 

mechanism would be dissociation of the ligand into the aqueous medium. Once more, 

this would presumably involve a protein-protein interaction to initiate the opening of the 

helical cap and release of ligand, and is still likely to result in a slower rate of reaction 

due to the necessity of dissociation of the ligand from the binding protein before the 

enzyme can gam access. 

There is a lot of indirect evidence for the direct transfer hypothesis involving transferral 

of the ligand to the enzyme. The apparent Km for the cytosolic NAD+ dependent holo­

CRBP reaction observed by Ottonello and co-workers was 0 . 84 ± 0. 1 2  f.lM, compared 

to 7 . 1 ± 0 . 3  f.lM for free retinol. The V max for the CRBP-retinoI reaction, however was 

3- 1 5  times lower than that for free retinol (Ottonello et al. , 1 993) .  However, these data 

do fit all the proposed models. The high level of  conservation of amino acids found on 

the exteriors of both CRBPs and CRABPs also supports the existence of a protein 

recognition site. Conservation of primary structure is seen even though neither tertiary 

structure conservation nor ligand specificity compels such surface conservation 

(Newcomer, 1 995; Ong et at. , 1 994) If a critical protein interaction with the surface of 

the binding proteins existed, this may have driven the conservation of exterior sequence . 

Computer graphics modelling of a CRABP with a cytochrome P450 showed a possible 

model of transfer of retinoic acid via a bimolecular complex with juxtaposed ligand 

portals (Thompson et al. , 1 995) .  This supports the general protein recognition! 

interaction scenario with a specific model that may be representative of similar 

mechanisms; for example, the transferral of retinol and retinal between CRBP and their 

respective metabolic enzymes. 



1 -35  

1.3.2 CRBP 11 

A CRBP similar to, but clearly distinct from, CRBP I, has been identified and purified 

from rat pups (Ong, 1 984) . This protein (termed CRBP II) showed 56 % identity with 

CRBP I, and existed in two forms, one of which was N-terminally acetylated. 

Comparison of CRBP II purified from other species revealed -9 1 % identity across 

species. CRBP n is also cytosolic, and is found only in the enterocytes of the small 

intestine postnatally (Levin et al. , 1 987; Li et al., 1 986) where it makes up 0.4-1 % of 

total soluble intestinal protein - around 1 000 fold more than CRBP I (Ong, 1 984). 

Perinatally, CRBP n is  also found in the liver; however, mRNA levels in the liver decline 

rapidly after birth (Li et al. , 1 986; Ong et al. , 1 99 1 ) .  In comparison to CRBP I, which 

has an extremely wide distribution, CRBP II expression is very restricted. 

1.3.2.1 Ligands 

Unlike CRBP I, CRBP II binds all-trans retinol and all-trans retinal with an 

approximately equal affinity (Levin et al., 1 988 ;  MacDonald & Ong, 1 987) . CRBP II 

also binds 1 3-cis isomers, but not 9-cis or 1 1 -cis isomers, or retinoic acid. The 

dissociation constant of CRBP II for al1-trans retinal is -50-90 nM - similar to that of 

CRBP L Studies using fluorometric titration have indicated similar dissociation 

constants of both binding proteins for all-trans retinol - 1 0-20 nM for CRBP I (Levin 

et al. ,  1 988 ;  Ong & Chytil, 1 978), and 1 0-40 nM for CRBP II (Levin et al. , 1 988 ;  

MacDonald & Ong, 1 987; Ong, 1 987) .  However, a comprehensive study using 

6-fluorotryptophan substitution (see section 1 .3 .  L 1 )  suggested that the affinity of CRBP 

I for all-trans retinol may be - 100 fold greater than that of CRBP 11 . 

1.3.2.2 Structure of CRBP n 

The overall tertiary structure of CRBP II is essentially similar to that of CRBP I and the 

other iLBPs, as determined in both apo- and holo- states (Winter et  al. , 1 993) .  One 

main difference is the substitution of a glutamine at position 4 (CRBP II) for the 

phenylalanine in CRBP I (Figure 1 . 6). This accounts for the approximately equal affinity 

with which CRBP II binds all-trans retinol and all-trans retinal. Gln-4 and Gln- l 08 

could both function as either a hydrogen bond donor or acceptor; thus CRBP II could 

theoretically bind all-trans retinol and all-trans retinal equally well. The binding of either 

retinol or retinal to CRBP II gives a sub-optimal hydrogen bonding geometry. This 

accounts for both CRBP I having a greater affinity for retinol than CRBP n and the 

approximately equal affinity of both proteins for retinal. 
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Considering the restricted location o f  CRBP II t o  the small intestine where it makes u p  a 

quantitatively major portion of the total protein, it seems certain that CRBP II functions 

in the absorption and storage of dietary retinoids. B-Carotene is oxidatively cleaved 

upon ingestion into two molecules of retinal, which may then be reduced to retinol. 

Both retinol and retinal are thus available for absorption. CRBP II can bind both retinol 

and retinal, and it is accepted that, due to the distribution and amounts present, the major 

function for CRBP II i s  in the dietary uptake and subsequent storage of these 

compounds. 

CRBP II-retinol is recognised as a substrate by the enzyme LRAT (lecithin-retinol 

acyltransferase) (Herr & Ong, 1 992), which uses phosphatidyl choline as an acyl source 

to esterify retinol for storage. However, the enzyme ARAT (acyl-Co A-retinol 

acyltransferase), which esterifies free retinol with long-chain fatty acids (Helgerud et al. , 

1 982), is unable to recognise retinol bound to CRBP II (Ong et al. , 1 987), but can 

esterify free retinol. As the abundance of CRBP II makes it unlikely that there will be 

significant free retinol/retinal, ARA T is unlikely to be physiologically relevant, except in 

situations of excess retinoid ingestion where there may be some free retinol. CRBP ll­
retinal has been shown to be a substrate for reduction to retinol by microsomal 

preparations from the rat small intestine mucosa (Kakkad & Ong, 1 988) .  However, 

retinol or retinal bound to CRBP II was not oxidised to any extent. This study confirms 

the role of CRBP II to be in the uptake and esterification of dietary retinoids, rather than 

in their subsequent metabolism. 

1.3.3 CRABP I and 11 

Two other proteins involved in the binding of retinoids have been identified. These were 

first detected in 1 974 (Sani & Hill, 1 974), but were not recognised as being distinct from 

CRBP (which was first isolated in 1 973), until 1 988 when what is now known as cellular 

retinoic acid binding protein (ll) (CRABP II) was isolated (Bailey & Siu, 1 988) .  Both 

CRABP I and II bind all-trans retinoic acid tightly, 9-cis retinoic acid weakly, and do not 

bind 1 3 -cis retinoic acid, retino l  or retinal. Only CRABP I has been shown to bind 

retinoic acid in vivo. The apparent dissociation constants for the binding of all-trans 

retinoic acid were determined in one study to be approximately equal for both proteins -

>0.4 nM and -2 nM for I and II respectively (Norris et al. , 1 994). However, the 

apparent K'd of CRABP II was seen to be considerably higher in a different study -

-64 nM (Bailey & Siu, 1 988) .  The CRABP proteins are 1 3 6  amino acids in length, and 
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are very similar with respect t o  amino acid sequence, with human CRABP I and II 

having 72 % identity. CRABP I is very highly conserved across species, with mouse, 

bovine and rat CRABP I being 1 00 % identical, the human form showing only 1 amino 

acid difference, and human and mouse CRABP II sharing 94 % identity. As with the 

CRBPs, the tissue distribution of CRABP I is wide, while that of CRABP II is restricted 

to the skin and the corpus luteum in the adult animal (reviewed in Li & Norris, 1 996). 

Both proteins however, are expressed strongly during embryogenesis. 

The biological function for the CRABP proteins remains unclear. It was originally 

hypothesised that the CRABP would bind to retinoic acid and facilitate or direct its 

transport to the nuclear receptors (Takase et al. , 1 986). However there i s  conflicting 

evidence as to whether the CRABPs are able to enter the nucleus in vivo (Bucco et al. , 

1 995 ;  Donovan et ai., 1 995; Z etterstrom et ai. , 1 994). There is no identifiable nuclear 

localisation signal on the CRABPs, though the protein is small enough to allow passive 

diffusion through nuclear pores. Also, the temporal and spatial patterns of expression of 

the CRABPs are different from those of the nuclear retinoid receptors (Dolle et ai. , 

1 989 ;  Ruberte et al. , 1 993) .  One current idea is that the CRABPs are expressed in 

highly retinoid-sensitive cells, and act to protect the cell from a potentially harmful rise in 

cytosolic retinoic acid concentration by binding the retinoic acid and restricting its 

availability to the nuclear receptors (Donovan et ai., 1 995;  Maden & Holder, 1 99 1 ;  

Maden et ai., 1 988;  Ruberte et  ai. , 1 993 ; Ruberte et al. , 1 992). Another possible 

function is the catabolism of retinoic acid into polar metabolites (e.g. 4-oxoretinoic acid), 

which may be controlled by CRABP. It has been shown that CRABP I-retinoic acid may 

serve as a substrate for enzymes which convert retinoic acid into metabolites (Boylan & 
Gudas, 1 992; Fiorella & Napoli, 1 99 1 ;  Ong, 1994) . It seems likely that CRABP plays an 

important role in controlling the availability of retinoic acid, though the precise nature of 

this role remains unclear. Gene knockout studies using mice lacking both CRABP I and 

CRABP II have shown that these mice are essentially normal (Lampron et ai., 1 995) .  

This study argues against the CRABPs playing an important role in  retinoid metabolism 

and signalling. Instead, the idea that the CRABPs may bind to retinoic acid during 

vitamin A deficiency to maintain retinoid signalling was suggested. 

1.3.4 Plasma Retinol-Binding Protein (RBP) 

The plasma retinol-binding protein (RBP) is a retinol binding protein distinct from the 

CRBPs. It contains one binding site for retinol, and functions to transport retinol in the 

serum fraction of blood from its storage site in the liver, to target cells .  RBP-retinol is 
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transported in  a 1 :  1 complex with transthyretin (prealbumin) to  mmml1se loss by 

glomerular filtration. 

RBP consists of a single 1 82 amino acid polypeptide chain with a molecular weight of 

2 1  000 Da (Kanai et ai. , 1 968). The elucidation of the primary amino acid sequences 

showed sequence conservation across species, with rat and human showing 86  % 

sequence identity, and rabbit and human 92 %. The protein was crystallised in the early 

eighties (Newcomer et aI., 1 984b; Ottonello et ai., 1 993), and the first tertiary structure 

published soon after (Newcomer et al., 1 984a) . The basic structure consists of a 

f)-barrel core made up of 8 anti parallel f)-strands organised into 2 orthogonal f)-sheets, 

an N-terrninal coil, a C-terrninal coil and an a-helix. This is the basic structural 

organisation of a family of proteins which bind small hydrophobic molecules, and 

includes RBP, f)-lactoglobulin, apolipoprotein D and odorant-binding protein. This 

family of lipid-binding proteins is different from the family to which the CR(A)BPs 

belong. Apart from the general function and cellular localisation, a striking difference 

between RBP and the CR(A)BPs is seen in the orientation of ligand binding, which is 

likely to be related to the function. Retinol bound to RBP is oriented with the f)-ionone 

ring deep in the centre of the structure, and the isoprene tail and the functional group 

stretching out towards the surface. The functional group is located deep in the barrel in 

the CR( A)BPs. 

1.3.5 Retinoid-Binding Proteins of the Visual System 

The uniqueness of the visual system lends itself to the existence of specific proteins 

involved in certain processes. In particular, the importance of l l -cis retinoids in the eye 

has led to the isolation of a number of proteins involved in their sequestration and 

metabolism. The existence of these proteins is noted to give a complete overview of 

retinoids and associated proteins, although thi s  group of proteins is not thought to play a 

significant role in the processes studied in this thesis. 

Cellular retinal-binding protein (CRALBP) is an intracellular lipid-binding protein whose 

major ligands are the aldehyde forms of vitamin A. This protein shows is not 

homologous to any of the other cellular retinoid binding proteins, or indeed to any other 

known protein. It has been detected in the neural retina, retinal pigment epithelial cells 

and the pineal gland, but in no other tissues examined. CRALBP is thought to function 

as a retinal binding protein in the visual system (Saari & Bredberg, 1 98 8; Saari et ai. , 

1 982). 
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Three types o f  soluble retinal-binding protein (RALBP) have been found in invertebrate 

retinae, two from honeybee retina and one from squid (Ozaki et al. , 1 994). The 

structure of RALBP appears to be distinct from other isolated retinoid binding proteins, 

and is postulated to play a role in the transport of l l -cis and all-trans retinals, and in the 

maintenance of sensitivity in photoreceptor cells (Ozaki et al. , 1 994). 

Interphotoreceptor-binding protein (IRBP) is a high molecular weight protein located in 

the interphotoreceptor matrix of the retina, whose postulated function is to  transport 

retinoids between the retinal pigment epithelial cells and photoreceptor cells (Ozaki 

et al. ,  1 994) . 

1.3.6 Cis Isomers of Retinoids 

The importance of the retinoid geometric i somer 9-cis retinoic acid is best illustrated by 

its preferential binding of the RXRs (see section 1 .4) .  Two important questions arise 

from this observation - how is 9-cis retinoic acid generated in the body, and how is its 

production controlled? Possible methods by which 9-cis retinoic acid is produced are 

either by isomerisation (enzymatic or non-enzymatic), or by a similar pathway to the 

production of all-trans retinoic acid from a biological precursor. The second possibility 

is supported by the isolation of a 9-cis-specific alcohol dehydrogenase (SDR family) 

from a human breast tissue library. Northern analysis identified RNA encoding this 

protein primarily in testis, kidney and mammary gland (Mertz et al., 1 997) . 

The isomerisation of all-trans retinoic acid to 9-cis and 1 3 -cis retinoic acid has been 

observed in vivo and in vitro (Nagao & Olson, 1 994; Urbach & Rando, 1 994), but the 

method by which isomerisation occurs is not known. However, this isomerisation was 

observed to be  temperature dependent, and to vary between cell types, indicating 

enzymatic catalysis (Mangelsdorf et al. , 1 994). Significant isomerisation of all-trans 

retinol or retinal was not observed in work performed with bovine liver microsomes 

(Urbach & Rando, 1 994). A likely method of 9-cis retinoic acid production comes from 

the bioavailability of 9-cis-C3-carotene, which is found naturally in foods (Chandler & 
Schwartz, 1 987; Khachik et al. , 1 992). It has also been estimated that 9-cis-C3-carotene 

may account for up to 25 % of total C3-carotene in human liver (Stahl et al. , 1 993) .  

Experiments performed using rat liver and intestine preparations showed an enzymatic 

conversion of 9-cis-C3-carotene to a mixture of 9-cis, 1 3 -cis, and all-trans retinals, and 

conversion of all-trans or 1 3 -cis-�-carotenes to all-trans retinal (Nagao & Olson, 1 994) . 

The production of 9-cis retinal in this manner would necessitate an enzyme activity to 
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oxidise the aldehyde to a carboxylic acid. A number of enzymes  are able to catalyse this 

reaction, among them AlDH 1 (see sectionl .2 .2) .  Furthermore, if this was the correct 

physiological scenario, it would be likely that 9-eis retinoic acid production would be 

controlled in a manner such as the all-trans situation. It is possible that a family of 

binding proteins related to the CRBPs, but which are specific for eis-retinoid isomers, 

may exist . 

1.4 Retinoic Acid Exerts its Effects Via Nuclear Receptors 

The identification of nuclear receptors which bind retinoic acid with high affinity 

revealed a mode of action whereby the pleiotropy of retinoids could begin to be 

understood (Figure 1 . 7) . The characterisation of steroid and thyroid hormone receptors 

revealed common structural motifs and functional properties (Evans, 1988) . 

Identification of a highly conserved cysteine-rich DNA-binding region was exploited in 

the screening for related gene products. Using this strategy, a number of genes were 

isolated which coded for proteins belonging to the steroid/thyroid hormone receptor 

superfamily, and for which the putative ligand was yet to be identified (Chambon, 1 996; 

Giguere, 1 990; Giguere, 1 994; Giguere & Evans, 1 990; Mangelsdorf et ai., 1 994; and 

refs .  therein). These gene products, together with those identified by transcription factor 

cloning and analysis of Drosophila developmental pathways are referred to as orphan 

receptors. Manufacturing chimeric constructs consisting of  orphan receptors containing 

the DNA-binding domain of known steroid hormone receptors, and then transfecting the 

chimera into a cell line along with a reporter gene which responds to the known steroid 

receptor, provides a system whereby putative ligands can be tested for a positive 

response (Giguere & Evans, 1 990) . The use of this technique with the putative ligand 

retinoic acid (which invoked a potent response), led to the identification of the first 

retinoic acid receptor (RAR), a member of the steroid/thyroid hormone receptor 

superfarnily (Giguere et ai, 1 987;  Petkovich et ai. , 1 987) . 

It is in the high affinity binding of retinoic acid to the RARs, and the subsequent binding 

of the receptor-ligand complex to defined sequences of DNA in the promoter regions of 

target genes, whereby retinoic acid exerts its effects (Chambon, 1 996; Giguere, 1 990; 

Giguere, 1 994; Mangelsdorf et ai. , 1 994; and refs. therein). Genes isolated from many 

organisms contain retinoid response elements (see Table 1 .3 ) . The protein products of 

these genes exhibit a wide variety of functions, yet many of them are involved themselves 

in retinoid homeostasis, providing another layer of control in the overall retinoid 
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Figure 1 .7:  Overview of Mechanism of Retinoid Action 
Retinoids enter the nucleus and bind various nuclear receptors. B inding of ligand induces dirnerisation of nuclear 

receptors via dirnerisation domains in the LBD and DBD, and susequent binding to response elements (e.g. 
RARE' s) on target genes. This affects the transcription of the gene. Dirner combinations are shown in part A. 

Diagram adapted from Chambon, 1 996, p944. 

Abbreviations: RARE - retinoic acid response element; DBD - DNA-binding domain; DD - dirnerisation 
domain; LBD - ligand binding domain; A IRA - all-trans retinoic acid; VDR - vitamin D receptor; T:J( - thyroid 

hormone receptor; N - amino-terminal domain; Orphan - orphan steroid receptor. 
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Table 1 .3 Genes Containing Retinoid Response Elementsl 

RARE Containing Genes 

DR 5 e.g. AGGTCAXXXXXAGGTCA 
mRAR�2, 0:.2 mouse RAR isoforms �2, 0:.2 

hRARP2, 0:.2, y2 human RAR isoforms P2, 0:.2, y2 
mCP-H mouse complement factor H 

hCMV-IEP human cytomegalovirus immediate early promoter 
hMGP human matrix G l a  protein 

mHox- 1 .6 
hADH3 human alcohol dehydrogenase 3 (class 1 )  

DR 2 e.2. AGTTCAXXAGTTCA 
mCRBPI mouse CRBP 1 
rCRBP l rat CRBP l 
hApoA l human apolipoprotein A l  

mCRABPll· 1 mouse CRABPII· l 

Palindrome e.g. AGGTCAXXXTGACCT 
bGH bovine growth hormone 

hOST human osteocalcin 
xVitA2 xenopus vitellogenin A2 

Complex e.g. TGACCTXXXXXXXXGGGTAAAGGTGA 
rGH rat growth hormone 

mLam� l mouse laminin � 1 
hOXY human oxytocin 

hMCAD human medium chain acyl-coA dehydrogenase 

RXRE Containing Genes 

DRl e.g. AGGGCAXXAGGTCA 
rCRBPII rat CRBPI 
cOVAL chicken ovalbumin 
rAOX rat acyl-coA oxidase 

hApoA I human apolipoprotein A l  
mCRABPII mouse CRABPII 

mMHCI mouse major histocompatibility complex 1 
rPEPCK rat phosphoenolpyruvate carboxykinase 

hHBV human hepatitis B virus 

Complex e.g. TGACCT(8)GGGT AAAGGTGA 
mMCAD mouse medium chain acyl-coA dehydrogenase 

Table adapted from Mangelsdorf et aI. , 1 994 pp328-329 

1 See Mangelsdorf et ai., 1 994, and refs. therein for referencing 
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signalling system. It is postulated that upon hormone binding, the receptor undergoes an 

allosteric change which allows DNA binding; however, the mechanism of the process by 

which transcription is altered is unknown. Most members of the steroid/thyroid hormone 

receptor superfamily are nuclear whether bound to ligand or not, but it remains 

controversial whether unliganded receptors are free or bound to DNA. Also unknown is 

the manner in which retinoic acid is transported to the nucleus. The CRABPs have been 

hypothesised to play a role in intracellular retinoic acid transport (Donovan et al., 1 995), 

but this issue also remains unsolved. 

1 .4. 1 Retinoic Acid Receptors (RARs) 

Three genes encoding highly related RARs have been identified from mouse and human 

- RARa (Giguere et al. , 1 987 ;  Petkovich et al. , 1 987), RAR� (Benbrook et al. , 1 988 ;  

Brand et  al. , 1 988), and RARy (Ishikawa et  al. , 1 990; Krust et al. , 1 989; Zelent et al. , 

1 989). Each gene gives rise to multiple isoforms by the use of alternative splicing of 

exons, translation initiation at an internal CUG codon, and differential usage of two 

promoters (Leid et al. , 1 992a). RARs show greater than 95 % identity in the DNA­

binding domain between species and between sUbtypes within a species, and 8 5  % 

identity in the ligand-binding domains. The RARs consist of six regions (A-F) based on 

homology within the steroid receptor superfamily. These regions include a variable 

length non-conserved N-terminal domain (A), a central DNA-binding domain 

(DNA-BD) (C), and a large C-terminal ligand-binding domain (LBD) (E) . The LBD and 

DNA-BD are linked by a short hinge region (D), that may function in nuclear 

translocation. The highly conserved DNA-BD contains two zinc-finger motifs which 

allow target DNA sequence recognition, and are involved in the activation of target 

genes (Chambon, 1 996). Besides ligand binding, the LBD has additional features - a 

ligand inducible transactivation function, a silencing activity involved in transcriptional 

repression, and a dimerisation surface. The amino-tenninus is also involved in 

transactivation, and may contribute to the specificity of RAR action as the N-tenninal is 

the most variable region. The RARs are able to bind all-trans retinoic acid and 9-cis 

retinoic acid with high affinity - KI = 1-5 nM (Ishikawa et al. , 1 990; Yang et al. , 

1 99 1 ), and 0 .2-0 .7  nM (Allenby e t  al. , 1 993) respectively. 

1 .4.2 Retinoid X Receptors (RXRs) 

The identification of an orphan receptor showing slight activation by all-trans retinoic 

acid led to the hypothesis that this receptor (named RXR) was a new class of retinoic 

acid receptor whose natural ligand may be an isomer of retinoic acid (Mangelsdorf et a!., 
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1 990). Independent researchers then identified this i somer to be 9-cis retinoic acid 

(Heyman et al., 1 992; Levin et al. , 1 992a). Three RXR genes have been identified in 

mouse, as well as homologues in human, rat, chicken and frog (see Giguere, 1 994 and 

Chambon, 1 996 for review). Each gene (a, p, y) can give rise to two isoforms, which, 

like the RARs, differ in the N-terminal region. The physiological ligand for the RXRs is 

9-cis retinoic acid, which binds and activates with high affinity (Ko := 1 0- 1 5  nM); 
however, all-trans retinoic acid does not activate RXRs efficiently (Heyman et al. , 1 992; 

Levin et al. , 1 992b; Mangelsdorf et al., 1 990). RARs and RXRs show lower sequence 

similarity than would be expected for two members of the same family which can both be  

activated by the same ligand - in fact 62  % identity for the DNA-BD, and only 27  % 

identity for the LBD (Mangelsdorf et al., 1 994) . The RARs show more similarity with 

thyroid hormone receptors (TR) than RXRs. 

1 . 4.3 Retinoid Response Elements 

The specific sequence of DNA in the promoter regIOns of target genes (response 

elements), to which liganded RARslRXRs recognise and bind, is based on a minimal 

half-site consensus - (A/G)G(G/T)TCA. This half-site is organised into a variety of 

specific elements using direct repeat, palindrome, and complex motifs (Naar et al., 1 99 1 ;  

Umesono & Evans, 1 989; Umesono et al. , 1 988;  Umesono et al., 1 99 1 ) .  The retinoic 

acid response element (RARE) which is the most abundant and gives the strongest 

response is a direct repeat of the half site consensus separated by five nucleotides (DRS). 

DR2, palindromic and random complex RAREs have also been identified in vivo and 

in vitro; however, these are less abundant and less responsive, and in the case of the 

palindromic and random sequences, require overexpression of the RAR for activity. The 

RXR response elements (RXREs) are almost exclusively DR1 (Mangelsdorf et al. , 1 994; 

Mangelsdorf et al. , 1 99 1 ) .  Negative RAREs have also been identified, which are 

involved in the downregulation of certain genes (Mange1sdorf et al. , 1 99 1 ;  Nicholson 

et al. , 1 990; Schule et al. , 1 99 1 ) .  It is thought that these negative effects occur via RAR 

interfering with other positive acting transcription factors. 

1.4.4 Dimerisation of Retinoid Receptors 

Subsequent studies of the binding of liganded RARs to RAREs, showed that RARs alone 

did not bind efficiently to these sequences, but an 'accessory factor' found in nuclear 

extracts of a variety of cells greatly enhanced binding (Leid et al. , 1 992b; Yu et al. , 

1 99 1 ) .  This factor was identified to be an RXR (Kliewer et al., 1 992; Leid et al. , 1 992b; 

Yu et al., 1 99 1 ) .  It has since been shown that RXRs form heterodimers in solution with 
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RAR TR, vitamin D receptor (VDR), and peroxisome proliferator-activated receptor 

(PP AR), hence the description of RXRs as 'promiscuous dimerisation partners' .  

Heterodimers bind more efficiently than homodimers t o  response elements, and binding 

is more selective. The high affinity binding of heterodimers results from dimerisation in 

solution through the LBD dimerisation surface, and upon DNA binding, from the 

formation of a second dimerisation interface through the DNA-BD which fits the length 

of the spacer between half sites (Figure 1 . 7). 

The transmission of the retinoid signal to target genes is preferentially relayed by 

RXRIRAR heterodimers (Chambon, 1 996; Kastner et al., 1 994). However, the role of 

RXR homodimers (which form in solution and bind to DR1 RXREs) in retinoid 

signalling and the role of RXR as a heterodimeric p artner for other steroid superfamily 

members remains to be clarified. The presence of a dimerisation sequence in the LBD 

also raises the question of the role of ligand in heterodimer formation and signalling. 

Depending on its heterodimeric accessory, RXR may be a silent partner whose primary 

role is in specifying binding, or it may be a transcriptionally active ligand responsive 

partner (LebJanc & Stunnenberg, 1 995;  MangeJsdorf e t  al. , 1 995) .  So though the role of 

9-cis retinoic acid remains unsettled, it is likely to play an substantial role in retinoid 

signalling, and in steroid signalling in general. 

Some of the diversity seen in retinoid functions can be  attributed to aspects of retinoid 

receptors and their interaction with response elements . There are at least 14 RARJRXR 

isoforms, two identified ligands, and 48 possible heterodimer combinations (though due 

to tissue and cell specific expression, not all combinations will always be possible). The 

next level of complexity lies in the response elements .  These can be direct repeats 

separated by 1 -5 nucleotides, palindromic repeats, or random sequences. A final area of 

variation lies in the asymmetry of heterodimer binding to response element, i .e . which 

partner binds at the 5 '  half-site, and which at the 3 '  half-site, which may be fixed or 

varied. 

1 .5 Vitamin A and Fetal Alcohol Syndrome (FAS) 

Fetal alcohol syndrome arises due to excessive prenatal maternal ethanol ingestion 

(Clarren & Smith, 1 978;  Jones et al. , 1 973 ; Lemoine et al., 1 968). The syndrome is 

characterised by craniofacial defects of the eyes, upper lip and jaw, growth retardation, 

and central nervous system dysfunction. The world-wide incidence of full F AS is 
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estimated to be 1 .9 per 1 000 live births, and for partial FAS (known as fetal alcohol 

effects or FAE), 3 -5 per 1 000 live births (Luke, 1 990). Among alcoholic women, the 

estimated incidence rises to 25 per 1 000 (F AS), and 90 per 1 000 (F AE), making F AS 

the leading cause of mental retardation in the western world (Streissguth et al., 1 986). 

Symptoms observed in F AS-affected individuals vary widely, both in the severity of the 

malformation, and in the type of malformation seen. The molecular basis for ethanol­

induced teratogenicity is unknown. Current ideas as to how ethanol causes F AS are: 

1 )  direct teratogenic effects of ethanol or acetaldehyde on the fetus, 2)  altered maternal 

or placental physiology, and/or 3 )  nutritional alterations caused by ethanol ingestion 

(DeJonge & Zachman, 1 995). A nutritional compound proposed to be involved in 

ethanol-induced teratogenicity is vitamin A (DeJonge & Zachman, 1 995 ;  Deltour et al. , 

1 996; Duester, 1 99 1 ;  Duester, 1 994; Grummer et aI. , 1 993 ; Grummer & Zachman, 

1995;  Morriss-Kay & Sokolova, 1 996; Pullarkat, 1 99 1 ) . 

The importance of retinoic acid during embryogenesis in basic proces ses such as cell 

differentiation, cellular rearrangement and pattern formation, has been well documented 

(see section 1 . 1 .3 ) .  Many defects associated with vitamin A deficiency or toxicity are 

similar to those observed in F AS-affected individuals; for example, congenital heart 

defects seen in F AS are similar to those found in vitamin A teratogenesis. (DeJ onge & 

Zachman, 1 995) .  From these general observations, the search for a molecular basis 

linking F AS to alterations in vitamin A homeostasis was initiated. It is known that fetal 

and adult vitamin A status is affected by ethanol ingestion (Grummer e t  al. , 1 993 ;  

Grummer & Zachman, 1 990; Lieber, 1991) .  More specifically, maternal ethanol 

ingestion has been identified to decrease fetal liver retinol levels, increase fetal lung and 

kidney retinol and retinyl palmitate stores, increase fetal brain retinoids, and increase 

fetal brain CRABP (Grummer et al. , 1 993). Further investigation showed no difference 

in maternal serum retinol levels, an increase in CRBP in fetal brain and whole embryo, a 

decrease in RAR0 only in whole embryo, and an increase in RARy in fetal brain in 

ethanol-treated rats compared to control (Grummer & Zachman, 1 995). It has long been 

known that ethanol inhibits ADH-catalysed retinol oxidation (Julia et al. ,  1 986; Leo 

et al., 1 987; Van Thie! et al. , 1 974). This is a proposed mechanism for the manifestation 

ofF AS (Deltour et al. , 1 996; Duester, 1 99 1 ;  Duester, 1 994). It has recently been shown 

that high concentrations of ethanol decreased retinoic acid levels in mouse embryos at 

stages most sensitive to ethanol induced cranial defects. Class IV ADH mRNA was also 

expressed at the same time (Deltour et al. , 1 996). Although not direct evidence, these 
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experiments support the hypothesis of ethanol induced alterations in retinoic acid 

production, availability, and/or homeostasis being a mechanism for F AS manifestation. 

It i s  possible that AlDH 1 may also play a role in this scenano. The ability of 

acetaldehyde to inhibit aldehyde dehydrogenase-catalysed retinal oxidation has not been 

investigated. The ability of AlDH 1 to oxidise free and CRBP-bound retinal, as well as 

at least the 9-cis geometric isomer indicates a primary role for AlDH 1 in retinoic acid 

homeostasis. In addition, AlDH 1 i s  the only aldehyde dehydrogenase isoenzyme with 

the ability to oxidise retinal that has been found in humans, and it is also able to oxidise 

acetaldehyde. Further studies may reveal a role for AlDH 1 in FAS. 

1.6 The Aldehyde Dehydrogenases 

The aldehyde dehydrogenases (aldehyde:NAD+ oxidoreductase, EC 1 .2 . 1 . 3 ), are a group 

of enzymes which catalyse the oxidation of various aliphatic and aromatic aldehydes to 

their corresponding acids (Goedde & Agarwal, 1 990; Pietruszko, 1 983 ;  Sladek et al. , 

1 989). These enzymes are considered to play a general role in detoxification. 

Specifically, AlDHs have been shown to metabolise acetaldehyde derived from ethanol, 

toxic aldehydes from food and lipid peroxidation (Harrington e t  al. , 1 987; Jakoby & 
Ziegler, 1 990; Mitchell & Petersen, 1 987; Parrilla et al., 1 974), retinoids, and aldehydes 

derived from biogenic amines and neurotransmitters (Ambroziak & Pietruszko, 1 99 1 ;  

Ambroziak & Pietruszko, 1 993 ; Yoshida e t  al. , 1 992; Yoshida et al. , 1 993) .  On the 

basis of various properties, the AlDHs can be classified into 3 main classes (LindahJ & 
Hempel, 1 99 1 ) .  These properties include physicochemical and enzymatic properties, 

tissue/subcellular distribution, and sequence identities (Yoshida et al. , 1 99 1 ) .  

Class 1 enzymes are homotetramers, composed of 54 kDa monomers. They are 

cytosoIic, with a fairly broad substrate specificity. Included in this class are the major 

human liver cytosolic i sofonn (hAlDH 1 ), and the homologues from rat (rAlDH 1 ), 

sheep (sAlDH 1 )  (Figure 1 . 8), mouse (mAHD 2), and others (note: nomenclature for 

mouse aldehyde dehydrogenases differs from that of the other enzymes). Based upon 

multiple sequence alignment (Figure 5 . 1 ), the recently isolated retinal-oxidising 

dehydrogenases are likely to be classified as class 1 also. Class 2 enzymes are also 

homotetrameric with a similar monomer size to the class 1 enzymes. These are found in 

the mitochondria, and are thought to be the major isofonn involved in acetaldehyde 

metabolism, with a Km for acetaldehyde in the low micromolar range. A mutation in this 
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Figure 1 .8 :  Ribbon Diagram of Sheep Aldehyde Dehydrogenase 1.  

This diagram was constructed from coordinates determined by S .  Moore (Massey 

University, NZ) using the program TURBO-FRODO (Cambillau et ai, 1 996). a-Helices 

are coloured red, �-strands blue, and loops yellow, while all-trans retinal is shown in 

green. All 4 subunits are shown (labelled A-D) each containing a retinal molecule. 
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isoform (GIu to Lys at position 487) is involved in the 'flushing syndrome' , or adverse 

reaction to alcohol consumption suffered by a large percentage (�50 %) of Asian people 

(Harada et aI. , 1 98 1 ;  Ikawa et al. , 1 983) .  The class 3 enzymes are dim eric, with a 

subunit molecular weight of 50 kDa, and include corneal AlDH and a tumour-associated 

AlDH. 

The hypothesis for the general mechanism of AlDH 1 catalysed NAD+ -dependent 

oxidation of aldehydes is supported by studying the recently solved structure of this 

enzyme (S .  Moore, personal communication) (Figure 1 . 8) .  The proposed kinetic 

mechanism is nucleophilic attack by Cys 302 on the carbonyl of the aldehyde substrate to 

form an acyl-intermediate, followed by hydride transfer to Glu 399. Deacylation then 

occurs, producing the acid, NADH and regenerated enzyme (Sheikh et aI. , 1 997). (mitochondrial AlDH 2) 
1 .7 The Aims of this Thesis 

The primary aim of this dissertation was to investigate the role of the major cytosolic 

aldehyde dehydrogenase in the oxidation of retinal for retinoic acid biosynthesis. The 

analysis of AlDH 1 function was studied as follows: 

1 .  The purification of sheep liver cytosolic AlDH 1, and characterisation of its 

interaction with all-trans and 9-cis retinal; 

2. The expression and purification of human CRBP I, and binding of purified CRBP I to 

all-trans, but not 9-cis retinal; 

3 .  The interaction of CRBP-retinal with purified sheep liver AlDH 1 and recombinant 

human AlDH 1 ;  

4 .  Initial studies using cultured neuronal cells to investigate in vivo retinal metabolism; 

5 .  An alignment of all known aldehyde dehydrogenase sequences with particular 

reference to those involved in retinal oxidation, and an overview of recent literature 

concerning aldehyde dehydrogenase enzymes; 

In addition, a sheep liver enzyme initially identified as an aldehyde dehydrogenase with 

retinal oxidising ability, which was subsequently determined to be a novel alcohol 

dehydrogenase, was purified and partially characterised. 



2. Chapter Two: Materials and Methods 

2.1 Materials 

Table 2. 1 :  Company Details 

Company Full Name Address 

Sigma Sigma Chemical Company St. Louis, MO, USA 

New England Biolabs New England Biolabs Beverly, MA, USA 
Amersham Amersham Life Science Little Chalfont, 

International plc Buckinghamshire, 
UK 

USB United States Biochemical Cleveland, Ohio, 
USA 

Biorad Biorad Laboratories Auckland, NZ 
BDH British Drug Houses Poole, Dorset, UK 

Boehringer Boehringer Mannheim Auckland, NZ 
Mannheim Biochemica 
Gibco BRL Life Technologies Gibco BRL Auckland, NZ 
Pharmacia Amrad Pharmacia Biotech Auckland, NZ 

2. 1 . 1  Retinoids 

AII-trans retinal, 9-cis retinal, all-trans retinoic acid, 9-cis retinoic acid, retinol acetate, 

and all-trans retinol were all purchased from Sigma. 

2. 1.2 Molecular Biological Materials 

pT7-7-CRBP (Cellular retinol-binding protein) was a kind gift from Prof J Findlay, 

(Leeds University, UK). E. coli strain BL2 1 (DE3) was a generous gift from Dr l S .Lott 

(Massey University, NZ). Restriction enzymes were purchased from New England 

Biolabs, Boehringer Mannheim, or Gibco BRL. Ready mixed Luria Broth and Agar 

were purchased from Gibco BRL. Ampicillin was purchased from Intermed Scientific. 

IPTG was purchased from Biorad. 
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2.1.3 C ell Culture Materials 

Fetal Bovine Serum was purchased from Gibco BRL. RPM-l 640 media was purchased 

from Sigma. SH-SY5Y cells were obtained by Dr M Grimes (Massey University, NZ) 

from M.  Israel (Department of Neurology, University of California, San Francisco). 

2. 1 . 4  CRBP Purification 

HiTrap® 1 rn1 and 5 rn1 chelating columns were purchased pre-packed from Pharrnacia 

Biotech. Imidazole and NiCb were purchased from BDH. Phenylmethylsulfonyl 

fluoride (PM SF) was purchased from Sigma. 

2. 1 . 5  Sheep Liver 

Sheep livers were obtained fresh off the production line from Lakeview Abattoirs, Hokio 

Beach Road, Levin, NZ. 

2. 1 .6 Recombinant Human AIDH 1 

Recombinant human AlDH 1 protein was a gift from Jane Wyatt and Erin Loughnane 

(Massey University) . 

2. 1 . 7  Gels and Electrophoretic Transfer 

Isoelectric focusing gels - Arnpholine® PAGplate pH 3 . 5-9 . 5  were purchased pre­

poured from Pharmacia Biotech. Tricine was purchased from Sigma. Hybond 

nitrocellulose membranes were purchased from Arnersham. Irnmobilon P PVDF 

membrane was purchased from Millipore. Molecular size markers for SDS-P AGE were 

purchased from Sigma (SDS-7s) . ECL detection chemicals and secondary antibodies 

were purchased from Arnersham. Alternative secondary antibodies conjugated to 

alkaline phosphatase were purchased from Sigma. Primary antibodies to sheep AlDH 1 

were a kind gift from Dr K Jones (Massey University) . Phenazine methosulphate (PMS) 

and nitroblue tetrazolium (NBT) were purchased from Sigma. �-Nicotinamide adenine 

dinucleotide was purchased from Sigma. 
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2. 1 .8 Column Chromatography 

All reagents used for HPLC were HPLC grade, filtered through 0.22 micron filters 

purchased from Millipore. Size standards for gel filtration were purchased from Sigma. 

�-Lactoglobulin, a-lactalbumin and lactoferrin were kind gifts from Dr G Norris 

(Massey University, NZ). 

2. 1 .9 General Protein Purification Materials 

Ultrafiltration membranes were purchased from Amicon. Ampholytes (pH 7-9) and 

Ultrodex resin for preparative isoelectric focusing were purchased from Pharmacia 

Biotech. DEAE Iontosorb ion exchange resin was a kind gift from Dr D Harding 

(Massey University, NZ). p-Hydroxyacetophenone affinity resin was prepared by 

G Freeman and Dr T Kitson (Massey University, NZ). PEG 8 000 was purchased from 

Sigma. HTP Hydroxyapatite was purchased from Biorad. 

2. 1 . 10  Protein Digestion 

Trypsin, chymotrypsin, cyanogen bromide, thermolysin and leucine aminopeptidase were 

purchased from Sigma. N-acylaminoacyl-peptide hydrolase was purchased from 

Boehringer Mannheim. 

2. 1 . 1 1  General Chemicals and Commonly Used Solutions 

All general chemicals used were of the highest grade available, and were purchased from 

Sigma, BDH, Riedel-de Haen or USB. Pure water was produced using a Barnstead 

Nanopure filtration apparatus .  

SDS-PAGE Solutions 

Stacking gel: 

Resolving gel: 

Running Buffer: 

5 % (w/v) (3 7 . 5 :  1 )  acrylamide:bisacrylamide, 

1 25 mM Tris.CI pH 6 . 8, 0. 1 % (w/v) SDS 

1 0- 1 5  % (w/v) (3 7 . 5 : 1 ) acrylamide :bisacrylamide, 

375  mM Tris .CI pH 8 . 8, 0. 1 % (w/v) SDS 

25 mM Tris, 200 mM glycine, 0. 1 % (w/v) SDS, pH 8 . 5  



Sample buffer (2x) : 

Coomassie Blue stain: 

Destain : 

Tricine gel solutions 

Stacking gel : 

Spacer gel : 

Resolving gel : 

Anode buffer: 
Cathode buffer: 

Silver stain solutions 

Farmer' s Reagent : 

Developer: 
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62.5 mM Tris.CI pH 6 .8, 3 % (w/v) SDS, 700 mM 

�-mercaptoethanol, 1 0  % (v/v) glycerol, 0 .0 1  % (w/v) 
bromophenol blue 
0 . 1  % coomassie blue R250, 30 % (v/v) methanol, 
10 % (v/v) acetic acid 
3 0  % (v/v) methanol, 1 0  % (v/v) acetic acid 

Final = 4 % T, 3 % C, from 48 : 1 . 5  

acrylamide:bisacrylamide, 0 .7  M Tris. CI, 0. 1 % SDS 
Final = 1 0  % T, 3 % C, from 48 : l . 5  

acrylamide:bisacrylamide, 1 M Tris.CI, O .  1 % SDS 
Final = 1 6 . 5  % T, 6 % C, from 46. 5 : 3  

acrylamide:bisacrylamide, 1 M Tris.Cl, 0 . 1 % SDS 
0.2 M Tris. CI pH 8 . 9  

0 . 1 M Tris, 0 . 1 M tricine, 0 . 1 % S D S  pH 8 .25 

1 2  mM sodium thiosulphate, 4 .5  mM potassium 
ferricyanide, 4 . 5  mM sodium carbonate 
2 . 5  % (w/v) sodium carbonate, 0 . 02 % (w/v) 
formaldehyde 

Isoelectric focusing activity assay solutions 

Anode solution: 1 M H3P04 
Cathode solution: I M HCI 
For activity assay: 0. 1 M sodium tetrapyrophosphate buffer pH 9 .0, 0 .7  mM NAD�, 
2 .5  !lM PMS, 3 !lM 1\TBI, 1 00-200 mM acetaldehyde or �50 !lM retinal . 

Phosph ate Buffer for General Use 

Mix 50 mM Na2HP04 and 50 mM NaH2P04 to give 1 I 50 mM phosphate buffer pH 7.4 .  

Sheep liver AIDH protein purification buffers 

Buffer 1 :  4 mM potassium phosphate pH 7 .4, 0 .25 M sucrose 
Buffer 2:  10  mM Bis-Iris, 5 mM NaCl, pH 6.2 

Buffer 3 :  As Buffer 2, except pH 5 . 5  



Buffer 4 :  

Buffer 5 :  

Buffer 6 :  

Buffer 7 :  
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25  mM sodium acetate, pH 4 . 8  

50 mM potassium phosphate, 1 5  mM NaCl, p H  7.4 

50  mM potassium phosphate pH 7 .4, 3 M ammonium 

sulphate 

50 mM potassium phosphate pH 7 .4 

In addition, all buffers contained 0 . 3  mM EDT A, and 0 .5  mM DTT was added to each 

buffer immediately prior to using. 

Electroblotting solutions 

1 0  mM 3 -[cyclohexylamino]-1 -propane sulfonic acid (CAPS), 1 0  % (v/v) methanol, 

pH 1 1 . 

Phosphate buffered saline (PBS) 

8 gll NaCl, 0 .2 gll KCI, 1 .44 gll Na2HP04, 0.24 gIl KH2P04, pH 7 .2-7.4 

TAE Electrophoresis buffer 

40 mM Tris-acetate, 1 mM EDT A pH 8 

CRBP purification buffers 

Load and wash buffer: 

Elution buffer: 

Charging buffer: 

W estern blotting solutions 

Quenching solution: 

Washing solution: 

Primary antibody solution: 

Secondary antibody: 

Substrate solution ( 1 ) :  

Substrate solution (2) :  

20 mM Na2HP04, 0 .5  M NaCl, 0 . 1 M imidazole, pH 7 .2  

As  above, except 0 .3  M imidazole. 

0 . 1 M NiCh 

2 % BSA in PBS 

0 . 05 % Tween in PBS 

1 :2000 anti-AlDH antibody, in 1 % BSA in PBS 

Appropriate dilution of secondary antibody in 1 % BSA in 

PBS 

3 0  mg 4-chloro- l -naphthol in 1 0  m1 ice-cold methanol, 

supplemented immediately before use with 30 fll 

3 0  % H202 in 50  m1 PBS 

As per ECL directions (Amersham) . 



2-5 5  

2.2 Methods 

2.2. 1 Maintenance of  Retinoids 

Retinoids were dissolved in dimethyl formamide or ethanol and stored at -70°C in the 

dark. All retinoid manipulations were performed in dim light. The concentration of 

retinoid solutions was confirmed by using absorbance at wavelengths with calculated 

t: values. 

Table 2.2: Light Absorbances of Selected Retinoids 

Compound Solvent Amax 

All-trans retinal Ethanol 3 83 
9-0s retinal Ethanol 3 73 

(Furr et  al. , 1 994) 

2.2.2 Spectrophotometry 

t: 

42 880 
36 1 00 

Spectrophotometric assays were carried out on a Varian Cary Double Beam UV -vis 

spectrophotometer. All assays were carried out in 50 mM phosphate buffer, pH 7.4 at 

25 °C unless otherwise stated. 

For routine cytosolic AIDH assays, the production of NADH was followed at 340 nm, 

using 3 mM NAD+, 500 J.lM acetaldehyde, and 2- 1 00 J.ll of enzyme containing fraction. 

To check that the identified activity was due to cytosolic and not mitochondrial AlDH 1 ,  

disulfiram (final concentration -33 J.lM) was added 1 -2 minutes into the assay. The 

addition of disulfiram immediately inactivates cytosolic but not mitochondrial AlDH. 

For assaying the esterase activity of AlDH 1 ,  the production of p-nitrophenoxide at 

400 nm was monitored spectrophotometrically. The concentrations of the substrate 

p-nitrophenyl pivalate ranged from 12 . 5  J.lM to 1 00 J.lM, added in a small volume of 

ethanol .  Assays were performed at 25°C using 50 mM phosphate buffer, pH 7.4. 
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For looking at the NAD+ -dependent oxidation of retinal by sAlDH over a range of pH 

values, the disappearance of retinal at 400 run was followed. For these assays, all-trans 

retinal was dissolved in dimethylformamide to give a concentration of 1 0  mM, then 

diluted to 1 mM in 70 % aqueous methanol. When retinal was included in the test 

cuvette, an equal amount of retinal was included in the reference cell. Assays were run 

for 5 minutes at 25°C. For pH values of 4. 5-5 .5 ,  50  mM acetic acid/sodium acetate 

buffer was used, for pH 5 . 9-8 .0, 50 mM sodium phosphate buffer was used, and for pH 

values 8 . 5- 1 l .0 ,  sodium pyrophosphate buffer was used. 

2.2.3 Fluorimetry 

Fluorimetric analyses were carried out usmg a Perkin-Elmer LS50B luminescence 

spectrophotometer. All buffers were filtered through a 0 .22 micron filter prior to use. 

Four-sided quartz cuvettes were acid washed prior to use in concentrated nitric acid. 

For all kinetic assays following the production of NADH, the excitation wavelength was 

340 run and the emission wavelength was 457 run . Slit widths for excitation and 

emission were set at 1 5  run . A blank assay was first performed as a control .  This assay 

consisted of 0 .2  mM NAD+, 50 mM Na2HPOJNaH2P04 pH 7.4, and 1 -5 Ilg sheep or 

human AlDH. The reaction is initiated with the addition of 20 III of solvent, either DMF 

or ethanol. This reaction was monitored at the stated wavelengths. This blank assay 

usually had a very small rate, which was subtracted from the test rate. Additional blank 

assays were performed with the same components, except one omitted NAD+, and the 

other was done without AlDH. These blanks consistently showed a zero rate. The test 

assay was performed in exactly the same manner, except the appropriate concentration 

of retinal in ethanol or DMF was added to initiate the reaction. 

2.2.3. 1 Assays with CRBP 

A blank run was performed with all assay components - buffer, enzyme, CRBP, and 

NAD+ using solvent (ethanol or DMF) only. This blank rate was subtracted from the 

test rate which contained retinal in the same solvent. For the test assay, CRBP and 

retinal were pre-incubated for 1 5  minutes in the fluorimeter chamber prior to initiating 

the reaction by adding NAD"'" and enzyme. After subtraction of the blank rate, the steady 

state rates were calculated, and averages of duplicate or triplicate assays determined. 
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Kinetic constants were calculated usmg the program ENZFITTER (Leatherbarrow, 

1 987). 

2.2.4 HPLC Based Assay - Extraction and Quantification 

The assay components for this method were similar to those described in section 2.2 .3 . 

The total volume was 500 Jll. Assays were carried out in foil-wrapped glass vials at 

3 7°C.  Following incubation for 1 0-20 minutes, retinoids were extracted and measured 

by HPLC. See Chapter Three for details on methods tested. 

The separation and detection of standard and extracted retinoids was performed using a 

C 1 8  column (Pharmacia) attached to a Spectra Physics HPLC pump and gradient mixer, 

and a Spectra Physics SP8490 UV-vis detection unit. A S pectra-Physics integrator was 

used to measure peak area and construct standard curves. 

2.2.5 Recombinant DNA Techniques for CRBP Production 

2.2.5. 1 Transformation of E. coli 

Plasmid vectors were introduced into E. coli cells which had previously been rendered 

competent by the method of Inoue et aI. , ( 1 990). 1 00 Jll of competent cell suspension 

was incubated with 1 ).11 of plasmid DNA in solution for 1 0  minutes on ice. The 

transformed cells were then spread onto LB-agar plates ( l . 5 % (w/v) agar in LB broth) 

with ampicillin selection (50 Jlglrnl) , and incubated at 37°C for 1 2- 1 6  hours. 

2.2.5.2 Large-Scale Preparation of Plasmid DNA 

Large-scale preparation of plasmid DNA was achieved usmg the Wizard™ Plus 

Maxipreps system as described in the manufacturers instructions (Promega, 1 996). 

2.2.5.3 Digestion of Plasmid DNA with CIa I 

Plasmid (�1 Jlg) was digested using 1 -5 units of the restriction endonuclease CIa I in a 

total volume of 20 JlI of I x enzyme buffer, as recommended by the manufacturer, for 

2 hours at 3 7°C. 
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2.2.5.4 TAE-Agarose Gel Electrophoresis of DNA 

Digested and undigested DNA were analysed using agarose gel electrophoresis in 

1 x T AE buffer at 3-5 V/cm, essentially as described in Sambrook et al. , ( 1 989) using 

0 .2  % bromophenol blue in 50 % glycerol as 6x loading buffer. Agarose gels (0 . 9  %) 

containing 0 . 5  I-lg/ml ethidium bromide were used, which enabled the DNA to be 

visualised by illumination with ultraviolet light (302 nm). Sizes were estimated by 

comparison with known standards, usually Hin dIll-digested A phage DNA (Gibco 

BRL), loaded to give a total of 1 . 5 Ilg of DNA per lane. 

2.2.5.5 DNA Sequencing 

DNA sequencing was carried out using the dideoxy chain-termination method (Sanger 

et al. , 1 977) on an automated Perkin-Elmer ABI Prism 377 DNA sequencer. D ouble 

stranded plasmid DNA was used as template. 

2.2.6 Cytosolic Aldehyde Dehydrogenase Purification and Analysis 

2.2.6.1 Purification of Sheep Liver AIDH 1 

1 kg of fresh sheep liver was chopped into small pieces and homogenised in a Waring 

blender with 2 I of buffer (sucrose phosphate). The resulting homogenate was spun at 

9000 rpm for 1 5  minutes in a Sorvall GSA centrifuge head. The supernatant was 

decanted and spun immediately in Sorval! GS3 heads at 1 3  000 rpm for 30  minutes to 

pellet the mitochondria. Polyethylene glycol (MW 8000) was then added to the 

supernatant to a final concentration of 1 0  % (w/v) over 20 minutes. The solution was 

left to equilibrate for a further 1 5  minutes, and then spun at 9000 rpm for 3 0  minutes. 

To the resulting supernatant, further PEG 8000 was added over 20 minutes, to give a 

final concentration of 20 % (w/v). This was left to equilibrate for a further 1 5  minutes, 

and then spun at 9000 rpm for 30 min. The supernatant from this spin was discarded. 

The pellet was then redissolved in a small amount of buffer 2 ( l 00-200 ml) .  

This solution was then applied to a DEAE-Iontosorb ion exchange column, pre­

equilibrated in buffer 2 (pH 6 .2). After the red hemoglobin containing solution had 

washed through the column, the column was washed overnight with 5 I of buffer 3 

(pH 5 . 5), to remove any class 2 AlDH (pI � 5 .9) which may still be present AlDH 1 

bound to the column was then eluted by passing buffer 4 (pH 4 . 8) through the column, 
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and collecting 5 - 1 0  ml fractions. The fractions were assayed for protein concentration 

and AlDH activity (see below), and active fractions pooled. The pooled fractions were 

then dialysed overnight through 2 or 3 changes of buffer into buffer 5 .  

The pooled dialysed fractions were then loaded onto an affinity resin pre-equilibrated 

with buffer 5 .  The affinity resin consists of p-hydroxyacetophenone (an inhibitor of the 

esterase activity of AlDH 1 )  bound to an inert matrix. The column was then washed 

extensively with buffer 5 to remove all non-specific proteins, checked by monitoring the 

absorbance at 280 nm of the column elute. A gradient of 0-200 mM 

p-hydroxyacetophenone was then run using either a manual gradient mixer, or an 

Econosystem automated gradient mixer. 5- 1 0  rnl fractions were collected and assayed 

for protein concentration and AlDH 1 activity, and the active fractions pooled. The 

pooled fractions were dialysed against 3 M ammonium sulphate overnight to precipitate 

the protein. The precipitate was then redissolved in a small amount of buffer 5, and final 

concentration and activity readings taken. 

2.2.6.2 Protein and Activity Assays for Protein Purification 

Approximate protein concentrations were determined by measuring the absorbance of an 

appropriately diluted solution at 280 nm on a Varian Cary 1 double beam DV-vis 

spectrophotometer. For pure AlDH this was then compared with the known A280 for 

AlDH of 1 . 1 3 for a 1 mglml solution. The activity was measured by following the 

production of NADH at 3 40 nm using an appropriately diluted solution. Components of 

the assay were 5 0  mM phosphate buffer pH 7 .4, 3 mM NAD�, 2- 1 00 Jll crude enzyme 

solution, and 500 JlM acetaldehyde. The complete removal of AlDH 2 was checked for 

by adding disulfiram (final concentration 3 3  JlM), which inactivates AlDH 1 immediately, 

but not AlDH 2 .  A residual activity of about 3 % in the presence of disulfiram IS 

indicative of cytosolic AlDH 1 free of mitochondrial AlDH 2 .  

2.2.7 Isoelectric Focusing (IEF) Activity Assay 

IEF of proteins was performed on an LKB2 1 1 7  Multiphor horizontal gel electrophoresis 

box connected to an LKB2 1 03 power supply and an LKB 2209 multitemperature 

thermostatic circulator. Pure protein (� 1 00 J.1g) was loaded onto a pre-poured IEF gel 

(range 3 . 5-9. 5), and electrophoresed for 1 . 5 hours at 30 W constant power, and at a 

constant temperature of 8- 1 0ce. The focused gel was then rinsed 3 times in sodium 
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pyrophosphate buffer, and incubated with NET, PMS, NAD+, and substrate 

(concentrations as described in section 2 . 1 . 1 0), in the dark, until bands of activity could 

be visualised. Once bands of activity were fully developed, the stain was fixed in 5 % 

acetic acid .  

2.2.7. 1 Transferral of Proteins Separated by IEF to Nitrocellulose 

Proteins separated by IEF as described (section 2 .2 .7) were transferred by capillary 

action to nitrocellulose membrane. Nitrocellulose membrane (Hybond-N, Amersham) 

was pre-wetted with sodium pyrophosphate buffer, and placed onto the electrophoresed 

gel. Whatman 3:M:M paper was placed either side of the gel and membrane sandwich. 

Paper towels (5- 1 0  cm high) and weights (500 g) were placed on top of the sandwich 

and 3MM paper (see diagram below). Proteins were transferred to the membrane over 

2-3 hours, and then stained for activity as described (section 2 .2 .7) 

paper towel,\ SOOg weight 

Ni trocel l ul ose 
membrane 

Electrophoresed gel 

Figure 2. 1 :  Transferral of Proteins Separated by IEF to Nitrocellulose 

2.2.8 SDS-P AGE 

Proteins were separated both analytically and preparatively usmg sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-P AGE), using a Hoeffer Mighty Small 

vertical slab rninigel apparatus .  Gels were poured and run essentially as described by 
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Yuen et al. , ( 1 986). Routinely, 1 5  % (w/v) 37 . 5 :  1 acrylamide:bisacrylamide resolving 

gels and 5 % (w/v) 1 9 : 1 acrylamide:bisacrylamide stacking gels were used. 

After electrophoresis, gels were stained using either Coomassie blue or silver. Gels were 

routinely fixed and stained by soaking in 2 % (w/v) Coomassie Brilliant Blue R-2S0 

dissolved in 1 0  % (v/v) acetic acid and 30 % (v/v) methanol, and destained by soaking in 

several changes of 1 0  % (v/v) acetic acid and 30 % methanol. Molecular masses of 

proteins were estimated by comparison with known standards .  SDS-7 markers (Sigma) 

were routinely used in I S  % acrylamide gels. 

Silver staining was carried out as follows:  

After electrophoresis, the gel was soaked in 30  % (v/v) ethanol, 1 0  % (v/v) acetic acid 

for 3 hours. If the gel had been previously stained with Coomassie blue, it was then 

soaked in 1 0  % (v/v) ethanol for 3 hours. The gel was then soaked in the following 

solutions: 

1 0  % (v/v) ethanol, S minutes 

Milli-Q H20, 3 xS minutes 

Farmer' s Reagent, 1 minute 

Milli-Q H20, 3 x S  minutes 

0 . 1  % (w/v) AgN03, 30 minutes 

Milli-Q H20, 3 x S  minutes 

Developer, brief wash then soak until staining of desired intensity 

1 % acetic acid, S minutes 

Farmer' s  Reagent 1 0-30 seconds to reduce background if necessary 

Milli-Q H20, 3 xS  minutes 

Gels stained by either method were either air dried between cellulose acetate membranes 

(BioRad) or vacuum dried (80°C, 2 hours) onto 3MM paper (Whatman) after soaking in 

2 % (v/v) glycerol in 30  % (w/v) methanol. The inclusion of glycerol reduces gel shatter 

on drying. 

2.2.9 Electroblotting 

Proteins were electroblotted from acrylamide gels as follows: 
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After electrophoresis, the gel was soaked in transfer buffer ( 1 0  mM CAPS pH 1 1 , 

1 0  % (v/v) methanol) for 5 minutes, before being assembled in an electroblot sandwich. 

The sandwich consisted of the gel and membrane (PVDF or nitrocellulose) between 

sheets of 3MM paper soaked in transfer buffer as illustrated below: 

o 
________ /Gel 

3MM Paper< _________ _ 

------G-+------"Membrane 

Proteins were transferred at a constant current of 250 mA for 2 hours. 

2.2. 10  Electroelution of Proteins from Acrylamide Gels 

A preparative SDS gel was prepared using l . 5 mm spacers and a one-well well former. 

Gels were prepared as described (2 .2 . 8), and were generally 1 2  % (w/v). After running, 

the gel was stained and destained as usual. The band of interest was then excised from 

the gel and placed in dialysis tubing containing a small volume of 50  mM Tris .CI pH 8, 

containing 0 . 1 % (w/v) SDS. Electroelution of the protein from the gel was carried out 

in the same buffer at a constant current of 50 mA for 48 hours at 4°C. After 

electroelution, the polarity of the current was briefly reversed to remove any protein that 

may have adhered to the dialysis tubing. The eluted protein was concentrated under 

vacuum. 

2.2. 1 1  Protein Cleavage 

Methods used for protein cleavage are all adapted from methods outlined in AlIen, 

( 1 98 1 ), Smith, ( 1 994a) and Smith, ( 1994b). 
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2.2. 1 1 . 1  Cyanogen Bromide (Methionine-X) 

Pure protein was dissolved in water to a final concentration of 1 -5 mglml. One volume 

of ammonium bicarbonate (0.4 M, pH 8 .4), and 1 -5 % (v/v) 13-mercaptoethanol were 

added. After passing nitrogen gas over the solution, the solution was incubated at room 

temperature for 1 8  hours. The solution was then dried down under vacuum, and 

redissolved in formic acid to 1 -5 mglml. Water was added to bring the final 

concentration of formic acid to 70 % (v/v), and excess crystalline cyanogen bromide 

added ( 1 -2 crystals) . This was incubated at room temperature for 24 hours, then dried 

down under vacuum, or lyophilised. 

2.2. 1 1.2 Dilute Acid Cleavage (Aspartate-X) 

The protein was dissolved to 1-2 mglml in 30 mM HCl in a glass hydrolysis tube. The 

hydrolysis tube was sealed under vacuum and incubated at 1 08°C for 2 hours. The tube 

was then opened, the sample diluted with water, and the solution lyophilised. 

2.2. 1 1.3 Trypsin (Lysine-X and Arginine-X) 

The protein was diluted to -2 mglml in water. 

bicarbonate solution (0 .4  M pH 8 .4) was added. 

An equal volume of ammonium 

A number of tests showed good 

cleavage to occur after a 5 minute incubation at room temperature. Digestion was 

terminated by adding 1 mM PMSF. 

2.2. 1 1.4 Thermolysin (X-Hydrophobic) 

To 20 �l of -2-5 mglml protein was added 5 �l of ammonium bicarbonate solution 

(0 .4 M pH 8 .4), 1 1  �l H20, and 4 �l 1 mM CaCh. A small amount of solid thermolysin 

was added and the solution incubated at 45°C for 1 hour. 1 mM EDT A was added to 

stop the reaction, and the solution was then dried down under vacuum. 

2.2. 1 1.5 Leucine Aminopeptidase (N-terminal A mino Acids) 

To 20 �l of 2-5 mglml protein was added 80 �l 0 . 1 M Tris.CI containing 2 . 5  mM MgCh. 

The solution was incubated at 37°C for 1 0  minutes, frozen for 3 0  minutes at -70°C, and 

dried down under vacuum. 
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2.2. 1 1.6 Separation of Pep tides Generated by Cleavage 

Two methods were commonly used to separate peptides generated by cleavage: tricine 

gels, and HPLC based separation. 

3-layer tricine gels were constructed as outlined in section 2 . 1 . 1 1 , from the method of 

Schagger & von Jagow, ( 1987). After running the peptide mixture through the 3 -layer 

gel, the gel was electroblotted onto PVDF membrane for 2 hours at 250  rnA in 1 0  mM 

CAP S .  The PVDF membrane was then briefly stained with Coomassie blue solution, and 

destained in methanol until bands could be seen. Bands of interest were cut out, and 

frozen at -20°C until sequencing could be carried out. 

To separate mixtures of peptides by HPLC, the mixture was applied to a C 1 8  column 

pre-equilibrated in 0. 1 % TF A in water. A gradient was then run over 20-30 minutes to 

1 00 % acetonitrile, separated peptides were trapped as they eluted, and sequenced. 

2.2 . 1 2  Protein Sequencing 

Pure proteins and peptides generated by protein cleavage were sequenced on an Applied 

Biosystems 476A Automated Protein Sequencer, using sequential Edman degradation. 

Sequencing was performed by Ms. Jo Mudford 

2.2. 1 3  Amino Acid Analysis of Proteins 

The amino acid composition of pure protein was determined by total acid hydrolysis in 

6 M HCl under vacuum, and then applying the amino acid mixture to a Pharmacia LKB 

Alpha Plus Amino Acid Analyser. Amino acid analysis was carried out by Ms. Debbie 

Frumau. 

2.2. 1 4  N-Terminal Deacylation 

The method used to deacylate purified protein with a blocked N-terminus was that 

described by Hirano et ai. , ( 1 992) . Essentially, this method involves cleaving the 

purified protein and blocking the generated internal N-termini with phenylisothiocyanate . 

The original N-terminal residue is then removed with the enzyme N-acylaminoacyl­

peptide hydrolase, and the mixture applied to the automated sequencer as usual. The 
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only free N-terminus should be the actual N-terminus. The cleavage is necessary as the 

deacylating enzyme does not work efficiently on peptides longer than 1 0-20 residues. 

Pure protein was run on an SDS gel, and electroblotted onto PVDF membrane as 

previously described. The stained band was cut out and treated with 0 . 5  % (w/v) 

polyvinylpyrrolidone in 1 00 mM acetic acid at 3 7°e for 3 0  minutes to block the unbound 

protein-binding site. The membrane was then washed with water 1 0  times, and digested 

with trypsin in 0 . 1  M ammonium bicarbonate pH 8 containing 1 0  % (v/v) acetonitrile at 

3 7°e for 24 hours with shaking. The digestion buffer containing tryptic peptides was 

then transferred to an microfuge tube, and the membrane washed by vortexing with 

1 00 III H20 and combined with the peptides . The buffer was evaporated to dryness, and 

1 00 III of 50  % (v/v) pyridine and 1 0  III phenylisothiocyanate were added to bind with 

free but not blocked N-terminal amino acids of the tryptic peptides. The mixture was 

purged with nitrogen gas for 20 seconds, and incubated for 1 hour at 60°C. One ml of 

benzene/ethyl acetate ( l :  1 (v/v» , was added, and the solution vortexed and centrifuged at 

3 000 x g for 1 minute. The supernatant containing reaction by-products and excess 

reagents was discarded, and this washing procedure was repeated three times. The 

sample was then evaporated to dryness under vacuum.  Pre-made performic acid 

( 1 00 ml) was then added to the dried sample and kept at ooe for 1 hour, then evaporated 

to dryness under vacuum. Filtered water ( 1 00 Ill) was added and the drying was 

repeated. A solution of the peptides in 1 00 III of 0 .2  M phosphate buffer pH 7 .2  

containing 1 mM DTT and one unit of  N-acylaminoacyl-peptide hydrolase dissolved in  

50  III of  the same buffer was then incubated at 37°e for 1 2  hours to  remove the 

W -acetylated amino acid. The sample was then sequenced as usual. The only peptide 

with a free N-terminaI available for sequencing is the N-terminal peptide. 

2.2. 1 5  Western Blotting 

The protein sample was run on an SDS gel as described. The proteins were then 

transferred to nitrocellulose membrane by electrophoretic transfer as described 

previously. After transfer, the filter was placed in a suitable container and incubated in 

2 % BSA in PBS for 60 minutes at room temperature with shaking. The primary (anti­

AlDH 1 )  antibody was then appropriately diluted in 1 % BSA in PBS, and the filter 

incubated in this solution overnight at room temperature .  The filter was washed for 

3 x 20 minutes in 0 .05 % Tween in PBS, and then incubated with appropriately diluted 
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secondary antibody in 1 % BSA in PBS for 2 hours at room temperature with shaking. 

The filter was washed as before, and then the substrate reaction was performed as 

detailed previously either with ECL reagents, or 4-chloro- l -naphthol. When ECL 

reagents were used, bands were visualised by exposure to X-ray film. 

2.2. 1 6  Cell Culture 

Human neuroblastoma SH-SY5Y cells were grown in RPMI 1 640 medium (5 % CO2; 

3 7°C), supplemented with 1 0  % (v/v) fetal calf serum. Fresh media was provided 3 -4 

times per week. Cells reached confluence at 7- 1 0  days, and at this stage were passed. 

Passage of cells involved triturating cells with PBS (see Materials) and pelleting cells at 

1 00 x g for 3 minutes. After pelleting, cells were diluted 1 :4 with RPM! 1 640 medium 

and replated, or used in subsequent experiments. 

2.2. 16. 1 Preparation of Cultured Cells for Western Blotting 

After trituration, cells suspended in PBS containing protease inhibitors ( see Materials) 

were subjected to 3 rapid cycles of freeze-thawing in liquid nitrogen to crack open the 

cells. The cell debris was then spun down at 1 0  000 x g for 1 5  minutes. The 

supernatant was treated as described in section 2 . 1 5 .  

2.2. 16.2 Differentiation of Cultured Cells 

Subconfluent monolayers of SH-SY5Y cells were induced to differentiate by the addition 

of 1 J.lM retinoic acid or retinal in ethanol, such that the total ethanol did not exceed 

0 .05 % (v/v). As far as possible, manipulations involving retinoids were performed 

under dim light. Cells were plated onto plastic culture plates containing a number of 

sterile glass microscope coverslips. At pre-determined timepoints, a coverslip was 

removed from the plate, placed upside down onto a sterile microscope slide with a drop 

of glycerol, and viewed on a Zeiss Axioskop microscope. In addition, cells were stained 

with a DNA staining agent, Hoechst 3 3342 as described below, which was used to 

facilitate cell counting. Cells were viewed by fluorescence of stained nuclei, and by 

Phase Contrast microscopy to look at cell processes. A differentiated cell was one with 

a neurite of length at least 1 . 5  x that of the cell body. The total percentage of 

differentiated cells was calculated by examining 1 00-300 random cells for differentiation 
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characteristics. Randomness was ensured by selecting a number of cell populations in 

different places on the slide without looking down the microscope. Cell counts were 

performed using an Improved Neubauer Cytometer. 

2.2.16.3 DNA Staining 

Hoechst 3 3 3 42 working solution was prepared by diluting the stock solution ( 1  mglrnl) 

to 1 0  flglrnl in PBS .  1 00 fll of this solution was applied to cells grown on a coverslip, 

and left to incubate for 3 0  minutes at room temperature. The coverslip was then turned 

upside down onto a sterile microscope slide, and viewed as described. 



3. C hapter Three: Purification of, and Kinetic Studies 

Using, Cytosolic Aldehyde Dehydrogenase 

3.1 Introduction and Aims 

The primary aim of the work in this section is to ascertain whether cytosolic aldehyde 

dehydrogenase (AIDH 1 )  from sheep and human liver showed kinetic parameters for 

retinal oxidation which would suggest that the enzyme could metabolise this substrate at 

the concentrations present in vivo. In addition, the comparison of AlDH 1 from the two 

species was designed to investigate the validity of the sheep enzyme as a useful model 

for the human enzyme in the absence of recombinant human protein. The sheep enzyme 

is a much closer to human AlDH 1 in sequence and in previously determined kinetic 

parameters than the commonly used rodent enzymes. 

To assess the ability of AIDH 1 to oxidise retinaldehyde, it was first necessary to isolate 

adequate amounts of pure enzyme to use in kinetic studies. The raw material used was 

fresh sheep liver. Pure sheep liver AlDH 1 (sAIDH 1 )  was characterised in terms of: 

1 )  pH optimum ofNAD+ -dependent retinal oxidation; 

2) kinetic parameters ofNAD--dependent all-trans retinal oxidation; 

3) kinetic parameters ofNAD+ -dependent 9-cis retinal oxidation; 

4) the inhibition of the esterase activity of AlDH 1 by all-trans retinal and citral . 

In addition, a quantity of recombinant human AIDH 1 (hAlDH 1 )  which had been 

expressed and purified by J. Wyatt and E. Loughnane (Massey University) was obtained. 

Kinetic parameters for NAD+-dependent retinal oxidation were also determined for this 

enzyme, and compared with those for sAlDH 1 .  

The accurate measurement of kinetic constants for the dehydrogenation of retinal is 

difficult. Reported V max values are low, and Km values extremely low, which means to 

obtain a precise Km by a conventional method such as a 6 x 6 plot, exceedingly low rates 

would need to be accurately measured. There are a number of methods suitable for 

determining kinetic constants. A spectrophotometric method is commonly used if one 

assay component has a distinct absorption maximum. A spectrophotometric method is 

potentially quick, inexpensive and relatively easy; however in some cases it may not 

afford the sensitivity required to accurately measure kinetic constants. In 
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spectrophotometry, the signal is measured indirectly by measuring the difference between 

the incident and transmitted beams, so the small decrease in intensity of a very large 

signal measured in spectrophotometry results in a large loss of sensitivity (Guilbault, 

1 990) .  The sensitivity of a spectrophotometer is not adequate to measure the required 

levels of retinoids in this case. 

A fluorimetric-based method may be used to increase sensitivity by up to 1 000-fold 

(Guilbault, 1 990). This is because in fluorescence, the emitted radiation is measured 

directly and can be increased or decreased by altering the intensity of excitation. 

Fluorimetry can not always be used in place of a spectrophotometric method though, 

because only 1 0  % of compounds that absorb light emit absorbed energy as fluoresence 

(Guilbault, 1 990) . If the assay to be studied does contain a fluorescent compound, 

because of the relatively few fluorescent compounds that exist, the likelihood of the 

assay system containing another fluorescent compound is low. So, fluorimetry is 

potentially a sensitive and specific means of obtaining kinetic data. 

A third commonly used method to be considered is using a direct quantification of 

enzymatically derived products by high pressure liquid chromatography (HPLC) 

(Bridges, 1 990; Chen et a/., 1 994; Landers, 1 990; Landers & Olson, 1 988 ;  Napoli, 1 986; 

Napoli & Race, 1 990). This method is highly sensitive and has the advantage of 

measuring the substance of interest directly, rather than by following a cofactor or 

coupled reaction component as often happens when using spectrophotometry or 

fluorimetry . 

3.2 Results and Discussion 

3.2. 1 Purification of sAIDH 

The purification of sAlDH 1 from approximately 1 kg of fresh sheep liver was carried 

out as described in Materials and Methods (2.2.6 . 1 ) .  A typical enzyme preparation gave 

up to a 2500-fold purification as measured by specific activity. There are two major 

forms of aldehyde dehydrogenase present in liver; mitochondrial (AlDH 2) and cytosolic 

(AlDH 1) .  Both forms have activity with acetaldehyde as a substrate, and are of almost 

identical molecular weight (MacGibbon et a/., 1 979) . These isoforms will run at the 

same place on sodium-dodecyl sulphate polyacrylamide gel electrophoresis (SDS­

P AGE). Therefore, the purity of sAlDH 1 was not only assessed by SDS-PAGE, but 
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also by isoelectric focusing (lEF), and the use of a specific inhibitor of cytosolic AlDH 1 ,  

disulfiram. The isoelectric focusing which was carried out routinely was vital to ensure 

no other isoforms of AlDH, which may appear as a single band on SDS-PAGE, were co­

purified along with AlDH 1 .  The isoelectric points of AlDH 2 and AlDH 1 (-5 . 9  and 

-5 .2  respectively) allow the two isoforms to be separated and identified easily using lEF. 

The use of disulfiram, which rapidly inactivates cytosolic AlDH 1 ,  but only relatively 

slowly inactivates AlDH 2, also aided in checking purity. Throughout the purification 

procedure, AlDH 1 activity is followed using a spectroscopic assay (section 2 .2 .2) .  The 

addition of disulfiram to this assay as described (section 2 .2.2) allows activity due to 

cytosolic and that from mitochondrial AlDH to be distinguished. 

Data from one purification is shown in Table 3 . 1 .  The final specific activity in this 

instance was lower than usual, due primarily to inactivation of the enzyme rather than the 

presence of other protein impurities. Other preparations typically yielded pure AlDH 

with a specific activity of between 50 and 1 5 0  nmoles/min/mg. The isolated protein was 

shown to be essentially pure by SDS-P AGE and lEF (Figure 3 . 1 ) .  The minor bands 

apparent with heavy loading of IEF and SDS gels did not show aldehyde dehydrogenase 

activity, but may have been proteolytic products due to traces of protease activity in the 

preparation, as their presence tended to increase with time of storage at 4°C. 

3.2.2 Method Development for Kinetic Characterisation of Purified 

sAIDH 

3.2.2.1 Development of an HPLC-Based Kinetic Assay 

A frequently used method of measuring kinetic constants involving retinoids is a time 

based assay where the enzymatic reaction products are extracted and directly measured 

by HPLC (Bridges, 1 990; Chen et aI. , 1 994; Landers, 1 990; Landers & Olson, 1 988 ;  

Napoli, 1 986; Napoli & Race, 1 990). There are a number of advantages of using an 

such an assay, which include the direct measuring of enzymatic reaction product, the 

availability of HPLC equipment and columns, low limits of detection, and the ability to 

separate most retinoids and their isomers. The separation of retinoids by HPLC may be 

facilitated by either adsorption chromatography ( 'normal phase') where less polar 

components elute earlier than more polar compounds, or partition chromatography 

(, reversed phase'), where polar compounds elute early. Reversed phase chromatography 

is able to separate different classes of retinoid quickly and easily, while normal phase 

gives greater separation of isomers from the same class (Furr et aI. , 1 994) . 
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Table 3 . 1 :  Typical Purification of Sheep Liver Aldehyde 
Dehydrogenase 

Fraction Volume Total Protein Activity Specific 
(ml) Protein Concentration (J.1mole/minl Activity 

(mg) (mg/ml) ml) (nmole/minl 

�gl 
Homogenate 2030 287854 1 4 l . 8 0 . 0 1 3  0 .063 

1 
Homogenate 1 770 200647 1 1 3 .4 0 .0 1 5 0 . 070 

2 
PEG 1 1 7 1 0  44460 26 .0  0 .020 0 .096 

Supernatant 
PEG 2 Pellet 298 1 6837 56 . 5  0 . 1 1 1  1 .96 

Pooled 279 3 7 1 1 1 3 . 3 0 .085 6 .4 
DEAE 

Pure Protein 20 3 1 8 1 5 . 9  0 .750  47.2 

An important part of this method is the extraction of retinoids from the aqueous assay 

medium. There are a number of published methods for extraction, all of which involve 

extraction of retinoids using an organic solvent and phase separation (Bridges, 1 990; 

Chen et aI. , 1 995 ;  Eckhoff & Nau, 1 990; Furr et aI. , 1 994; Landers, 1 990; McCormick 

et al. , 1 978; Napoli & Race, 1 990; Noli, 1 996). Reports of extraction efficiency vary 

from method to method. It is  important to include an internal standard in the assay, 

which is co-extracted with the products of the reaction, and can be used to determine the 

extraction efficiency in each case. This allows comparisons to be made between 

duplicates or triplicates of a single experiment, and comparisons between different 

experiments. To quantifY the reaction products, a standard curve can be constructed for 

each experiment using standard amounts of the retinoids of interest (including the 

internal standard), and the amounts extracted from the assays compared to the standard 

curve. After adjustments have been made for efficiency of extraction, accurate results 

should be obtained. The adjustment for extraction efficiency is reliant on the extraction 

of each of the retinoids of interest remaining constant relative to the internal standard. If 

this is not the case, no adjustments can be made, and hence no accurate estimate of the 

amount of extracted retinoid calculated. 
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Figure 3. 1 :  SDS-PAGE and IEF Gel of Pu re sAIDH 1 

Gel A: IEF gel , and blot of purified 
sAlDH 1 .  The gel and blot were 
run as described in section 2.2 .7 .  

Lane 1 , 2 :  IEF gel of purified 
sAlDH 1 

Lane 3-5 : Blot of IEF gel of 
purified sAlDH 1 

Gel B :  SDS-gel of purified sAlDH 1 
stained with Coomassie blue as 
described in  section 2 .2 .8  

Lane 1 :  Biorad molecular weight 
markers 

Lane 2-4 : Purified sAlDH 1 
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Considerable time and effort was invested in developing a direct HPLC-based assay 

system, based on published methods. The reversed-phase HPLC separation and 

detection of retinoids was successfully set up as detailed below (3 .2 .2 .2), and an example 

of a trace for the separation of standard retinoids is shown in Figure 3.2 . However, after 

extensive trials, none of the extraction procedures used proved to be reproducibly 

consistent, making results impossible to determine with any acceptable accuracy. 

3.2.2.2 Reversed-Phase HPLC Retinoid Separation and Detection 

It was decided to develop a system for the measurement of retinoids using reversed­

phase HPLC. The system used was a Waters HPLC gradient and pump, connected to a 

Spectrum integrator, and a Waters UV-Vis detection apparatus. The column used was 

C 1 8  substituted silica matrix, dimensions 250 mm x 4 .6  mm, with a 1 0  J.1M pore size 

(VYDAC 2 1 8TP). A number of different mobile phases were tested, including: 

1 )  Acetonitrile :H20 ratios between 70:3 0, and 95 : 5 , with 0 . 1 M sodium acetate 

(isocratic) . 

2) Buffer A - 1 0  % v/v tetrahydrofuran, 52 % v/v acetonitrile, 50 mM ammonium 

acetate pH 7; and Buffer B - 1 00% acetonitrile. Run isocratically at 60 % A and 40 % B 

(Chen et a/., 1 995). 

3) Methanol : 30  mM ammonium phosphate pH 7 .4, ratios between 80 :20,  and 95 : 5  

(Martini & Murray, 1 994). 

4) Methanol : 0 . 0 1  M ammonium acetate ratios between 80:20 and 90 : 1 0  (Cavazzini 

et al. , 1 996) . 

The detection of retinoids was carried out spectrophotometrically at 3 50 nm . Flow rates 

varied between 1 .0- 1 . 5  mlImin. While all of these solvent systems gave adequate results, 

mobile phase 3 using a ratio of 87. 5 :  1 2 . 5  (methanol : 30  mM ammonium phosphate 

pH 7 .4) was used for the subsequent analysis. 

3.2.2.3 Incubation of Enzyme Reaction Mixtures 

Assays were carried out in 20 mM Hepes, pH 8 . 5  with 1 50 mM KCl, 1 mM EDTA, 

1 mM DTT, and 1 -5 Ilg enzyme in a total volume of 500 J.11 in glass vials. Retinoids 

were dissolved in DMF or ethanol and added to the reaction mixture so solvent 

concentration did not exceed 0 .4 %.  2 mM NAD+ was added to initiate the reaction. All 

reactions were done under dim yellow light. Incubations were carried out at 37°C for 

20  min. Just prior to extraction, an appropriate amount of the internal standard (retinol 

acetate) was added. 
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Figure 3.2 : HPLC Trace of Authentic Retinoids 

Known amounts of all-trans retinoic acid, all-trans retinol acetate and all-trans 
retinal were applied to a C 1 8  column as described in section 3 .2 .2 .2 
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3.2.2.4 The Extraction of Retinoids from Assay Medium 

The first method of extraction involved two sequential extractions, which separated 

neutral retinoids from retinoic acid (Napoli & Race, 1 990). The reaction was firstly 

quenched with 0 .025 M KOHlethanol to raise the pH to 12 .  Neutral retinoids were then 

extracted with two aliquots of 2 . 5  m1 hexane. After each addition of 2 . 5  m1 hexane, the 

solution was vortexed for 5 min, then the organic layer aspirated off and discarded. The 

pH was lowered to below 2 with HCI, and retinoic acid was extracted with two aliquots 

of 2 . 5  m1 hexane. The samples were vortexed for 5 min for each extraction, and the 

upper hexane layer aspirated off as before, and transferred to a clean dry tube .  The 

hexane was then evaporated under a stream of nitrogen, and the sample redissolved in 

the HPLC solvent. 

A second method of extraction utilised the same assay components as those detailed 

above. After the 20 minute incubation, the internal standard was added, 1 m1 of ice-cold 

isopropanol was added to the incubation vial and the solution vortexed for 1 min. The 

mixture was then centrifuged at 16 000 x g for 3 0  min, and the supernatant containing 

retinoids removed for analysis .  

The third extraction method used assay conditions as  described above, except a buffer 

containing 0 . 1 M potassium phosphate and 1 mM EDT A, and a final reaction volume of 

400 �l was used. After addition of internal standard, the reaction was stopped by adding 

1 volume (400 �l) of ice cold ethanol. The retinoids were then extracted by adding 2 m1 
ethyl acetate and vortexing for 5 min. The organic phase was transferred to a clean tube, 

dried over anhydrous sodium sulphate, evaporated under nitrogen and redissolved in 

HPLC mobile phase. 

Due to the general use of an HPLC assay for determining kinetic parameters with 

retinoids as substrates, the attempts described above were made to set up such a system 

to enable direct comparison with the work of other groups (Bhat et a/. , 1 995;  Bhat 

et a!. , 1 98 8b;  Bhat et al. , 1 996; Chen et a/. , 1 99 5 ;  Chen et aI. , 1 996; Chen et aI. , 1 994; 

el Akawi & Napoli, 1 994; Napoli et aI. , 1 995;  Napoli et a/. , 1 99 1 ;  Napoli & Race, 1 990; 

Posch et a/. , 1 992; Labrecque et aI., 1 993 ; Labrecque et aI. , 1 997; Labrecque et a!. , 

1 995) .  Initial characterisation of this HPLC enzyme assay was carried out using each of 

the above extraction methods. The method which gave the highest extraction 
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Table 3.2:  Relative Extraction of Retinol Acetate and Retinoic Acid 

Co-extraction Component % Extractionl Relative extraction (retinoic 
number acid:retinol acetate) 

1 Retinoic Acid 83 . 1  % 1 .45 
Retinol Acetate 57 . 3  % 

2 Retinoic Acid 57 . 1 % 1 .22 
Retinol Acetate 46 .8 % 

3 Retinoic Acid 67.7 % 1 .3 8  
Retinol Acetate 48 .9 % 

4 Retinoic Acid 52 . 5  % 1 . 1 8 
Retinol Acetate 44.5 % 

5 Retinoic Acid 79 .9 % 1 .47 
Retinol Acetate 54 .3  % 

6 Retinoic Acid 76.0 % 1 .25 
Retinol Acetate 6 1  % 

7 Retinoic Acid 88 . 8  % 2 .27 
Retinol Acetate 3 9.2 % 

8 Retinoic Acid 1 14 %  1 .73 
Retinol Acetate 66 % 

lCaIculated from the known amount of sample added to reaction mixture 

percentages was method three, and so the subsequent method development utilised this 

method. 

For an accurate assay, the important parameter is the reproducibility of extraction of the 

internal standard compared to each of the retinoid species of interest. It can be seen 

from Table 3 .2 that the relative extraction efficiencies of the product retinoic acid, and 

the internal standard retinol acetate, varied widely from a ratio of 2 .27 to 1 . 1 8  (retinoic 

acid:retinol acetate). It can also be seen that the actual extraction of compounds from 

the assay mixture varied from 39 .2  % to 88 .8  %. Although an extraction efficiency of 

95- 1 00 % would have been ideal, and indeed seems to be the efficiency reported by some 

other groups, a low extraction efficiency does not immediately invalidate this method.  If 

the relative extraction of the product of interest and the internal standard is consistent, 

this can be used to adjust the obtained results to give quantifiable answers. The internal 

standard is added to the assay after the reaction has occurred, and immediately prior to 

retinoid extraction. In addition, the nature of the standard is such that the components 
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of the assay will not alter it in any way. Therefore, knowing the amount of internal 

standard added to the assay, and knowing the ratio of co-extractability of the internal 

standard and the product, a simple calculation would yield a reliable answer. 

In this case neither the actual extraction nor the co-extraction of the compounds were 

consistent to the degree necessary to obtain reliable answers. A number of different 

methods were used (see 3 .2 .2 .4), and though some gave better results than others, none 

were satisfactory for the intended purpose. Reasons for the disparity between my results 

and those reported by other groups are not clear. All precautions were taken to ensure 

maximum extractibility such as the use of glass incubation vessels, working under dim 

yellow light, and treating each separate incubation in a consistent manner. 

Communications with a researcher who had had previous success with this type of 

methodology, also did not identify any possible causes for the inconsistencies 

(Martini, R; Personal Communication) . However it was noted that in the experiments 

performed by this group, high concentrations of retinal were required ( 1 0-200 I-LM) in 

order to get readable signals (Martini & Murray, 1 994) . These concentrations were not 

appropriate for the purpose of the present study, and the solubility of retinal at such high 

concentrations must also be questioned. 

However, the detection of retinoids by reversed-phase HPLC, and quantification of 

retinoids using authentic standards and an integrator, was successful. Authentic retinoids 

applied to the column gave consistent retention times (Figure 3 .4 and Table 3 . 3 )  to allow 

the identification of extracted retinoids. The standard curves obtained were accurate and 

linear over the amounts of retinoids used (Figure 3.3, 3 .4) .  In addition the high degree 

of sensitivity required to visualise the small quantities of retinoids which are produced by 

the enzyme assays was obtained by the developed system. 

Although the HPLC retinoid retention times and quantification  by standard curves were 

well established (see Figure 3 .2, 3 . 3  and 3 .4 and Table 3 . 3 ), the variation in relative 

extractions (Table 3 .2) meant that this method did not have the accuracy required to 

establish kinetic parameters. 
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Figure 3.3 : Standard Curve for Retinoic Acid 

Standard curves are constructed from peak area output using known amounts of 
standards (see section 3 .2 .2 . 3  and 3 .2 .2 .4), which elute from the C 1 8  column at 

an observed retention time (see Figure 3 .2) 
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Figure 3.4:  Standard Curve for Retinol Acetate 

Standard curves are constructed from peak area output using known amounts of 
standards (see section 3 .2 .2 .3  and 3 .2 .2.4), which elute from the C 1 8  column at 

an observed retention time (see Figure 3 .2) 
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Table 3.3 : Retention Times for HPLC Separation of Retinoids 

Component Retention Time (min) (n=50) 

All-trans Retinoic Acid 3 . 9 ± 0 . 1 9  
A1l-trans Retinal 1 0.4 ± 0 . 5  
Retinol Acetate 20 ± 1 

3.2.2.5 Development of an Absorbance Spectroscopy Kinetic Assay 

An alternative method of determining kinetic parameters is by spectroscopy. If a 

component of the reaction being studied absorbs light of a particular wavelength, 

absorbance spectroscopy is a convenient, useful method for determining kinetic 

parameters. However, although absorbance spectroscopy was used to give estimations 

of kinetic parameters, this method was not considered to be sensitive enough to 

determine accurate Km values for isomers of retinal . Three components of the reaction 

have a maximum absorbance at similar wavelengths - 340 nm, 3 50 nrn and 3 83 nm 

(NADH, all-trans retinoic acid, and all-trans retinal respectively) . To avoid interference 

between overlapping absorbance spectra, the disappearance of all-trans retinal at 400 nm 

can be monitored. At 400 nm, there is no absorbance by either of the products, so the 

only absorbing compound is all-trans retinal, and even though this is not the Amax of 

all-trans retinal, the absorbance at this wavelength is still great enough to be measured. 

Initial estimates of kinetic parameters of the NAD--dependent conversion of retinal to 

retinoic acid by sAlDH 1 were calculated by following the disappearance of retinal at 

400 nm, and analysing the resultant data by the single reaction progress curve method 

(Yun & Suelter, 1 977). To use the single reaction progress curve method for obtaining 

kinetic parameters, the velocity of the reaction at several different substrate 

concentrations throughout the course of a complete reaction is determined. The 

velocities are then treated by standard methods for dealing with Michaelis-Menten data, 

in this case Lineweaver-Burk analysis .  After determining the rate at a number of 

substrate concentrations, the data was analysed using the microcomputer program 

ENZFITTER (Leatherbarrow, 1 987) (Figure 3 . 5) .  The estimated Km from at least 4 

independent experiments was determined to be 0 .24 ± 0 .08 IlM. 
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Figure 3.5: Single Reaction Progress Curve of sAIDH-catalysed 
All-trans Retinal Oxidation 

The reaction was carried out at 25°C at pH 7.4. Kinetic parameters were calculated 
from this curve as described (Yun & Suelter, 1 977) 
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The results obtained using this method were considered to be an approximation only. 

B ecause of the low Km, rates which need to be measured in order to obtain a more 

accurate result are exceedingly low, and fall out of the sensitivity range of the 

spectrophotometer, so only approximate data can be obtained using absorbance 

spectrophotometry. 

3.2.2.6 Development of a Fluorescence Spectroscopy Kinetic Assay 

An alternative method for obtaining kinetic data is using fluorescence spectroscopy. 

Molecules absorb light photons, after which they undergo a transition to a higher energy 

level . The amount of light absorbed is equal in energy to the difference between the two 

energy states. During the time the molecule spends in the exited state, some vibrational 

energy is lost by collision with other molecules. If all energy is not dissipated by 

collisions, the electron returns to the ground electronic state with the emission of energy 

as fluorescence (Guilbault, 1 990).  Fluorimetry is possible in this case, as one of the 

assay products (NADH) emits fluorescence at 457 run when excited at 3 40 nm. In 

addition, the other assay components show negligible fluorescence. Retinol and its 

esters are intensely fluorescent, with an excitation maximum at 325 run and an emission 

maximum at 480 run, but other retinoids have little or no appreciable fluorescence (purr 

et a!. , 1 994). 

There are two main advantages of using fluorescence, 1 )  only 1 0  % of those compounds 

which absorb light, emit energy as fluorescence lowering the likelihood of other 

compounds in the assay interfering with the signal, and 2) fluorescence provides up to an 

order of magnitude more sensitivity than absorbance (Guilbault, 1 990). Other 

advantages to using fluorescence spectroscopy are its specificity and large linear range of 

analysis. The specificity is due in part to the fact that two wavelengths are used which 

makes it unlikely that two compounds in the same system will interfere with each other' s  

signal. The linear range of analysis in fluorescence i s  often over 6-7 orders of magnitude 

(with minimal intrinsic error), while a spectrophotometer typically gives 2-3 orders of 

magnitude (Guilbault, 1 990). So it can be seen that fluorescence spectroscopy may be a 

good option for measuring the NAnr dependent oxidation of retinal . 

There are also some advantages to using this method over the HPLC based assay. The 

obvious advantage is the ease of this method, and if a fluorimeter is available, the cost is 

very low. A major advantage when studying kinetics is that the time-course of each 

assay can be examined. This allows the linearity of the rate to be checked each time, and 
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also other features of the assay (such as a burst) to be identified. With the HPLC based 

assay, the incubation time of the assay is important. The incubation must be stopped 

while the assay is in its linear or steady-state phase. If not, the kinetic data calculated 

may not accurately reflect the actual situation. When using the HPLC assay, it is likely 

that shorter incubation times for lower substrate concentrations would be needed, as at 

the low concentrations needed to accurately calculate a Km, (i .e .  concentrations below 

the Km - the low nanomolar range), the substrate will be used up very quickly. 

Fluorimetry, therefore is a good alternative to the conventional HPLC based assay, and 

has a number of important advantages. The presence of a compound in the assay which 

emits absorbed energy as fluorescence allows the progress of a reaction to be monitored 

over time in a similar manner to absorbance spectroscopy. 

The Perkin-Elmer LS5 0B Luminescence Spectrophotometer is a highly sensitive 

instrument which allows the measurement of chemiluminescence, phophorescence, 

fluorescence and bioluminescence at controlled temperatures. Because of the sensitivity 

of fluorescence spectroscopy, there are a number of practical considerations that must be 

taken into consideration. Only 4-sided quartz cuvettes may be used, as emission must be 

measured at right angles to the light beam used for excitation. In particular, since 

particles of dust interfere greatly with readings, all glassware must be acid washed, and 

all solutions filtered prior to use. Initial scans of pure NADH in milli-Q filtered water 

and 5 0  mM phosphate buffer pH 7.4, showed that the maximum excitation wavelength 

for NADH fluorescence was 3 40 nm, and the maximum emission wavelength was 

457  nm . These were the values used in an subsequent experiments. Because of the low 

reaction rates to be measured, the slit widths for both excitation and emission were set at 

1 5  nm to ensure the maximum signal was seen. All assays were run over 5 minutes 

initially; however, at lower substrate concentrations, all the substrate was metabolised 

within 3 0-60 seconds. The steady state rate was calculated for each reaction, with 

exceedingly good agreement between duplicate and triplicate reactions. Data was 

analysed using the microcomputer program ENZFITTER (Leatherbarrow, 1 987). 

The described fluorescence spectroscopy kinetic assay was then used In the kinetic 

characterisation of sAlDH 1 and hAlDH 1 as described in section 3 .2 . 3 .  
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3.2.3 Kinetic Characterisation of sAIDH and hAIDH 

As indicated in the section on method development above, fluorimetric analysis had 

advantages over both spectrophotometric and HPLC methods for kinetic studies, and 

was used to obtain the results presented in this section. 

3.2.3.1 NAD+ -Dependent Oxidation of AlI-trans and 9-cis Retinal by sAIDH and 

hAIDH 

AIl assays were monitored by following the production of NADH fluorimetrically (see 

above) . The stoichiometry of retinal dehydrogenation is as follows: 

Retinal Retinoic Acid 

NADH 
Figure 3.6: The Conversion of Retinal to Retinoic Acid 

The production of NADH is therefore equal to the production of retinoic acid, and so 

the appearance of NADH measured fluorimetrically can be used to calculate the rate of 

retinoic acid production. An apparent Km was calculated for NAD+ with respect to 

all-trans and 9-cis retinal, and for all-tram' and 9-cis retinal with respect to NADf . Data 

points were collected at concentrations above and below the observed Km. Each data 

point was an average of duplicates or triplicates from 2-4 different experiments. The Km 

was calculated by fitting the data points to the Michaelis-Menten equation (V vs.  [S] 

plot) using the microcomputer program ENZFITTER (Leatherbarrow, 1 987). The V vs. 

[S] plot was then transformed into a Lineweaver-Burk plot ( IN vs. l /[S]) by the same 

program (Figures 3 . 7  - 3 . 1 0) .  Substrate inhibition by  the aldehyde was observed at 

concentrations above 5 f-tM, so the high concentrations were not used in the calculation 

of kinetic parameters. A summary of kinetic parameters obtained using these methods is 

shown in Table 3 .4 
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Table 3.4: A Summary of Kinetic Parameters Determined for hAIDH 1 
and sAIDH 1 

sAIDH hAIDH 
Km (all-trans retinal) 0 . 140 ± 0.0 1 3  I-tM 0 .058  ± 0 .0082 IlM 

Km (9-cis retinal) 0 . 1 40 ± 0 .0 1 1  I-tM 0 .060 ± 0 . 0085 IlM 
Km (NAD+ - 9-cis) 1 . 3 0  ± 0 . 1 0  I-tM ND 

Km (NADT - all-trans) 1 .90 ± 0 .20 IlM ND 

These results, obtained usmg fluorimetry, agree with those estimated usmg 

spectrophotometry (Yoshida et al. , 1 992, this thesis, section 3 .2 .2 . 5) .  Prior to this 

work, the only estimate of a Km of human AlDH for all-trans retinal (Y oshida et al., 

1 992), was calculated using a single reaction progress curve (Yun & Suelter, 1 977), and 

no work had been done using 9-cis retinal. While this method may have been adequate, 

(and indeed proved to give similar results in our hands to those given by the more 

accurate method of fluorimetry), it was considered desirable to calculate the Km more 

accurately, and look at the reaction with another substrate of biological importance -

9-cis retinal. The fluorimetric assay using different retinal concentrations above and 

below the observed Km, while holding NADT at a constant saturating concentration, 

gives a more accurate measure of Km than the method using a single reaction at one 

retinal concentration only. Recent results using a complex double-substrate 

spectrophotometric method with hAlDH 1 (Klyosov, 1 996), give a much higher estimate 

for the Km of retinal (1 . 1  I-tM compared with the value of 0 .058 I-tM in this study). We 

believe that the fluorimetric method developed in this study is a direct and highly 

accurate method for the measurement of Km values for retinal oxidation, and is probably 

providing a more correct and physiologically relevant value than that reported in the 

study by Klyosov ( 1 996) . 

The data in this study indicate that AlDH 1 may play an important role in retinoid 

metabolism in vivo, as the concentration of cytosolic retinal has been estimated at around 

0. 1 I-tM (Yoshida et al. , 1 992). As yet, no other aldehyde dehydrogenase isoenzymes 

with the ability to oxidise retinal have been identified in organisms other than the rat and 

mouse (see section 1 .2 .2) .  There are other enzymes which have been shown to oxidise 

retinal - the cytochrome P450, xanthine dehydrogenase and aldehyde oxidase enzymes 
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(see section 1 .2 .2) .  However, due to the high Km values for retinal oxidation (8- 1 25 !JM 
(Bhat et aI. , 1 988a; Huang & Ichikawa, 1 994; Tsujita et  al., 1 994), 0 . 9  IlM (Lee et  aI., 

1 99 1 ), 1 4  IlM (Raner et al. ,  1 996) for aldehyde oxidase, xanthine oxidase and 

cytochrome P450 respectively), and other proposed roles for these enzymes (for example 

the role of P450 enzymes in retinoic acid metabolism), it seems likely that AlDH 1 may 

play an important role in retinoic acid production. In addition, the fact that AlDH 1 does 

not seem to be as important in acetaldehyde oxidation as the mitochondrial AlDH 2 also 

points towards its ability to oxidise retinal as being its most important physiological 

function. 

3.2.3.2 Inhibition of the Esterase Activity of sAIDH by Citral and Retinal 

The aim of these experiments was to examine how well citral (a mixture of cis and trans 

3 ,7-dimethyl-2,6-octadienal), and all-trans retinal bind to the active site of AlDH 1 in the 

absence of NADT (Figure 3 . 1 1 ). This was achieved by studying the hydrolysis of the 

AlDH 1 esterase substrate p-nitrophenyl pivalate (p-nitrophenyl trimethylacetate), and 

the extent to which this activity was inhibited by the said aldehyde compounds. The 

kinetic assays were carried out spectrophotometrically by following the production of 

p-nitrophenoxide at 400 nm as stated in section 2 .2 .2 .  The resulting data were analysed 

using ENZFITTER (Leatherbarrow, 1 987) .  Inhibition can best be seen by examining 

Lineweaver-Burk plots with and without inhibitors (Figure 3 . 1 2  and 3 . 1 3) .  Results 

summarising the inhibition of p-nitrophenoxide formation by citral and retinal are shown 

in Table 3 . 5 .  

The inhibition of the esterase activity of AlDH 1 by citral and retinal was studied in order 

to determine if these compounds would bind to the enzyme in the absence of NADT. 

The elucidated kinetic mechanism for AlDH 1 with aldehyde as a substrate is an ordered 

bi-bi mechanism, where the binding of NAD"" is postulated to cause a conformational 

change in the enzyme to allow binding of the aldehyde (Blackwell et  aI. , 1 989). The 

hypothesis that the main function of AlDH 1 was retinal oxidation led to the idea that the 

active site may have a high affinity for retinal binding, even in the absence ofNAD4-. The 

trans form of citral is a structural analogue of retinal (see Figure 3 . 1 1 ), and inhibition of 

the hydrolysis of p-nitrophenyl pivalate by this compound was also investigated. Both 

compounds competitively inhibited this esterase activity, with Ki values of approximately 

2 1  IlM (citral), and approximately 1 1  J...lM (retinal) (Table 3 . 5) .  While both compounds 

appear to bind AlDH 1 in the absence of NAD4-, the fact that the Ki for retinal inhibition 

is not exceptionally low, and the fact that retinal binds with a similar affinity to citral, 
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Table 3 .5 :  The Inhibition o f  the Hydrolysis of p-Nitrophenyl pivalate 
by Retinal and Citral 

Concentration of Inhibitor Ki 
Retinal 6. 7 J-LM - 1 1 IlM 
Citral 53  IlM -2 1 IlM 

(Reported in Kitson et ai, 1 995). 

seems to indicate that the active site is not designed to bind retinal with a high affinity in 

the absence of NAD+. In fact, the postulated NAD+ -induced conformational change 

prior to aldehyde binding is supported by this data, and by the low Km values for retinal 

obtained in the dehydrogenase reaction with NAD+ present (50 - 1 40 nM) (Table 3 . 4) .  

3.2.4 pH Optimum of NAD+-Dependent Retinal Oxidation 

The effect of pH on retinal dehydrogenation was investigated using three different buffer 

systems covering a pH range of 4 . 5- 1 1 .  A similar pH profile for this reaction was 

obtained from four separate experiments, using averages of duplicate assays. Assays 

were performed spectrophotometrically using 2 !J.M retinal as stated in section 2.2 .2 .  

The pH dependence of this reaction is  shown in Figure 3 . 1 2 .  It can be seen that the pH 

optimum for this reaction is at pH 9 . 5 - 1 0. Previous studies using propionaldehyde as a 

substrate identified maximum enzyme activity to be at pH 7 (Buckley et aI., 1 99 1 ). For 

studying the kinetics of the reaction with retinal as substrate, the pH of 7 .4 was routinely 

used in all assays. This is because physiological pH is 7.4, and so reactions studied at 

this pH would more likely represent the situation in vivo. The rates at pH 7 .4  were 

adequate enough to see the reaction when using low amounts of substrate. 
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Figure 3. 1 1  Structural Formulae for All trans-Citral and All-trans 
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4. C hapter Four :  Expression and Purification of 

CRBP and use of CRBP-Retinal as a Substrate for 

AIDH l 

4.1 Introduction and Aims 

It has been proposed that cytosolic retinal exists primarily as a 1 :  1 complex with the 

lipocalin cellular retinol-binding protein (CRBP) I (see sections 1 .2 . 2  and 1 .3 . 1 .4) .  If 

this hypothesis is correct, enzymes which play an important role in retinoic acid synthesis 

are likely to accept retinal bound to CRBP as a substrate. The proposal that cytosolic 

AlDH 1 plays a significant role in retinoic acid biosynthesis made it necessary to see if 

this enzyme would accept CRBP-retinal as a substrate. The aim of this section was 

therefore to express and purifY CRBP protein from CRBP cDNA, and to use the purified 

CRBP I to study the kinetics of AlDH I -catalysed CRBP-retinal oxidation. 

4.2 Results 

4.2. 1 Expression and Purification of CRBP 

A plasmid containing the gene encoding human CRBP I was obtained (pT7-7-CRBP) 

(1. Findlay, Leeds University) . This vector contains the ampicillin resistance gene, and 

the CRBP gene under the control of a T7 promoter (see Figure 4. 1 ) .  The C-terrninus of 

the CRBP cDNA had been engineered to encode a 'His-tag' of 6 consecutive histidine 

residues to enable affinity purification of expressed protein using a chelating resin. 

£. coli strain BL2 1 (DE3) cells (containing a A phage lysogen incorporating T7 RNA 
polymerase under the control of a lac promoter), were transformed with the vector 

pT7-7-CRBP, and cells containing the plasmid were selected by growing the transformed 

cells on LB agar plates containing 5 0  flg/ml ampicillin. A single colony was picked and a 

small liquid LB culture seeded with the colony and grown at 3 7°C for about 16  hours, 

again using ampicillin selection. From this, a 1 00 ml culture was seeded, and grown to 

an OD600 of 0 . 5-0 .6 .  Overexpression of CRBP was then iinduced by the addition of 

0 . 5  mM isopropyl-y-D-thiogalactopyranoside (IPTG), which binds to and releases the lac 

repressor from its promoter, allowing production of T7 RNA polymerase, which in turn 

induces the expression of CRBP. After incubating for a further 3 hours, the cells were 

harvested and pelleted by centrifugation at 4000 x g for 20 min. The pelleted cells were 
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Figure 4.1 :  Plasmid Map of pT7-7-CRBP 

This plasmid was obtained from Professor 1. Findlay (Leeds University, UK). 
The map shows the insertion of human CRBP cDNA between Xba I and Hin dIll 

sites. Also shown is the ampicillin resistance gene, origin of replication, T7 
promotor, and ribosome binding site. 
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resuspended in PBS containing 1 mM PMSF, and the cells lysed with a Virsonic 

sonicator (3 x 3 0  seconds, power level 4, 1 0  mm probe diameter at tip). This mixture 

was then centrifuged at 1 3  000 x g for 3 0  minutes to pellet insoluble material and the 

contents of the cytosol were separated by SDS-PAGE (Figure 4 .2) . A comparison of 

induced and uninduced cells showed that CRBP was being overexpressed; a strong 

protein band could be seen at around 1 8  kDa. There was a small amount of ' leakage' in 

the system, i .e .  some CRBP was being produced in the uninduced cells. The expression 

system was then optimised in terms of cell density at induction, length of induction, 

concentration of IPTG, and temperature. Optimal expression was seen with 0 . 5 mM 
IPTG, cells grown at 3 7°C, and 3 hours induction time. The cell density at induction did 

not seem critical to high levels of expression, with OD600 = 0 .6- 1 . 0  giving identical 

results. The expression of this plasmid was extremely robust however, and varying any 

parameter did not produce serious deleterious effects. After characterisation of the 

expression system, a glycerol stock was made of the parent culture, and this stock was 

used to seed further expression experiments. This ensured that the same clonal line was 

used in every preparation. A large-scale preparation of pT7-7-CRBP was made (see 

section 2 .2 . 5 .2), and the CRBP gene was sequenced, and was shown to be identical to 

the published human CRBP nucleotide sequence. 

The purification of expressed CRBP was facilitated by the C-terminal 6-His tag. 

HiTrap® (Pharmacia) chelating columns loaded with N?+ ions were used, which bind to 

imidazole rings including histidine residues in proteins. After charging the column with 

nickel chloride, the column was equilibrated in 0 . 02 M sodium phosphate buffer pH 7.2,  

containing 1 00 mM imidazole. The sample (cytosolic preparation from cells expressing 

CRBP) was then loaded on to the column and 5 column volumes of equilibration buffer 

were washed through to remove unbound proteins. Obviously, any proteins with surface 

histidine residues will also have an affinity for the column, and proteins with more 

surface histidine residues will have a greater affinity for the column. The concentration 

of imidazole in the equilibration and wash buffer must be optimised in order to exclude 

other proteins which may otherwise bind to the column and compromise the purification. 

After a number of trials, it was seen that 1 00 mM imidazole was sufficient to exclude all 

protein binding, except that of the 6-His tagged CRBP. The protein was eluted using the 

same buffer, containing 3 00 mM imidazole. The protein was typically eluted within 1 -2 

column volumes, and was pure as shown by silver staining of SDS-gels (see Figure 4 . 3 ) .  

After elution, fractions containing the protein (identified by SDS- PAGE) were pooled 

and dialysed at 4°C with three changes of buffer (21) to remove the imidazole. The pure 
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Figu re 4.2 : SDS-PAGE of Sol u b l e  E. coli P rotein 

CRBP 

E. coli transformed with pT7-7-CRBP and grown under the conditions described in the text, 
were then harvested and the cytosol ic contents run on an SDS-gel as described in Materials 
and Methods. ' Induced' lanes show the i nduction of CRBP production upon the addition 

of 0.5 mM IPTG. 

Lane: 
1 ,8 :  Size L adder (Sigrna 7)  
2,4,6 :  Uninduced cytosolic contents 
3,5,7 : Induced cytosolic contents 
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Figure 4.3 : SDS-PAGE of CRBP Purification 

Gel A Purification o f  eREP using 6-His tag a s  described i n  section 4 .2 . 1 .  
Pure eREP is  seen in lanes 7 and 8. 

Gel B Elution fractions from chelating column purification stained with 
silver stain as described in Materials and Methods. Pure eREP is seen 

in lanes 3 and 6. 

Gel A Lane: 
1 :  Size Ladder (Sigma 7) 
2,3 ,4 :  Proteins not bound to column 

at 1 00 mM imidazole 
5-8 :  Succesive fractions eluted with 

3 00 mM imidazole 

Gel B Lane: --

1 ,7 :  Size Ladder (Sigma 7) 
2-6 : Fractions eluted with 

3 00 mM i midazole 
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protein was then stored at 4°C until needed. The identity of the expressed purified 

protein was confirmed by electrophoretic transfer onto PVDF membrane as described 

(section 2 .2 .9), and N-terminal protein sequencing by an Applied Biosystems 476A 

automated Edman degradation (section 2.2 . 1 2) .  Results from this procedure identified 

the first 20 amino acids as identical to human CRBP (Table 4 . 1 ) .  

Table 4. 1 :  N-terminal Seguencing of Expressed and Purified CRBP 

Residue Number Residue predicted by Sequencer CRBP sequence 
(SWISSPROT) 

1 Met Met 
2 Pro Pro 
3 Val Val 
4 Asp Asp 
5 Phe Phe 
6 Thr Thr 
7 Gly Gly 
8 Tyr Tvr 
9 Trp Trp 
10 Lys Lys 
1 1  Met Met 
12 Leu Leu 
1 3  Val Val 
14 Asn Asn 
15  Glu GIu 
16 Asn Asn 
17 Phe Phe 
1 8  GIu Glu 
19  Glu GIu 
20 Tvr Tvr 

4.2.2 The Binding of CRBP to Retinal 

CRBP has been shown to bind all-trans retinal with a 'Kt of 50- 1 00 nM (see 

section 1 .  3 . 1 . 1 ) .  For the purpose of this study it was necessary to ascertain whether the 

recombinant CRBP actually bound retinal . Two approaches were used to determine if 

CRBP was binding retinal . The first was a simple measurement of absorbance spectra. 

The absorbance maximum of retinal has been shown to be red shifted by about 30 nm 

when bound to CRBP, as compared to free retinal (Levin et a/. , 1 98 8). This is a 

reflection of the environment in which retinal is found. A simple test for binding was to 

look for a Amax shift of � 30 nm for bound retinal compared to free. This was carried out 
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on each day that kinetic data were measured using CRBP (Figure 4.4) . As a control, the 

same test was performed with 9-cis retinal (Figure 4.5) .  While a typical experiment 

yielded a Amax shift of �25-30 nm for all-trans retinal bound to CRBP, a shift of only 

3-4 nm was seen with 9-cis retinal. 

An additional method used to confirm the binding of all-trans retinal to CRBP involved 

the use of a fluorescent probe, l -anilinonaphthalene 8-sulfonic acid ( l ,8 -ANS). This 

probe has been used in a general assay for assessing the binding of ligands to members of 

the intracellular lipid-binding protein family (iLBP family) (Kane & B ernlohr, 1 996) . 

Firstly, the binding of 1 , 8-ANS by CRBP was studied as described (Kane & Bernlohr, 

1 996) . 1 , 8-ANS has no appreciable fluorescence in aqueous solution, but upon binding 

to CRBP (or other iLBP), a considerable enhancement of fluorescence is seen. The 

strength of binding of the probe to CRBP was then examined by looking at the increase 

of fluorescence as increasing amounts of CRBP were added to a constant amount of 

1 , 8-ANS, and as CRBP was added in excess, the plateau in fluo rescence. Finally, 

all-trans retinal was used in competition assays with previously bound 1 , 8-ANS. These 

experiments were not performed to re-quantify previously established b inding parameters 

(Li et al. , 1 99 1 ) .  The purpose of this experiment was to show that all-trans retinal was 

binding to CRBP by using a different method from the absorbance spectra shift observed 

upon addition of CRBP to all-trans retinal . The fluorescent signal produced by CRBP 

and 1 , 8-ANS was quenched upon the addition of increasing amounts of all-trans retinal. 

This indicates that the retinal is binding to the CRBP and displacing the 1 ,8-ANS, thus 

decreasing the intensity of the fluorescent signal produced only when 1 , 8-ANS binds to 

the iLBP .  

4.2.3 CRBP-Retinal as a Substrate for Human and Sheep AIDH 1 

The recombinant CRBP I was used to investigate the ability of AlDH 1 to accept retinal 

bound to CRBP as a substrate. The same fluorimetric method was used to study this 

reaction as had been previously applied to examine the reaction of AlDH 1 with free 

retinal (see Chapter Three, and section 2 .2 .3) .  The main difference from the 

aforementioned method was the pre-incubation of retinal and CRBP in reaction buffer 

for 1 5  minutes in the dark prior to initiating the reaction, to ensure that binding of 

substrate to the CRBP was at equilibrium. Data for the oxidation of CRBP-retinal by 

hAlDH 1 was calculated using a 2 :  1 ratio (CRBP:retinal) (Figure 4 . 6) .  Data for the 

oxidation of CRBP-retinal by sAlDH 1 was calculated using a 2: 1 ratio (CRBP :retinal) 

(Figure 4.7), and a 3 . 5 : 1  ratio (Figure 4 .8) .  Kinetic parameters calculated using these 
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Figure 4.4: Absorbance Spectra of All-trans Retinal and 
CRBP-AIl-trans Retinal 

Spectra were collected on a Cary UV -vis double-beam spectrophotometer. 
A ratio of CRBP :Retinal of 2 :  1 was used. Absorbance m axima are noted. 
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Figure 4.5: Absorbance Spectra of 9-cis Retinal and 
CRBP-9-cis Retinal 

Spectra were collected on a Cary UV-vis double-beam spectrophotometer. 
A ratio of CRBP:Retinal of 2 :  I was used. Absorbance m axima are noted. 
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Figure 4.6: V vs [S) Plot and Lineweaver-Burk Plot of hAIDHl 
Catalysed CRBP-Retinal Oxidation 

Data were fitted using the microcomputer program ENZFITTER (Leatherbarrow, 1 987).  
CRBP was in a 2-molar excess over all-trans retinal. Kinetic parameters derived from these 

curves are shown in Table 4 .2  
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Figure 4.7: V vs [S) Plot and Lineweaver-Burk Plot of sAIDHl 
Catalysed CRBP-Retinal Oxidation 

Data were fitted using the microcomputer program ENZFITTER (Leatherbarrow, 1 987). 
CRBP was in a 2-molar excess over all-trans retinal. Kinetic parameters derived from these 

curves are shown in Table 4 .2  



Q) 
-+-> 
:::l 
C . ..... 
8 "-. 
Q) 
u 
c 

I �  (I) 
Q) 
C-
o 
:::l 

....-< 
4-< 

Q) 
-+-> 
(\) � 

4- 1 07 

1 0 � 

1 .  2 0  

1 .  0 0  + 

0 . 80 

I � 1 0 - � 0 . 6 0 

6 . 0 0 

0 . 40 4 . 0 0 
+ 

(\) � 2 . 00 � 
0 . 2 0 � 0 . 0 0 1 0 . 00 1 .  0 0  2 . 00 3 . 00 

i / [ S J  
0 . 00 

0 . 0 0 0 . 40 0 . 8 0 1 .  20 1 .  6 0  2 . 00 2 . 4 0 

[ R e t  i n a l  ] ( m i c r o m o l a r )  

Figure 4.8: V vs [S] Plot and Lineweaver-Burk Plot of  sAIDH! 
Catalysed CRBP-Retinal Oxidation 

Data were fitted using the microcomputer program ENZFITTER (Leatherbarrow, 1 987). 
CRBP w as in a 3 .5-molar excess over all-trans retinal. Kinetic parameters derived from these 

curves are the same as those calculated using a 2-molar excess shown in Table 4.2 

+ 

+ 
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curves are summarised in Table 4.2 .  No differences were seen in kinetic parameters 

between these ratios. This additional evidence supports other observations showing that 

AlDH 1 uses holo-CRBP as a substrate. 

Table 4.2: A Summary of Kinetic Parameters of sAIDH and hAlDH 
for CRBP-Retinal and Free All-trans Retinal 

sAIDH hAIDH 

Km (CRBP-retinal) 0 .92 ± 0 .20 �M 0 . 21 6  ± 0.035 J.lM 
Km (Free Retinal) 0 . 1 4  ± 0 . 0 1 3  fJ.M 0.058 ± 0 .0082 J.lM 

V max (CRBP-Retinal) 32. 1 8  ± 3 .26 F/minlJ.l1 3 .443 ± 0 . 1 4  F/minlfJ.1 
V max (Free Retinal) 88 . 34  ± 4.3 3  F/minlfJ.l 9.9 1 9  ± 0 .453 F minlfJ.l 

4.3 Discussion 

The results in Table 4.2 show that both sAlDH and recombinant hAlDH recognise CRBP 

bound to all-trans retinal as a substrate. This result has important implications in our 

understanding of the production of retinoic acid, and the regulation  of its synthesis. 

The optimisation of expression and purification parameters such as induction time, 

temperature and IPTG concentration, and nickel column wash and elution buffer 

imidazole concentration, allowed the production of large quantities  of pure recombinant 

CRBP protein very quickly. Although it is now generally accepted that CRBP I binds to 

all-trans retinal with a :K! of 50- 1 00 nM, it was vitally important to determine if the 

recombinant CRBP was actually binding retinal . To check this, two methods were used. 

One involved all-trans retinal competing for binding with a fluorescent probe. The 

replacement of the probe 1 , 8-ANS by all-trans retinal in the binding site of CRBP 

decreases the intensity of the original fluorescent signal, indicating that binding of the 

ligand to the binding protein is occurring. The results obtained in this study using 

1 ,8-ANS,  were similar to those published by (Kane & Bernlohr, 1 996), and although this 

experiment yielded no novel information, the results supported retinal binding. A second 

method was a simple retinal absorbance spectrum, run in the presence and absence of 
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CRBP. Previous results using this method gave a red shift in the Amax of -30 run when 

CRBP was present, compared to the Amax without CRBP (Levin et  ai. , 1 988) .  This shift 

was also seen using our CRBP preparation. Absorbance spectra were run prior to the 

start of each experiment, and the experiment was not carried out unless the required 

absorbance shift of 30 run was seen upon addition of CRBP to all-trans retinal. This was 

absolutely necessary, as degradation of CRBP over time, or after undergoing even one 

freeze-thaw cycle, often left protein which was unable to bind retinal as efficiently. A 

smaller Amax shift was seen upon CRBP binding in such cases, and these samples of 

CRBP were not used for kinetic measurements. .  A suitable control for this experiment 

was to collect absorbance spectra in the same manner using 9-cis retinal in the place of 

all-trans. It has been shown that CRBP I does not bind to 9-cis retinal, and indeed only 

a small Amax shift of 3-4 run was seen using 9-cis retinal . 

The fluorimetric assay which was developed to study the NAD+ dependent oxidation of 

retinal by AlDH 1 was also used in looking at the reaction with CRBP-retinal. As stated, 

the only difference when using CRBP was a 1 5  minute incubation prior to initiating the 

reaction to ensure binding of retinal to CRBP. To ensure adequate retinal binding, the 

assays were performed with a two-fold molar excess of CRBP over retinal . Calculations 

performed using this ratio of CRBP to retinal, and using the highest estimated Ka of 

CRBP for retinal ( 1 00 nM) (Li et ai., 1 99 1 ), showed that over the range of 

concentrations used for this experiment, the concentration of free retinal in equilibrium 

with the bound would remain essentially constant ranging from 0 .028 IlM to 0 .084 IlM 

(see Appendix 1 ) .  In comparison, the concentration of  bound retinal would range from 

0. 022 IlM to 4 . 90 IlM. This means that if AlDH 1 could not use retinal bound to CRBP 

as a substrate, the observed rates would be due only to the small amount of free retinal 

available. These rates would be extremely low, the substrate would be used up quickly, 

and over the range of concentrations used, the rates would be indistinguishable from 

each other. Therefore it is immediately obvious if recognition between CRBP-retinal and 

AlDH 1 is occurring. The assay itself also provides additional confirmation that all-trans 

retinal does bind to CRBP. If retinal was not binding, the reaction rates would be 

expected to be exactly the same as those measured for free retinal. 

Both sheep and recombinant human enzymes showed reaction rates that varied over the 

range of concentrations used, and were different from those seen for the free substrate . 

These data are consistent with AlDH 1 using CRBP-retinal as a substrate. The exact 

significance of this will remain uncertain until the role of CRBP in retinoid metabolism is 
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clarified. However, the fact that AlDH 1 has now been shown to utilise 9-cis retinal, and 

all-trans retinal, in both free and bound forms, clearly indicates that regardless of the 

physiological function of CRBP, this enzyme is highly likely to play a major role in 

human and sheep retinoic acid biosynthesis. 

A comparison of the Km values for free and bound all-trans retinal reveals that both 

hAlDH and sAlDH have a higher Km for the bound substrate relative to the free. Even 

though the Km for bound substrate is higher than for free, hAlDH has a similar Km for 

CRBP-bound retinal compared to other retinal dehydrogenases for which values have 

been reported, and sAlDH has a Km 4-7 fold higher. The Km for free retinal for both 

enzymes is 5-200 fold lower than that of other identified retinal-oxidising enzymes ( see 

Table 1 .2) . The difference in Km for bound retinal which was observed between the 

sheep and human enzymes may arise for a number of reasons. The most obvious reason 

lies with the species from which the CRBP was obtained. The CRBP used is human, 

which may mean that the human AlDH 1 enzyme has a more specific recognition of 

target residues or structural units in CRBP that are important in ligand release. The 

observed differences may simply be species derived, reflecting the differing retinoid 

requirements for humans and sheep. 

The use of CRBP-retinal as a substrate also influences the V max of the reaction. As 

previously stated (sections 1 .3 . 1 .3 and 1 .3 . 1 . 5), the CRBP ligand (retinal or retinol) is  

bound in an orientation such that the aldehyde or alcohol functional group lies in the 

centre of the structure (see Figure 1 . 5) .  In addition, it is not obvious from examining the 

structure how the ligand enters and leaves the binding site. The two portals by which 

ligands can enter the binding protein which are usually found in a �-barrel such as CRBP, 

are blocked in both the apo- and holo-CRBP structures. One entrance is blocked by the 

N-terminus of the polypeptide chain, and the other is blocked by the helix-turn-helix 

motif joining two �-strands. Regardless of the mechanism of ligand entry and transfer to 

metabolic enzymes, the retinoid must be rotated approximately 1 800 in order for the 

functional group to enter the active site of the enzyme. The overall process of ligand 

release and subsequent metabolism may then occur as follows: the first step is 

recognition of CRBP by an enzyme which induces or initiates some conformational 

change in CRBP. This in turn leads to ligand release. Once released, the ligand may be 

either directly transferred to the enzyme via a complex formed between holo-CRBP and 

the enzyme, or released into the cytosol where it may be immediately bound by the 
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enzyme which is already in close proximity. If direct transfer is the correct model, the 

ligand will need to rotate before binding in the active site of the enzyme. 

Whichever of these mechanisms is correct, it is obvious that the rate of reaction will be 

slower for CRBP-retinal than for free retinal. This i s  reflected in these experiments. The 

V max values are 2-3 fold higher for free retinal compared to those for CRBP-retinal (see 

Table 4 .2). It is possible that the lower reaction rates observed with CRBP present are 

an additional method of regulating retinoic acid production. Allowing a lower, constant, 

amount of retinoic acid to be produced over a longer period of time may be  more 

desirable for the cell than producing the same amount of retinoic acid very quickly, 

especially in times where excess vitamin A is available. This would also be dependent on 

the amount of retinal produced by retinol and alcohol dehydrogenases, which is probably 

the rate determining step in retinoic acid production. Again, in times of excess  retinol 

availability, the slow controlled production of retinoic acid by the suggested interaction 

between CRBP and aldehyde dehydrogenase may provide an additional layer of control. 



5. C hapter Five: A Comparison of the Maj or 

Aldehyde Dehydrogenases by Multiple Sequen ce 

Alignment 

5.1 Introduction 

The major focus of this thesis is  the role that AlDH 1 and other retinal-oxidising AIDH 

enzymes play in retinal metabolism in vivo. A variety of factors have led to the proposal 

that, in sheep and humans, the major cytosolic class 1 AlDH plays a primary role in 

retinoid metabolism. In addition, it seems that the situation may be different in rats and 

m1ce. In order to analyse the relationship between aldehyde dehydrogenases from 

different species, a multiple sequence alignment of 32  aldehyde dehydrogenase protein 

sequences from classes 1 ,  2, and 3 was undertaken, including all known retinal-oxidising 

AIDH's.  Information from this sequence alignment may be useful in studying the 

relationship between retinal-oxidising aldehyde dehydrogenase proteins and also in 

determining possible physiological functions. 

5.2 Methods 

Thirty two aldehyde dehydrogenase sequences were identified in the protein databases, 

including sequences representing classes 1 ,  2, and 3, and also a number of recently 

identified AIDH' s not yet assigned to an existing or new class (see Table 5 . 1 ) .  The 

sequences were identified using the database search programs ENTREZ (at The National 

Centre for Biocomputing Information, NCBI) and DELPHOS (University of Leeds, 

University College of London). These programs search source databases such as 

SWISS-PROT, PIR (at Johns Hopkins), GenBank translations, DDBJ (DNA Database 

of Japan at GenomeNet), PRF (Protein Research Foundation of Japan), and the non­

redundant protein sequence database OWL (Bleasby & Wooton, 1 990). Sequence 

information was then entered into the GCG suite of programs for the manipulation of 

biological sequence data (Genetics Computer Group, v 9 .0, Madison, Wisconsin, USA). 

The sequences were aligned using the program 'Pileup' . Pileup creates a multiple 

sequence alignment using a clustering approach based on a simplification of the 

progressive alignment method of Feng and Doolittle (Feng & Doolittle, 1 987). All 

sequences are initially compared to one another and the two most similar sequences used 

to form the first pairwise alignment. Subsequent sequences or clusters of sequences are 



Name 

BA I 
Ho I 

E l  
YC I 

C l  
M l  
R I  
S I  
III 

RALDH- \ 
RalDHl 

RALDH-2 
RalDH2 

132 
1102 

Y M I  

M2 
R2 
lI2 

CRY 
H6 
HX 

YM3 
M 3  
R 3  

H3 
MM 
RM 
H4 
H9 

H7 
1Il 0 

Table 5. 1 :  Identification of Proteins Used in Multiple Sequence Alignment 

Identification Databank Accession Number Number of amino acids 

Bovine Class I from amacrine cells (eye) L3 6 1 28 (GeIlBank) 50 1 
Horse Class I P 1 5437 (SwissProt) 500 
E. Coli Class I P23 8 8 3  (SwissProt) 494 

Yeast Class I (SCerivisiae) 11 56604 
-

(GenBank) 5 0 1  
Chicken Class I P27463 (SwissProt) 509 
Mouse Class 1 P24549 (SwissProt) 500 

Rat Class 1 P 1 360 I (SwissProt) 500 
Sheep l i ver Class 1 P5 1 977 (SwissProt) 500 

Human l iver Class I P00352 (SwissProt) 500 
Rat kidney retinal-specific Class \ ,  type I P5 1 647 (SwissProt) 5 0 1  

R a t  l iver retinal-specific Class I ,  type 1 U79 1 1 8  (GenBank) S D I  
Mouse retinal-specific type 2 X99273 (GenBank) 4 9 9  

R a t  retinal··specific type 2 1160063 (GenBank) 499 
Bovine l iver Class 2 P20000 (SwissProt) 520 

Horse Class 2 P 1 2762 (SwissProt) 500 
Yeast Class 2 (S.Cerivisiae) U56605 (GenBank) 5 1 9  

Mouse Class 2 P47738 (SwissProt) 5 1 9  
Rat l iver C lass 2 P l 1 884 (SwissProt) 5 1 9  
Human C lass 2 P0509 1 (SwissProt) 5 1 7  

Short eared elephant shrew crystallin (eye) 1103906 (GenBank) 50 1 
Human saliva precursor A55684(PIR) 5 1 2  

Human stomach M63967 (GenBank) 453 
Yeast mitochondrial 3 precursor P40047 (SwissProt) 5 1 9  

Mouse C lass 3 (dioxin inducible) P47739 (SwissProt) 4 5 3  
Rat Class 3 6'umour-associated) P 1 1 883 (SwissProt) 452 

Human Class 3 P30838 (SwissProt) 453 
Mouse l iver microsomal (dioxin inducible) U l 4390 iOenBank) 484 

Rat l iver microsomal A4 1 028 (i'lR.) 484 
Human 4-aminobutymldehyde oxidising P49 1 89 (SwissProt) 462 
Human y-aminobutyraldehyde oxidising P4 9 1 8 9  (SwissProt) 493 

Human stomach AIDE7 P4 3 3 5 3  (SwissProt) 468 
Human l iver fatly aldehyde dehydrogenase U46689 (GenBank) 485 

Table 5. 1 (Continued): References 

Reference (See below) 

I 
2 
3 
4 

5 
6 
7 
8 
9 

1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  

1 7  
1 8  
1 9  
20 

2 1  

22 
2 3  
24 
25 
26 

27 
28 
29 
30 

3 1  

32 

1 Saari et al. , 1 995 ;  2 von Bahr-Lindstrom et al. , 1 984; 3 Hei� & Strehler, 1 99 1 ;  4 Weiner et al. , Direct Submission (cytosolic) 5 Godbout, 1 992; 

6 Rongnoparut & Weaver, 1 99 1 ;  7 Dunn et al. ,  1 989; 8 Stayner & Tweedie, 1 995 ;  9 Hsu et al. , 1 989;  I° B hat et al. , 1 995 ;  I I  Penzes et al. , 1 997; 12 Zhao 

el al. , 1 996; 13 Wang et al. , 1 996; 1 4  Guan & Weiner, 1 990; 15 Johannson et al. , 1 988 ; 1 6  Weiner et al. , Direct Submission (mitochondrial) 17 Chang & 

Yosbida, 1 994; 1 8  Farres et al. ,  1 989; 19 Hsu et al. , 1 988;  20 Graham et al. , 1 996; 21  Hsu et al. , 1 994a; 22 Hsu & Cbang, 1 99 1 ;  23 Dietrich & Davis, 1 994;  
24 Yasiliou et al. , 1 993 ;  25 Jones et al. , 1 988 ;  2 6  Schuuring et al. , 1 992; 2 7  Neber1 et al. , 1 994; 28 Miyauchi et al. , 1 99 1 ;  2 9  Pietruszko, 1 993 ; 30 Lin et al. , 
1 996; 3 1  Hsu et al. ,  1 994b; 32 Chang & Yoshida, 1 997 .  
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then compared to the initial cluster by a simple extension of the pairwise alignment of 

two individual sequences. In this way the alignment is built up, progressively including 

the less similar sequences until all sequences  have been included in the final alignment. 

This pairwise clustering procedure is computationally swift, but does not necessarily 

produce the optimal multiple alignment. The initial alignment needs to be checked 

manually to ensure that it is sensible, both with respect to primary sequence and to 

secondary structure elements if known. The alignment can be viewed and edited using 

the GCG' s multiple sequence alignment editor ' lineup' .  However, manual sequence 

checking is greatly aided by the use of a colour alignment editor such as XALIGN 

Version 1 . 0  (Attwood & Perkins) or CINEMA (Attwood et  al. , 1 997). Different 

colours are assigned to each amino acid type :  acidic residues are red, hydrophobic 

aliphatic residues are grey, aromatic residues are mauve, glycine and proline are orange, 

cysteine is yellow, basic residues are blue and polar residues are green. The colour 

coding indicates residues of a similar chemical or structural nature, and greatly aids 

manual assessing of computer-generated sequence alignments, especially when dealing 

with large numbers of sequences. The sequence alignment was first manually edited with 

respect to primary sequence data. 

A useful verification of the correctness of a mUltiple alignment made on a sequence basis 

only, is to compare the alignment to a known structure if one is available. The crystal 

structure of sheep liver AlDH 1 has recently been solved to 2 . 3 A resolution (S .  Moore, 

manuscript in preparation). Using this structure, the secondary structure elements 

(a-helices, �-sheets, turns etc. )  were identified, and the primary sequence relating to 

each region of secondary structure was determined (Table 5 .2). The initial sequence 

alignment was then checked against the regions of secondary structure, to ensure that no 

gaps had been inserted within these elements. Careful examination of the structure 

showed that the sequence alignment conformed with the structural elements, and no 

corrections to the alignment with regards to structural elements were necessary. The 

resulting sequence alignment is displayed in Figure 5 . 1 .  

Pileup creates a pictorial representation of the clustering relationships used in creating 

the sequence alignment called a dendrogram (Figure 5 .2). The clustering strategy used 

to construct the dendrogram is called UPGMA - unweighted pair-group method using 

arithmetic averages (Sneath & Sokal, 1 973). Distances along the vertical axis of the 

dendrogram are proportional to differences between sequences, while the horizontal 

distances are arbitrary. It must be stressed that the dendrogram i s  not a phylogenetic 
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Figure 5. 1 :  Multiple Sequence Alignment of 32 Aldehyde 
Dehydrogenase Sequences (Pages 1 15- 120) 

The alignment was created using Pileup and XALIGN as stated in section 5 .2 .  All amino 

acid numbering relates to sheep AlDH 1 (S 1 ) .  The sequence is labelled every 50 

residues (normal text) to enable particular residues or sequences to  be identified. In 

addition, residues referred to in the text are labelled (bold text). 

Residue Type : 

red . . . . . . . . . . . . . . . . . . . . . . . . . . . .  acidic 

blue . . . . . . . . . . . . . . . . . . . . . . . . . . .  basic 

grey . . . . . . . . . . . . . . . . . . . . . . . . . . .  hydrophobic aliphatic 

green . . . . . . . . . . . . . . . . . . . . . . . . .  polar 

mauve . . . . . . . . . . . . . . . . . . . . . . . .  aromatic 

orange . . . . . . . . . . . . . . . . . . . . . . .  glycine and proline 

yellow . . . . . . . . . . . . . . . . . . . . . . . .  cysteine 

Residue Location: 

page 1 1 6 . . . . . . . . . .  residues 1 - 1 1 5  

page 1 1 7 . . . . . . . . . .  residues 1 1 6-254 

page 1 1 8 . . . . . . . . . .  residues 255-386 

page 1 1 9 . . . . . . . . . .  residues 3 87-500 

page 1 20 . . . . . . . . .  C-terrninus of MM, 

RM, H7, H I O  
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Table 5.2a: Secondarv Structure Elements of Sheep AIDH 1 
(N-terminal cofactor-binding domain) 

Amino acids Structural Element Comments 

F23 - H2 9  !)-hai!Qin 
P38 - P42 l3-hairpin Followed by turn 
E46 -E52 l3-hairpin Preceded by turn 

K56 - A69 a-helix 
S82 - R97 a-helix 

R99 - N 109 a-helix 
F 1 l 4  - A l 3 3  a-helix 
R142 - Tl43 l3-strand First l3-strand in maior�-sheet 
F 1 50 - E I 57 .13-strand �-strand in m�or �-sheet 
V 1 6 1  - I 1 65 l3-strand �-strand in �or �-sheet 
L l n  - S 184 (i-helix Kinked (P), but still 1 continuous helix 
T l88 - K I 92 l3-strand l3-strand in major �-sheet 
L l 99 - E2 1 0  (i-helix 
V2 1 8  - V22 1 l3-strand �-strand in m�or �-sheet 
A228 - S233 (i-helix 
K240 - T244 l3-strand l3-strand in major �-sheet 
T247 - K259 (i-helix 
R264 - E268 .�-strand �-strand in �or i.-sheet 

Table 5.2b: Secondary Structure Elements of Sheep AIDH 1 
fe-terminal catalytic domain) 

Amino Acids Structural Element Comments 

C275 - V277 l3-strand Followed by 2 3 - 1 0  turns as surface 
loops which reverse around, and then 

followed by a-helix L283 
L283 - V294 (i-helix 
F295 - Q300 (i-helix Followed by 3-10  helix 
R307 - E3 1 1  f)-strand 
Y3 1 5  - R32 5  (i-helix 
K347 - K362 (i-helix 
K366 - L367 l3-strand Small l3-strand on a surface protrusion, 

followed by hairpin which makes no H-
bonds. 

T384 - S387 j3-strand 
R3 94 - K3 97 (i-helix 
V404 - F4 1 0  l3-strand 
L4 1 3  - N42 1  (i-helix 
S428 - F432 l3-strand 
143 6  - A445 (i-helix 
T450 - V453 l3-strand 
E487 - K494 l3-strand 
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tree, and can not be used to infer evolutionary information; it IS simply a pictorial 

representation of the relationship between primary sequences. 

5.3 Results 

All amino acid numbering referred to in the text relates to the numbering of sheep 

AlDHI  (S I ) .  The information contained in the multip le  sequence alignment is best 

understood by studying the dendrogram (Figure 5 .2) .  The overall sequence alignment 

appears consistent with existing classification based on functional data, with the three 

different classes clustering together, and the class 1 and 2 enzymes being more similar to 

each other than to the class 3 enzymes. 

Of particular interest to this thesis are the enzymes with retinal-oxidising ability. It can 

be seen that RalDHl and RALDH-l are identical except for residues 99 (arginine in 

RalDHl ,  cysteine in RALDH-l )  and 1 69 (glutamate in RalDHl ,  asparagine in  

RALDH- 1 ) .  However, asparagine 1 69 i s  absolutely conserved across all other 3 1  

sequences, suggesting that a sequencing error may have occurred in RalDHl .  At 

position 99, all mammalian class 1 and 2 enzymes have an arginine , and this residue is  

likely to be the first in  the third a.-helix of the N-terminal domain. It is feasible that 

cysteine 99 in RALDH- I is also an error of sequencing (an arginine to cysteine change is 

brought about by a single cytosine to guanine substitution at the nucleotide level) .  These 

two enzymes were both isolated from the rat, RalDHl found primarily in liver and 

RALDH- l in the kidney. However, despite the fact there are minute sequence 

differences, and likely to be little if any structural differences, different properties have 

been reported for these enzymes (see Table 1 .2), most notably the reported Km for 

all-trans retinal. For RalDHl ,  the authors reported a Km of 0 .76 ± 0 . 3 5  J..lM, and an 

allosteric kinetic mechanism, while for RALDH- l the authors report a Km of 8- 1 0  J..lM 

and Michaelis-Menten kinetics. From the sequence and structural information, it seems 

likely that the same protein has been isolated from 2 different rat tissues. However, the 

different properties reported for these two proteins may lead us to question the 

methodology used to arrive at those conclusions. The type 1 RALDH enzymes show the 

closest similarity to the rat and mouse class 1 AlDH enzymes, and the next cluster these 

enzymes form is with bovine, ovine, equine and human AlDH's, indicating that these 8 

enzymes are very similar. In addition the kinetic mechanisms reported for S I ,  HI , 

RALDH-2 and RalDH2 all show Michaelis-Menten dependence .  
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The next two enzymes to cluster with this group of 8 enzymes is the chicken class 1 

enzyme (C l )  followed by the short-eared elephant shrew crystallin (CRY). The other 

retinal-specific enzymes - RALDH-2 and RalDH2 join this group next, indicating that 

they are significantly different from the identified mammalian AlDH 1 enzymes and that 

they may play a different role. In fact, RALDH-2 does not accept acetaldehyde, citral, 

prop anal and benzaldehyde as substrates, and has been found to be mainly expressed in 

the testis, with only low levels found in the liver, lung, brain, heart and kidney. The two 

proteins RALDH-2 (mouse) and RalDH2 (rat) are identical to each other with the 

exception of residue 3 53 ,  which in RalDH2 i s  isoleucine and in RALDH-2 is a valine. 

This substitution is conserved, and it seems that these two proteins are also identical 

proteins isolated from different species. 

Other information which can be drawn from the sequence alignment concerns newly 

cloned AIDH genes - AIDH6 (H6), AlDH7 (H7), AlDH9 (H9), AlDHI O  (HI O), and 

AlDHX (HX). AIDH8 (H8) has also been cloned (Hsu et  al. , 1 995), however this 

cDNA encodes only 385  amino acids which was considered to be only a partial transcript 

and so left out of the alignment . The dendrogram shows that H7 and H I O  (,fatty 

aldehyde dehydrogenase') cluster with the class 3 enzymes, with H l O  being similar to the 

microsomal class 3 enzymes, and H9 an outlier within the class 1 and 2 cluster, but more 

similar to the class 1 and 2 enzymes than to the class 3 enzymes. HX (human stomach) 

clusters with the class 2 enzymes, and H6 (human saliva) clusters most closely with the 

class 1 enzymes. H9 (human y-aminobutyraldehyde-oxidising) is less similar to the 

mammalian class 1 enzymes than the yeast and E.coli class 1 aldehyde dehydrogenases, 

but more similar to the class 1 and 2 enzymes than to the class 3 enzymes. 

The running averages of the similarity among the sequences of a mUltiple sequence 

alignment can be plotted using a GCG program called Plotsimilarity (Figure 5 . 3 ). This 

program calculates the average similarity among all members of a group of aligned 

sequences at each position in the alignment using a user-specified sliding window of 

comparison. The average similarity across the entire alignment is plotted as a dotted 

line. From the plot we can see that the regions of highest similarity are between re si dues 

1 55 - 3 1 5 ,  and 395  - 4 1 5, and 475 - 495 .  Although these regions contain many 

conserved residues important for either structure or function (e.g .  Cys 302, Glu 487, GIu 

268), it must be noted that there are other regions of high similarity. For example, there 

are some highly conserved motifs in the N-terminal region of the mammalian class 1 and 

2 enzymes (e.g. hydrophobic - Phe - Ile - Asn - Asn - GIu - Trp, from residues 22-28), 
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Figure 5.3 :  PlotSimilarity Output of Aldehyde Dehydrogenase 
Sequence Alignment 

The dotted line represents the average similarity across the entire alignment. The peaks above the 
dotted line indicate regions of higher than average similarity, and those below the dotted line lower than 

average similarity 
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but due to the fact that the class 3 and some of the newly identified enzymes do not start 

until sheep residue 80- 100, this region does not score highly in Plotsimilarity. However, 

this kind of analysis is useful for identifying regions of high sequence conservation which 

may have functional significance. 

5.3. 1 Substrate Specificities of Class 1 and Class 2 AIDH 

The recent solving of the crystal structures of a class 1 AlDH (S .  Moore et ai, 

manuscript in progress), and a class 2 AlDH (Steinmetz et al., 1 997), can be  used in 

addition with the above multiple sequence alignment, to explain the differing 

substrate specificities of these two classes of enzymes. In particular, the reasons for the 

inability of AlDH 2 enzymes to accept retinal as a substrate, while the AlDH 1 enzymes 

can oxidise retinal may be addressed .  The tertiary structures of  the two enzymes - in 

particular the substrate binding pockets - are very similar. However, there are two 

amino acid substitutions between the classes which may explain the differences in 

substrate specificities. Residues which form the binding pocket (sheep AlDH 1 

numbering) are : Met 1 20, Phe 1 70, Leu 1 73 ,  Met 1 74, Trp 1 77, Tyr 296, ne 3 03,  Val 

459, and Phe 465 .  All of these residues except two (ne 3 03 and Va1 459) are highly 

conserved between class 1 and class 2 enzymes. However, position 459 in the class 1 

enzymes (except E. coii, yeast and chicken enzymes) is always a small hydrophobic 

residue, e .g .  valine in the sheep, while in the class 2 enzymes the equivalent amino acid is 

a phenylalanine. Position 303 in the class 1 enzymes is always a small hydrophobic 

residue, while in the class 2 enzymes it is generally a cysteine (except the horse class 2 

(H02), where it is Gly) . The introduction of a larger side chain (Phe) and/or a difference 

in charge in the binding pocket (with the substitution of a Cys for a small hydrophobic 

residue) may change the ability of the enzyme to make interactions with substrates and 

hence, may alter the ability of apparently similar enzymes to bind the large hydrophobic 

substrate retinal. 

5.4 Conclusions 

The multiple sequence alignment clarifies relationships between a large number of 

aldehyde dehydrogenases, of particular interest those with the ability to oxidise retinal. 

The four retinal-specific aldehyde dehydrogenases (RALDHs) recently isolated from rat 

and mouse tissues (Bhat et al. , 1 995;  Penzes et al. , 1 997; Wang et al. , 1 996; Zhao et al., 

1 996) have been proposed to play a major role in retinal metabolism. However, due to 

the lack heretofore of comparison between these and other aldehyde dehydrogenases 
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with the ability to oxidise retinal, it has been difficult to determine the relative role played 

by each protein in retinoic acid production. The sequence alignment has shown that the 

four cloned RALDH genes (RalDHl ,  RALDH- l ,  RalDH2 and RALDH-2), in all 

likelihood encode only two distinct proteins. The type 1 RALDHs show high similarity 

with class 1 aldehyde dehydrogenases, some of which have been demonstrated to oxidise 

retinal ( S I ,  H I ,  Ml), and would be classified as class 1 enzymes on this basis. The type 

2 RALDHs clustered most closely with the class 1 enzymes; however, they show 

significant sequence differences and may not be true class 1 enzymes. It has also been 

shown that type 2 RALDH enzymes do not oxidise some aldehyde substrates such as 

acetaldehyde, propanaldehyde and benzaldehyde (Wang et al. , 1 99 6), and hence may be 

more retinal-specific enzymes than S I ,  HI ,  MI and RALDH type I enzymes, and may 

have a different role. 

In addition, the basis for the differing substrate specificities of the class 1 and 2 enzymes 

with respect to retinal has been proposed, based on the conservation of residues found in 

the substrate binding pocket. The elucidation of the crystal structure of sheep AlDH 1 

(S .  Moore, Massey University), and the recent publication of the structure of bovine 

AlDH 2 (Steinmetz et al. ,  1 997), identified residues important in substrate binding and 

forming the binding pocket (see section 5 . 3 . 1 ) .  On the basis of a comparison of the class 

1 and 2 structures and multiple sequence alignment, we have proposed that two residues 

located in the substrate binding pocket are responsible for the ability of only class 1 

aldehyde dehydrogenases to bind and oxidise retinal; IIe 303 and Val 459 (usually Cys 

303 and Phe 459  in the class 2 enzymes). Further crystallographic modelling studies 

currently being carried out may clarify this important difference in substrate specificity 

(S .  Moore, manuscript in progress). With the large number of isolated and sequenced 

mammalian AlDHs, an alignment such as this one is invaluable when looking at sequence 

and structural motifs, conserved residues, substrate specificities, relationships between 

enzymes, and in the classification of new AlDHs. 



6. Chapter Six: In Vivo Studies o n  Retinal 

Dehydrogenation 

6.1 Introduction and Aims 

A human neuroblastoma cell line, SH-SYSY (Biedler et aI., 1 973), was used to attempt 

to study the in vivo production of retinoic acid from retinal. This cell line was chosen 

because it had previously been demonstrated to be responsive to retinoic acid (Pahlman 

et aI. , 1 984) and because of its availability. The SH-SYSY cell line is a neuroblast- or 

N-type cell line derived from SK-N-SH cells. Culturing SH-SYSY cells in the presence 

of all-trans retinoic acid induces morphological conversion of the cells into a neuronal­

like phenotype, with the extension of cell processes known as neurites. B ecause of the 

responsiveness of this cell line to retinoic acid, it was thought likely that enzymes 

involved in retinoic acid synthesis would be present. The main aim of this work was to 

develop a system using SH-SYSY cells, whereby the effects of  ethanol and acetaldehyde 

on the conversion of retinal to retinoic acid could be examined. This work could have 

potential importance with regards to the mechanisms by which fetal alcohol syndrome 

arises (see section 1 . 5) .  

6.2 Results 

6.2. 1 Initial Characterisation of SH-SY5Y Cells 

The primary aim of the initial work was to establish whether or not AlDH 1 was 

expressed in the cell line. SH-SY5Y cells were cultured as described in section 2 .2 . 1 6 . 

After harvesting the cells, they were lysed and the cytosolic contents separated using 

SDS-PAGE as described in section 2 .2 . 8 .  The proteins were electroblotted onto 

nitrocellulose membrane, and tested for the presence of AlDH 1 using antibodies raised 

to sheep AlDH 1 as described in section 2. 1 S . Pure sheep AlDH protein was used as a 

positive control, and rat phaeocytochroma cells (PC l2 cells, previously shown not to 

express AlDH 1 in preliminary experiments) treated in the same manner were used as a 

negative control. Results showed that AlDH 1 was expressed in this cell line (Figure 

6 . 1 ) .  
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Figure 6. 1 :  Western Blot of SH-SY5Y Cells 

SH-SY-5Y cells were harvested, cracked and run on a 1 5% SDS gel as described in  
Material s and Methods.  Proteins were electroblotted onto nitrocell ulose and probed 
using anti-rabbit sheep AlDH 1 antibodies. The b lot was visual i sed using the ECL 

detection kit as described in Material s  and Methods 

GEL 1 ( 1 1 1 0 000 Ab dilution) GEL 2 ( 1 /5000 Ab dilution) 

Lane 1 :  SH-SY5Y cel ls  Lane 1 :  SH-SY5Y cel l s  
Lane 2 :  SH-SY5Y cel l s  (+ retinoic acid 1 �M) 
Lane 3 :  Pure Recombinant Lane 2 :  Pure Sheep AlDH 1 

Human AlDH 1 Lane 3 :  Pure Recombinant 
Lane 4 :  Pure Sheep AlDH 1 Human AlDH1 
Lane 5 :  PC 1 2  cel l s  Lane 4 :  SH-SY5Y cel l s  

Lane 5 :  SH-SY5Y cel l s  
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6.2.2 Effects of Retinal and Retinoic Acid on Cell Morphology 

6.2.2.1 Introduction and Aims 

The next step after showing that AlDH 1 was present in SH-SY5Y cells, was to attempt 

to study the conversion of retinal to retinoic acid in the cells .  The effect of retinoic acid 

on many cell types including SH-SY5Y is well documented (Haussler et al., 1 983  and 

refs .  therein) . Additions of nano- or micro-molar quantities of retinoic acid induces the 

cells to differentiate into a neuronal phenotype. Upon acquiring these characteristics, the 

cells extend elongated processes which typically give the cell a bipolar appearance, 

whereas undifferentiated cells have numerous shorter appendages. A typical method by 

which to determine if a cell has differentiated or not is to measure the length of the major 

process( s), and compare this to the length of the cell body. If the process was 11/2-2 

times the length of the cell body, then the cell was defined as differentiated. 

In order to look at the production of retinoic acid from retinal, it was decided to see if 

any morphological changes similar to those seen upon the addition of retinoic acid were 

seen upon addition of retinal only. S imilar changes would indicate that conversion of the 

added retinal to retinoic acid was occurring. There is no documented evidence that 

retinal has any effect on cell morphology on its own, so any changes that are seen are 

likely to be due to the production of retinoic acid. 

6.2.2.2 Methods 

Confluent cells were passed and divided equally onto four 1 0  cm diameter tissue culture 

plates. These plates contained 5 sterile glass microscope cover slips. The cells were 

then allowed to attach and grow as usual. After 48  hours, the media was changed and 

the effectors were added (Figure 6.2) .  Initially all-trans retinal and all-trans retinoic acid 

were tested, with two controls. One control was cells only with no additions, and the 

other consisted of cells to which just the solvent used to dissolve the retinoids was 

added. The solvent used was dimethylformamide. This was chosen over the typical 

solvent used in these studies, ethanol, because of the subsequent work we wished to 

pursue. Ultimately, the effect of ethanol and acetaldehyde on the production of retinoic 

acid was going to be studied, so it was decided not to use ethanol in order to simplify 

later experiments .  The total amount of solvent added to the culture medium did not 

exceed 0 . 5% (v/v) . 
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Just prior to the addition of effectors, one cover slip was removed from each plate, as a 

zero time point. The plates were then incubated as stated in section 2 .2 . 1 6. One cover 

slip was removed every 24 hours for three subsequent time points for analysis .  At 48 

hours post-treatment, media was removed, the plate was gently washed with 5 ml media, 

and replaced with fresh media. Effectors were added as described earlier. 

Cells were viewed using a Zeiss Axioskop microscope. To study the overall morphology 

of the cell, they were viewed by high magnification differential interference (DIe or 

Nomarsky) microscopy. The coverslip with cells attached was placed upside gown on a 

sterile microscope slide on a drop of glycerol. To count the nuclei, cells were stained 

with Hoechst 3 33 42 dye as described (section 2.2. 1 6 . 3 )  and viewed by fluorescence 

microscopy. The number of cells in a particular view was determined by counting 

fluorescently stained nuclei. Differentiation was assessed by cell morphology, and the 

percentage of differentiated cells was calculated. 

1 

No Additions 5 �l DMF 

2 

1 0  ml RPM1 640 media 

2 mM retinal 
in DMF (5 Ill) 

2 mM retinoic acid 
in DMF (5 �l) 

Sterile  glass 
coverslip 

Figure 6.2 : Outline of  Treatment of SH-SY5Y Cells With Retinoids 
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6.2.2.3 Results and Discussion 

Results of adding effectors are shown in Table 6 . 1 and Figures 6 . 3-6 .7 .  Differences 

between control and test plates were able to be seen by viewing changes in cell 

morphology by microscopy as described. Cells which had been treated with retinal or 

retinoic acid showed characteristics typical of differentiated cells .  A large proportion (up 

to 1/3) of these cells were typically bipolar, with processes longer than 1 Yz-2 times the 

length of the cell body (Figures 6 . 5  and 6 . 6) .  Compared to these cells, cells in the 

control plates with either no additions or the addition of vehicle only, were dumpier, 

rounder cells with numerous short processes (Figures 6 . 3  and 6 .4) .  These observations 

were quantified by counting a random selection of cells from each plate at each time 

point, and calculating the number of differentiated cells. To ensure unbiased selection of 

fields, the slide was moved into random positions before counting. A large sample size 

of 200-300 cells were counted and assessed for differentiation characteristics in an effort 

of represent accurately the overall situation of the cells in each plate. Results are 

summarised in Table 6 . 1 .  

From this data it can be seen that the addition of all-trans retinal and all-trans retinoic 

acid at a final concentration of 1 !J.M increases the proportion of differentiated cells 

compared to both control plates where no retinoid has been added. The proportion of 

differentiated cells is higher for retinoic acid treated plates compared to retinaL As 

previously stated, there is no documented evidence that retinal itself has any effect on 

cell morphology. We hypothesise that any changes seen upon addition of retinal are due 

to its conversion in to a compound such as retinoic acid that has a well defined effect on 

SH-SY5Y cells . We also know that at least one enzyme capable of oxidising retinal to 

retinoic acid is present in this cell line - AlDH 1 .  Alternatively, retinal may also be 

converted into retinol and stored, which would mitigate the retinoic acid signal. A time 

delay effect is also possible where the time taken for the conversion of retinal to retinoic 

acid delays the manifestation of the morphological changes seen, though the time periods 

used here may be too large for this to be a factor. These results suggest that retinal is 

being converted to retinoic acid in this cell line. If so, SH-SY5Y cells are suitable for 

studying the effects of ethanol and acetaldehyde on this reaction. 

Preliminary analysis of the effects of ethanol, acetaldehyde and disulfiram on the 

production of retinoic acid in SH-SY5Y cells was also examined. . These effectors were 

added to the plates using a similar experimental paradigm (Figure 6 .9) .  
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Figure 6.3 : SH-SY5Y Cells from Control Plate 

Representative views of typical cel ls  using Nomarski microscopy. Magnification 
is 400X (photo A) and 630X (photo B) using an oil immersion lens. Note the 

clumped nature of the cel ls, with multiple processes. 
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Fieure 6.4 : SH-SY5Y Cells from Control + DMF Plate 

Representative views of typical cells  using Nomarski microscopy. Magnification 
is 400X (photo A) and 630X (photo B) using an oil immersion lens. Again note the 

clumped nature of the cells, with multiple processes. 
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Figure 6.5 :  SH-SY5Y Cells from A ll-trans Retinal T reated Plate 

Representative views of typical cells using Nomarski microscopy. Magnification 
is  400X (photo A) and 630X (photo B) using an oil  i mmersion lens. Note the 

bipolar nature of the cel ls, with few extended processes. The cells are 
l ess clumped compared to control plates. 
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Figure 6.6 :  SH-SY5Y Cells from All-trans Retinoic Acid Treated Plate 

Representative views of typical cells using Nomarski microscopy. Magnification 
is 400X (photo A) and 630X (photo B) using an oil  i mmersion lens. Note the 

bipolar nature of the cel ls, withfew extended processes. The cells  are 
l ess clumped compared to control plates. 
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Figu re 6.7: Fluorescence Microscopy of SH-SY5Y Cells 

Representative views of cell nuclei stained with Hoecsht 3 3 342 as described 
(section 2. 2. 1 6.2), and visual ised by fluorescence microscopy. Magnifi cation is 

400X (photo A) using an oi l immersion lens and 200X (photo B). 
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Table 6. 1 :  Quantification of SH-SY5Y Cell Morphology 

Plate Time Point Total Cells Number % Differentiated 
Counted Differentiated 

1 (Control - no 
additives) o hours 243 0 0 

1 24 hours 3 1 1  1 0 .3  % 
1 48 hours 3 12 7 2.2 % 

2 (Control - 0 . 5  % 
(v/v) Dl\1F added) o hours 278 2 0 .7 % 

2 24 hours 296 8 2 . 7 % 
2 48 hours 27 1 1 2  4.4 % 

3 ( 1  J.1M an-trans 
retinal) o hours 299 3 1 .0 % 

3 24 hours 258 56 2 1 . 7 % 
3 48 hours 278 49 1 7 . 6  % 

4 ( 1  J.1M all-trans 
retinoic acid) o hours 250 2 0 . 8 % 

4 24 hours 3 0 1  1 00 3 3 .2 % 
4 48  hours 3 09 99  32 % 

Results are from a single experiment, representative of 5 individual experiments. The 

averages of the 5 experiments, along with the standard deviation are seen in Figure 6 .8 .  

Disulfiram is an immediate effective inhibitor of  cytosolic ( class 1)  aldehyde 

dehydrogenase. If AlDH 1 is the primary enzyme involved in retinal metabolism as we 

have suggested (section 1 .2 .2, Chapters 3 and 4), then it is likely that addition of 

disulfiram in vivo would inhibit production of retinoic acid, and the morphological 

changes would not be seen. Results of these additions are shown in Table 6 .2 .  

These preliminary experiments suggest that retinal is being oxidised to retinoic acid by 

SH-SY5Y cells .  Results also suggest that retinol is being converted to retinoic acid. 

This is perhaps expected - it would be unlikely for components of the second half of a 

metabolic pathway to be present without those from the first half. However, the reaction 

of interest is the reaction catalysed by aldehyde dehydrogenase. It can also be seen that 
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Figure 6.8: Quantification of SH-SY5Y Cell MorpboloeY 

Control DMF 

Effector 

Retinal Retinoic 
acid 

. 0 Hours 

. 24 Hours 

0 48 Hours 

Note: Results shown in Figure 6 . 8  are the average of 5 experiments as detailed in Table 

6. 1 .  Abbreviation: DMF = dimethylformamide. 
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5 f-LI DMF 

2 

I f-LM all-trans retinal 
+50 f-LM ethanol 

� 

I f.LM all-trans retinal 

3 

1 f.LM all-trans retinal 
+ l a  f-LM disulfiram 

� 

Sterile glass 
coverslip 

Figure 6.9: Outline of Treatment of SH-SYSY Cells With Retinoids 
and Additional Effectors 

Cells were plated onto 1 0  cm (diameter) plates containing l a  ml RPM 1 640 media and sterile glass 
coverslips, and left to adhere and grow for 24 hours. The zero time point was taken after 24 hours 

growth, before the addition of effectors. Effectors were added as described .  
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Table 6.2: Quantification of SH-SY5Y Cell Morphology with Added 
Effectors 

Plate Time Point Total Cells Number % Differentiated 
Counted Differentiated 

1 Cl IlM all-trans 
retinal) o hours 299 3 1 .0 % 

1 24 hours 258 56 2 1 . 7 % 
1 48 hours 278 49 1 7 . 6  % 

2 ( 1  IlM all-trans 
retinol) o hours 287 2 0 .7 % 

2 24 hours 247 5 1  20. 7 % 
2 48  hours 260 70 26 .9 % 

3 ( 1  IlM 9-cis 
retinal) o hours 277 3 l . 1  % 

3 24 hours 3 12 88  28 .21  % 
3 4 8  hours 225 40 1 7 . 8  % 

4 ( 1  IlM all-trans 
retinal + 5 0  IlM 

acetaldehyde o hours 250 0 0 %  

4* 24 hours 0 0 0 
4* 48  hours 0 0 0 

5 ( 1  IlM all-trans 
retinal + 5 0  IlM 

ethanol) o hours 282 3 1 . 1  % 

5 24 hours 239 62 25 .9 % 
5 48 hours 3 00 93 3 1  % 

6 ( 1  IlM alI-trans 
retinal + 1 0  IlM 

Disulfiram) o hours 302 2 0 .7 % 

6 24 hours 253 6 2.4 % 
6 48 hours 260 3 1  1 1 .9 % 

*The addition of acetaldehyde rendered the cells no longer viable. 

Results are from a single experiment, representative of 2 independent experiments. The 

averages of the 2 experiments, along with the range of values are seen in Figure 6 . 1 O. 

9-cis retinal is  probably being converted to 9-cis retinoic acid, which also has been 

shown to have an effect on the differentiation of these cells (Han et al. , 1 995;  Kizaki 

et al. ,  1 993 ; Lovat e t  al., 1 994; Redfem et  al. , 1 995) .  This is also not surprising. The 

work in this chapter has shown that AlDH 1 is expressed in this cell line, and it was 
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Figure 6.10 :  Quantification of SH-SY5Y Cell Morphology 
with Added Effectors 

Control DMF AT- AT- 9C-
Retinol Retinal Retinal 

Eff��t2r� 

AT-
Retinal 

+ 
ET OH 

AT-
Retinal 

+ 
DSFM 

. 0 Hours 

. 24 Hours 

0 48 Hours 

ote : Results shown in Figure 6 . 1 0  are the average of 2 experiments as detailed in 

Tables 6 . 1 and 6 .2 .  Abbreviations: AT = all-trans, 9C = 9-cis, ETOH = ethanol, DSFM 

= disulfiram, DW' = dimethylformamide. 
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previously shown that AlDH 1 is capable of converting 9-cis retinal to 9-cis retinoic acid 

(Chapter 3) .  

The addition of ethanol, acetaldehyde and disulfiram to plates containing all-trans retinal 

showed interesting results (Table 6 .2) .  The addition of ethanol increased the percentage 

of differentiated cells slightly at 24 hours and by nearly l . 5-fold at 48 hours. The 

addition of acetaldehyde proved to be detrimental to the cells, and no quantification 

could be done. The addition of disulfiram greatly decreased the percentage of 

differentiated cells at 24 hours and 48 hours, although the difference between all-trans 

retinal treated cells and retinal + disulfiram treated cells was less at 48 hours. These very 

preliminary experiments seem to indicate that retinal is  being oxidised to retinoic acid by 

AlDH 1 in SH-SY5Y cells. The addition of ethanol, acetaldehyde and disulfiram would 

provide preliminary information concerning the overall aim of this chapter, i .e . ,  the effect 

that these compounds have on retinoic acid production. One theory as to how fetal 

alcohol syndrome may arise (see section 1 . 5), is a competitive inhibition of alcohol 

dehydrogenase catalysed retinal production by ethanol (Deltour et at., 1 996; Duester, 

1 99 1 ;  Duester, 1 994). Ethanol is metabolised via a pathway analagous to retinol 

metabolism. Though it is an unresolved issue as to which enzymes capable of retinol 

oxidation in vitro actually catalyse the reaction in vivo, it is possible that a competitive 

inhibition may arise in some circumstances especially situations which give rise to fetal 

alcohol syndrome. For example in alcohol binge drinking, the concentration of blood 

alcohol may greatly exceed that which the primary alcohol oxidising enzymes can cope 

with. In such a case, enzymes which are normally involved in retinoid metabolism may 

be forced to oxidise the large excess of circulating ethanol. At certain times in fetal 

development when the controlled production of precise amounts of retinoic acid at 

specific loci is critical for correct fetal formation, if the enzymes are involved in oxidising 

large amounts of ethanol, the required retinoic acid may not be available. 

It is also conceivable that the same scenario may exist for the aldehyde dehydrogenases. 

If large amounts of alcohol are ingested, high acetaldehyde levels may mean the 

recruitment of enzymes usually only involved in retinal oxidation to metabolise excess 

toxic acetaldehyde. The primary physiological substrate for human AlDH 1 has been 

proposed to be retinal. If acetaldehyde concentrations were significantly raised this 

enzyme may be required to oxidise the toxic compound acetaldehyde at the expense of  

retinal. However, the data shown in Table 6 . 1 and Table 6 . 2  shows that the addition of  

ethanol actually potentiates the effect that retinal has on cell morphology. If  the 
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hypothesis presented by Deuster and colleagues is correct, then we would expect the 

addition of ethanol to decrease the production of retinoic acid and therefore, decrease 

the morphological changes seen. The most obvious reason why a decrease in 

differentiation may not be seen, is the time frame of the experiment. The addition of 

ethanol may cause a rapid increase in acetaldehyde concentration and the recruitment of 

retinal-oxidising enzymes for acetaldehyde oxidation initially; however, when the ethanol 

and acetaldehyde have been metabolised the enzymes resume retinoid oxidation and the 

same morphological changes are seen. One characteristic of F AS is the presence of 

incorrect amounts of retinoic acid at precise times during fetal development. The 

manner in which these experiments are being carried out does not allow for the 

monitoring of the production of retinoic acid over small periods of time in the way that 

the direct measurement of retinoic acid using HPLC would. So a decrease in retinoic 

acid production may be occurring initially, but due to the requirement of a long time 

frame for the experiment to allow morphological changes to take place, this may not be 

able to be observed. 

The reasons as to why an increase in the percentage of differentiated cells was seen in the 

presence of ethanol is not easy to account for. One possible scenario is that a 

feedforward mechanism exists, such that in times of excess acetaldehyde, the production 

of AlDH protein is upregulated. The presence of more AlDH protein may lead to a 

relatively larger proportion of available retinal being converted into retinoic acid, as 

opposed to being converted to retinol for storage. This would lead to  a larger 

percentage of cells differentiating as was observed.  This also could account for F AS, as 

an excess of retinoic acid over that which is required during development is teratogenic 

(see Figure 6 . 1 1 ) .  

The addition of disulfiram inhibits cell differentiation after 24 hours by approximately 

20 %, but after 48 hours differentiation is decreased by only 8 %. It is probable that the 

initial inhibition by disulfiram of AlDH 1 seen during the first 24 hours by the decrease in 

the percentage of differentiated cells, is temporary, which is shown by the subsequent 

increase in the differentiation of the cells .  

To generate data which supports the hypothesis that AlDH 1 is oxidising retinal to 

retinoic acid and to study this reaction in vivo is very difficult. The first step would be to 

prove that AlDH 1 is of primary importance, or even participates in the in vivo 
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Figure 6. 1 1 :  Two Possible Mechanisms for the Manifestation of Fetal 
Alcohol Syndrome 

A: B inge drinking increases the concentration of ethanol and acetaldehyde in the body. Competitive 

inhibition by ethanol and acetaldehyde of retinal and retinoic acid production reduce s  the amount of 

retinoic acid available to target cells. 
B: The increase of  ethanol and acetaldehyde induces an increase in the amount of ADH and AlDH 
protein by a feed-forward mechanism. This leads to an increase in retinoic acid production which alters 

downstream effects in target cells. 

Abbreviations: ADH -Alcohol dehydrogenase, AlDH - Aldehyde dehydrogenase, G - positive effect or increase 0 - negative effect or decrease 
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production of retinoic acid. Western blotting experiments showed that AlDH 1 is 

expressed in the cell line, and morphological evidence indicates that it plays some role in 

retinoic acid production due to the fact that disulfiram reduced the percentage of 

differentiated cells. This evidence supports the above hypothesis, but is not sufficient to 

prove it. Disulfiram immediately inhibits AlDH 1 dehydrogenase activity completely, but 

also inhibits AlDH 2 (mitochondrial) activity after a period of time. A number of 

methods could be employed in an effort to prove the hypothesis. A more direct assay of 

retinoic acid production would be necessary, such as the HPLC based assay as described 

in Chapter 3 .  This assay has been used to measure in vivo retinoic acid production by a 

number of groups (see section 1 .2 .2) and would be vital for this work. As stated 

previously this method proved to be technically difficult . Had the assay been successful, 

further work to identifY retinal-oxidising enzymes present in these cells could have been 

pursued. 

The identification of enzymes present in the cell lines may have been determined by 

either performing further Western Blots if antibodies were available, or perhaps Northern 

analysis with appropriate oligonucleotide probes. The elucidation of which of the 

enzymes present are important in retinal oxidation might also be pursued by 

microinj ecting antisense AlDH 1 RNA or oligonucleotides to reduce the amount of 

AlDH 1 protein produced by the cells by 80-98 % (Izant & Weintraub, 1984; Kim & 
Wold, 1 98 5). It would then be possible to see how important AlDH 1 was in retinoic 

acid production. If AlDH 1 played a very important role, the injection of anti sense 

AlDH 1 RNA would be expected to reduce the production of retinoic acid. It is quite 

possible that this type of experiment may yield no result even if AlDH 1 is the major 

retinoic acid synthesising enzyme in vivo. There may be other enzymes present in the 

cell line capable of oxidising retinal which, although they would not usually play such a 

large role, may act as a 'backup' mechanism to keep retinoic acid production constant. 

S o  even if AlDH 1 was the primary enzyme involved in retinal metabolism in vivo, 

results seen by performing an experiment such as the one described may not necessarily 

reflect this .  It would be important to first establish which of the identified enzymes able 

to oxidise retinal (aldehyde oxidase, cytochrome P450 IAl  and l A2, and xanthine 

oxidase) were present in these cell types. 

Analysis of the effects of addition of acetaldehyde to plates treated with all-trans retinal 

provides an additional challenge .  Acetaldehyde is likely to  be  metabolised by the cells. 

To see an effect of acetaldehyde on AlDH I-catalysed retinoic acid production, 
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acetaldehyde levels must be maintained over the experimental time. In the case of 

examining morphological characteristics in preliminary experiments, this would mean 

maintaining a constant acetaldehyde concentration over 48-72 hours. In addition, the 

concentration of acetaldehyde must not exceed a reasonable physiological concentration. 

This would not be difficult when using direct measurement of retinoic acid production by 

HPLC based extraction and analysis over short time periods of up to 3 0  minutes. 

6.3 Conclusion 

Preliminary studies on in vivo retinal dehydrogenation were carried out. All-trans retinal 

and all-trans retinoic acid were shown to induce the differentiation of SH-SY5Y human 

neuroblastoma cells by studying morphological characteristics. Western analysis 

identified the presence of AlDH 1 in SH-SY5Y cells. Since retinal has never been shown 

to affect the differentiation of cells, it was considered likely that retinal was being 

converted into retinoic acid, which was subsequently inducing the differentiation seen. 

9-cis retinal and all-trans retinol were also shown to induce differentiation indicating 

1 )  the presence of a retinol oxidising enzyme(s), and 2) the presence of enzymes able to 

oxidise retinal isomers. The addition of ethanol to SH-SY5Y cells increased the 

percentage of differentiated cells by 4- 1 2  %. The addition of disulfiram decreased the 

percentage of differentiated cells by 6-20 % compared to the percentage when only all­

trans retinal was present. This indicates that AlDH 1 may play an important role in 

retinal dehydrogenation as disulfiram is an immediate potent inhibitor of AlDH 1 .  In 

addition AlDH 1 has been shown to oxidise the retinal isomer 9-cis retinal . 

Despite the promising findings of these preliminary experiments, no firm conclusions can 

be drawn from the available data. However, the hypothesis that AlDH 1 plays a vital 

role in retinal oxidation is supported by the data collected. 



7. C hapter Seven: Purification of a Novel Protein with 

Alcohol D ehydrogenase Activity 

7.1 Introduction and Aims 

During an isoelectric focusing zymography assay of a crude sheep liver homogenate, a 

band of strong dehydrogenase activity at pI  �8 . 3 - 8 . 5 was observed using both 

acetaldehyde and retinal as substrates. This band was originally thought to be an 

aldehyde dehydrogenase isozyme, in view of the facts that the only other observed bands 

of activity on the same gel were attributed to AlDH 1 and 2, and that the first retinal 

specific dehydrogenases with pI �8 . 5 had recently been isolated from rat tissues 

(Labrecque et ai. , 1 993 ;  Posch et ai. , 1 992). The initial aim of this work was to purifY 

and study the novel aldehyde dehydrogenase with retinal oxidising ability. However, it 

was subsequently shown that the observed activity was due to trace amounts of ethanol 

and methanol present, and that the protein was actually an alcohol dehydrogenase. The 

project was pursued, due to the characteristics of the protein being novel for the alcohol 

dehydrogenase family. Sequence data obtained did not match any sequence data 

contained in the SwissProt protein databank, nor did the physical properties of the 

protein match any previously identified proteins. The novel putative alcohol 

dehydrogenase has therefore been purified and partially characterised. 

7.2 Methods and Results 

The initial isoelectric focusing gel showed five main bands of activity when stained using 

acetaldehyde as a substrate, and one band when retinal was substrate (Figure 7 . 1 a, b). 

The 4 bands at the anodic end of the gel, are routinely seen when staining a fairly crude 

sample for aldehyde dehydrogenase activity. They correspond to AlDH 1 (one band), 

and AlDH 2 (multiple bands) as seen in Figure 7. 1 a, b, c. The band of activity toward 

the cathode appeared to be an isozyme of aldehyde dehydrogenase with a basic 

isoelectric point. Although all isozymes stained positively using acetaldehyde, the 

strongest signal observed when using retinal was produced by the basic pI 

dehydrogenase. From these data, it was concluded that the new AlDH used retinal more 

efficiently than AlDH 1 ,  and could be a retinal-specific AlDH analogous to those recently 

isolated from rodent tissue. However, since it was known that AlDH 1 did use retinal as 

a substrate, but we could not see a convincing band, it was proposed that the 



B 

A 

7- 149 

-

.... AlDH l 
....- AlDH 2 

......... .._-- L oading 
Strips 

......... ---- New Activity 

..... Cathode 

Substrate = Retinal Substrate = Acetaldehyde 

....- AlDH 1 

....- AIDH 2 

......... ___ Loading 
Strips 

......... ..--- New Activity 

Substrate = Retinal Substrate = Acetaldehyde 

Figure 7. 1 :  IEF Gel of Crude Liver Extract 
A: IEF gel stained for activity 

B IEF gel blotted onto nitrocellulose and stained for activity 
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Substrate = Acetaldehyde Substrate = Retinal 

....... ---- AlDH l 

AlDH 2 

......... __ --- Loading 
Strips 

.. New Activity 

Figure 7. 1c :  IEF Gel of Crude Liver Extract 

IEF gel stained for activity as described in Material s and Methods. 
Clearly seen using both acetaldehyde and retinal as substrates are 
bands at the positions expected for AlDHI and AlDH2, in addition 

to the band of new activity. 
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hydrophobic retinal might not penetrate the gel very efficiently, thereby reducing the 
signal, or making it difficult to obtain a signal in some cases. To see if this was the case, 
proteins separated by isoelectric focusing were transferred by capillary action onto a 
nitrocellulose membrane, and the membrane was stained for activity in the same way as 
described for gels .  The transferral of proteins from gel to membrane was successful, but 
no differences were seen between gel and membrane after staining (Figure 7 . 1 a, b). 
However it can be seen in the blot (Figure 7 . 1  b) that some diffusion of protein occurred, 
giving less discrete banding patterns. 

The activity stain was repeated on the same crude homogenate, usmg a number of 
different aldehydes as substrates (Figure 7 .2). Retinal, citral, p-carboxybenzaldehyde, 
and 3,4-diiodosalicylaldehyde, as well as retinal without NAD+, were used. From this 
gel, positive results were observed at a basic pI (-8 . 3-8 .5)  usmg 
3 ,4-diiodosalicylaldehyde, retinal, and p-carboxybenzaldehyde, and negative results with 
citral, and retinal without NAD+. Positive results for AlDH 1 (toward anode) were 
observed with p-carboxybenzaldehyde and 3 ,4-diiodosalicylaldehyde only. These results 
also served as controls. The first control was that done with no NAD+, which was 
negative, and the second was the negative result obtained using citral. Thus the positive 
results obtained seemed to be NAD+ -dependent and substrate-dependent. 

From the above observations, and the recent isolation of rat retinal specific 
dehydrogenases, it was hypothesised that the band of activity with a pI of 8 . 3-8 . 5  was 
being produced by a previously unidentified retinal-preferring aldehyde dehydrogenase 
from sheep liver. The aim of further work at this stage was therefore to purify this 
protein using an approach based around the well established purification protocol for 
AlDH 1 ,  to characterise the protein, to study its activity, and to compare it to the other 
aldehyde dehydrogenase capable of oxidising retinal, AlDH 1 .  However, later testing 
using the activity stain method revealed that the protein appeared to be using trace 
amounts of ethanol or methanol present in some preparations of NAD+ as a substrate 
instead of the aldehyde; i .e . ,  appeared to be an alcohol dehydrogenase rather than an 
aldehyde dehydrogenase. The NAD+ used (ICN Pharmaceuticals (Cat. No. 1 00499) and 
Sigma (Grade AA- I )) contains ethanol and methanol as organic solvents (see ICN 
Pharmaceuticals Catalogue (Cat. No. 1 00499 and 1 0059 1 )  and Sigma Catalogue). This 
proposal was supported by later experiments (section 7 .2 . 1 1 ) where a 
spectrophotometric assay using ethanol as a substrate showed a positive activity trace, 
while assays using aldehydes as substrates showed no activity at any time. This evidence 
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Figu re 7.2 IEF Gel of Crude Liver Extract Using Different Su bstrates 

IEF gel was run and stained for activity using the above substrates as described 
in Material s and Methods 
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seemed to conflict with the negative results which had been obtained using some 
aldehyde substrates, since NAD+ was always present in these assays (see Figure 7.2) .  

Therefore, the proposal that the enzyme used NAD+ and alcohol present in  the NAD+ 

preparation as substrates, would mean that all lanes should give positive results. In 
addition, the fact that this protein was the only 'alcohol dehydrogenase' identified in a 
crude liver extract was inexplicable, as there are a number of major alcohol 
dehydrogenase isozymes in liver which would have been expected to stain positively. 
Although the evidence obtained was conflicting, the stronger evidence pointed to the 
enzyme being an alcohol rather than an aldehyde dehydrogenase (e.g. the 
spectrophotometric assay, and subsequent positive IEF activity stains being obtained 
with no aldehyde substrate). The aim of this section of work therefore became to purifY, 
identifY and characterise a putative novel alcohol dehydrogenase. 

7.2. 1 Initial P rotein Purification 

The purification of this protein was followed using the described activity stain of proteins 
separated by isoelectric focusing gels (see Section 2 .2. 7) .  The advantages of using this 
method are its sensitivity, and the ability to distinguish between isozymes or enzymes 
which have the same activity, but a different isoelectric point. 

The protein was shown to be localised to the same subcellular fraction as AlDH 1 in the 
cytosol, and was precipitated between PEG 8000 concentrations of 1 0  and 20 % (w/v) . 
Therefore the initial steps taken to purifY the new enzyme were identical to those used in 
the purification of AlDH 1 (Figure 7 .3) .  

7.2.2 Ion-exchange Chromatography 

The first approach taken to further purifY this protein from the 1 0-20 % (w/v) PEG 
precipitate involved the use of ion-exchange chromatography. Since the isoelectric point 
was known, a method involving the interaction between a charged group attached to an 
inert matrix and the overall charge on the protein may provide a means to further 
purification. The resins used were carboxymethyl substituted Sephadex (CM-Sephadex), 
and diethylarninoethyl-Iontosorb (DEAE-Iontosorb) (Figure 7.4) .  All manipulations 
involving column chromatography were performed at 4°C, and all buffers contained 
0.3 mM EDT A and 0 . 5  mM DTT, unless otherwise specified. The pellet obtained after 
precipitation of proteins with 20 % (w/v) PEG 8000, was then redissolved in a small 
volume of 1 0  mM Bis-Tris pH 6.2 .  This solution was applied to a DEAE-Iontosorb 
column (dimensions: 4 cm diameter x 30  cm length) pre-equilibrated in the same buffer, 
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Figure 7.3 Initial Purification of Novel P rotein 
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Figure 7.4: Ion-exchange Resins 

and the column was washed until the red hemoglobin-containing component was eluted. 

When this fraction was tested for activity on an IEF gel, staining for activity with retinal 

and NAD"', the band of basic pI activity was found to be associated with the red­

coloured component. At pH 6.2, proteins with a high pI would be positively charged, 

and not interact with the positively charged column, thus washing through as observed 

here. This step though, i s  a 'negative' purification step which does not involve specific 

targeting of the desired protein, e.g. by binding it to an inert matrix, and therefore does 

not result in such a good increase in purity as a positive step might. 

U sing the same column, a positive strategy using different pH buffers was employed. 

The 20 % PEG pellet was redissolved in a small amount of 20 mM tetrasodium 



7- 1 56 

pyrophosphate pH 9 with 5 mM NaCl, and tested for activity. The active fraction was 

applied to the DEAE-Iontosorb column which had been pre-equilibrated in the same 

buffer. The column was washed through with 2-3 I of buffer and fractions collected 

immediately to see if the protein was binding. The buffer was changed to 20 mM 
potassium phosphate buffer pH 7.4 with 5 mM NaCl, and fractions collected. Finally, 

the buffer was changed to 20 mM Bis-Tris pH 6.2  with 5 mM NaCI and fractions 

collected. Theoretically, the protein should bind to the column under initial conditions, 

and be eluted with the first buffer change along with other cytosolic proteins which 

precipitate between 1 0  and 20 % (w/v) PEG 8000, and which have an isoelectric point 

between 7 .4 and 9 .  Remaining proteins would be expected to either remain bound to the 

column, or be eluted with the third buffer change if the isoelectric points are between 6.2 

and 7.4. Fractions collected from each set of conditions were tested for activity using an 

IEF gel with activity stain. No activity was found in any elution fractions, indicating 

either that the protein was remaining bound to the column under all conditions used, or 

that the protein was losing its activity at some stage. 

The possibility that the protein may require a metal ion for activity led us to repeat the 

above experiment without including the metal ion chelator EDT A in the buffers. 

However, the absence ofEDTA did not alter the results observed. 

A cation exchange column was used in an effort to bind the protein m a positive 

purification strategy. The column was CM-Sephadex, pre-equilibrated in 20 mM 
Bis-Tris pH 6 .8 .  The 20 % PEG pellet was redissolved in the equilibration buffer and 

applied to the column. Five m1 fractions were collected as the sample was loaded to 

check that the protein had bound, and the non-binding proteins were washed through 

with 5 - 10  column volumes of the same buffer. To elute the bound protein, a number of 

methods were employed. Firstly, a pH gradient of pH 6 .8  to pH 9 was run. Using a 

manual gradient mixer, a gradient was set up to run from the equilibration buffer 

(pH 6 .8) to 20 mM tetrasodium pyrophosphate pH 9 .0 .  Again 5 m1 fractions were 

collected. The pH of these fractions was measured, and along with the fractions 

collected while loading, they were assayed for activity using activity staining of proteins 

separated by isoelectric focusing. The gels showed no activity in the fractions eluted 

initially, indicating that the protein was either binding to the column, or was not bound 

but was no longer active. Assays of the eluted fractions were also all negative. In this 

situation the most likely scenario was that the protein had bound to the column, but had 
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lost its activity by the time it was eluted. This experiment was repeated a number of 

times, but no activity was ever found in any fractions after the loading of active protein. 

The second method of elution used was to alter the ionic strength of the buffer. This 

method works by charged ions in the buffer competing with the charged protein for a 

limited number of oppositely charged groups attached to the matrix, and charged ions in 

the buffer binding to the oppositely charged residues on the protein thus occupying sites 

which could otherwise be attracted to the column. The protein was applied to the 

column as described previously. A gradient was then set up using a manual gradient 

mixer to run from 0 .005 M NaCl to 0 .8  M NaCI in the same buffer. The NaCl 

concentration was then held at 0 .8  M for 10-20 fractions. Fractions were collected and 

assayed for activity using the described IEF gel activity stain (2 .2 .7) .  Again, using this 

method no activity was seen in fractions collected during application of the protein to the 

column, or in any other elution fractions. The most likely conclusion again was that the 

protein had bound to the column, but was becoming inactivated during the washing 

and/or eluting processes. 

A third method of elution tested was that of affinity elution. Affinity elution of proteins 

from ion-exchange columns uses a specific ligand which binds to the protein and may 

change its properties by a conformational change or a change in charge distribution such 

that the protein no longer binds to the column. This technique may also be used in 

conjunction with a small change in the ionic strength in the buffer. This combination 

may result in a more specific and effective elution of the protein (Scopes, 1 987a). The 

ligand chosen was NADH. The active eluant from the negative DEAE-Iontosorb 

chromatography step was dialysed against three changes of potassium phosphate buffer 

pH 7 .2 with 1 5  mM NaCI, and applied to a pre-equilibrated CM-Sephadex column. The 

column was washed extensively with the same buffer, and fractions were collected. The 

same buffer with 200 /J.M NADH was then applied to the column, and fractions were 

collected. All fractions collected were tested for activity as previously described. No 

activity was seen in any fractions collected, though the solution applied to the CM­

Sephadex was still active. Combining affinity elution with a change in pH was then tried. 

The procedure outline above was followed. After loading the column and extensive 

washing, the buffer was changed to 20 mM sodium pyrophosphate pH 8 . 6  containing 

1 5  mM NaCl and 200 /J.M NADH. Fractions were collected as stated, and tested for 

activity. No activity was found. 
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Two other CM columns were used to ascertain whether the composition of the inert 

matrix had any effect on the purification process. These resins had the same charged 

group, but instead of a Sephadex matrix, a cellulose and a Sepharose matrix were used 

as the base to which the charged groups were attached. The Sephadex matrix which was 

used initially was a compressible resin. When using high salt concentrations such as 

those utilised in some elution techniques, this resin would compress to up to 1/3 of its 

original volume. The other resins did not exhibit this characteristic. However, the 

composition of the matrix did not appear to have any influence on this purification 

procedure, and no active protein could be eluted from any of these columns. 

To check whether the protein was simply unstable after a certain length of time, one 

sample of redissolved 20 % (w/v) PEG 8000 precipitate was kept at 4°C and one at 

-20°C for the same length of time, and the activity tested as described. Both samples 

maintained their activity for at least 1 0  days. It was also possible that the dilution of the 

protein-containing sample which was occurring during the DEAE-Iontosorb step was 

decreasing the activity of the protein. To address this possibility, the diluted active 

eluant was concentrated 5-fold under pressure, in an Amicon stirred cell apparatus 

attached to a N2 gas cylinder at 4°C, using an XM- I OO membrane. The protein was 

active after this procedure. 

7.2.3 Dye-Ligand Chromatography 

The next method of purification used was dye-ligand chromatography. The principle of 

dye-ligand chromatography involves the similarity of the structures of certain coloured 

dyes to the structure of the nicotinamide ring contained in NAD(Pt and NAD(P)H. 

Proteins which bind these compounds are good candidates for binding to coloured dyes 

which, when attached to a matrix, form columns useful for the purification of certain 

proteins. The dyes used here include Procion Yellow H-E4R (Scopes group 5), Procion 

Green H-4G (Scopes group 5), and Procion Blue R (Scopes group 3) .  The Scopes 

groups mentioned refer to the ability of the dye to bind protein from crude tissue 

extracts, group 5 dyes binding the most protein and group I the least (Scopes, 1 987b). 

All dyes used in these experiments were bound to Sepharose resin. Columns of -8 ml 
volume ( 1 . 5 cm diameter, 4 . 5  cm height) were packed and prepared by running 6 M urea 

in 0 . 1 M NaOH through, and then equilibrating in 20 mM Bis-Tris pH 6 .2 containing 

5 mM NaCl. All dye-ligand chromatography was perfonned at 4°C, and all buffers 

contained 0 .3  mM EDTA and 0 . 5  mM DTT unless otherwise stated. The elution buffer 

for compounds binding to dye-ligand columns contained the nicotinamide-containing 
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compound NADH, to compete with the dye for binding of the adsorbed protein (affinity 

elution). 

The procedure followed for dye-ligand chromatography was as follows: 2-3 m1 of the 

solution which was active after the negative DEAE-Iontosorb step was loaded onto each 

dye column and washed extensively with the buffer in which the column was 

equilibrated. Five m1 fractions were collected. The buffer was then changed to 20 mM 

Bis-Tris pH 6 .2 with 5 mM NaCl and 300 J.lM NADH. The eluant was collected and all 

fractions collected were tested for activity using the IEF gel separated protein activity 

assay as described (2 .2 . 7), and for protein content on an IEF gel with Coomassie blue 

staining. No activity or protein was seen in wash or elution fractions from any of the 

three dye columns used. To test whether enough protein was present to visualise, the 

procedure was repeated loading the columns to capacity. The loading procedure 

involved collecting fractions when loading, and testing the absorbance of these fractions 

at 280 nm (A280) .  When the protein content of the loading eluant increased indicating 

that the column was loaded to capacity, the loading was stopped, and washing was 

started and continued until the A280 dropped to <0. 05 absorbance units. Once the A280 

dropped to this level, elution was initiated as described previously. While protein was 

seen in all fractions and the activity of interest was seen in wash fractions, no activity 

was seen in elution fractions. From the above experiments it was concluded that the 

amount of protein had been an initial problem in visualisation. However, loading the 

column to capacity with protein did not result in the elution of active protein. Again the 

protein was either still bound to the column, or becoming inactivated by the binding 

and/or elution processes. 

This procedure was repeated a number of times with different initial samples. None were 

successful. 

7.2.4 Affinity Chromatography 

The original aim of this section of work involved the purification of an aldehyde 

dehydrogenase, before the realisation that the protein might, in fact, be an alcohol 

dehydrogenase. Therefore after the initial problems in purification, it was decided to try 

to use the affinity column used in the purification of AlDH 1 as a specific step for the 

purification of this protein. The affinity column (prepared by G Freeman and T Kitson, 

Massey University), is composed of p-hydroxyacetophenone molecules attached to a 

matrix (Ghenbot & Weiner, 1 992). p-Hydroxyacetophenone is a competitive inhibitor of 
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the esterase activity of AlDH, and this resin has proven to be an excellent specific 

purification tool for the purification of sheep liver AlDH 1 (see section 2.2.6. 1 ) .  

Purification attempts using the affinity resin were carried out as  follows: The affinity 

column was pre-equilibrated in 5 0  mM potassium phosphate buffer pH 7 .4 with 1 5  mM 
NaCl. Active eluant from the DEAE column step (see section 7 .2 .2) was dialysed 

against 3 x 1 I changes of affinity column buffer at 4QC overnight. This solution was 

applied to the equilibrated affinity column, and washed through. 1 0  m! fractions were 

collected from the time of sample application. These samples were tested for activity 

using IEF gel separated proteins stained for activity as previously described (section 

2 .2.7), to see if the protein was binding to the column. Analysis revealed that the protein 

was not binding to the column, but was coming straight through in the initial wash. This 

experiment was repeated 3 times with samples from different source livers, each with the 

same result. 

7.2.5 Preparative Isoelectric Focusing 

Preparative isoelectric focusing is a method of protein purification which separates 

proteins on the same basis as analytical isoelectric focusing, but on a preparative scale. 

Carrier ampholytes create a linear pH gradient through the gel as current is applied, and 

proteins travel through the gel until the pH in the gel is equal to the pI of the protein, at 

which point the protein remains and is concentrated. This technique therefore separates 

proteins on the basis of their overall charge. Preparative isoelectric focusing is useful for 

the early stage of preparation of many proteins, as it allows the fractionation of gram 

quantities of crude material with high resolution in a single run. 

To prepare a gel for preparative isoelectric focusing, 75 ml distilled water was added to 

5 ml Ampholine® Carrier Ampholytes pH range 7-9 (Pharmacia). Six 1 0. 5  cm long 

electrode strips were soaked in the ampholyte mixture, and 3 placed at each end of the 

focusing tray. To prepare the sample, active eluant from the DEAE step (see section 

7.2.2) was concentrated approximately 5-fold in an Amicon stirred cell apparatus using 

an XM- 1 00 membrane at 4 QC under pressure. 20 ml of this concentrated active sample 

was added to the ampholyte mixture. Ultrodex® gel (4 g) (Pharmacia) was added to the 

ampholyte-protein mixture to give a 4 % (w/v) gel slurry. This mixture in the beaker 

was weighed ( 1 ) . After mixing gently, the slurry was poured into the focusing tray 

between the electrode strips. The beaker and remnants of ampholyte-protein mixture 

were weighed (2). The focusing tray containing the gel slurry was weighed (5) .  The 

tray was then placed on the cooling plate (4-6QC) and a fan mounted � 70 cm above the 
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tray to evaporate excess water from the suspension to the correct calculated level. The 

stated evaporation limit for the batch of gel was 3 3  %. 

To work out the final weight for the focusing tray the following calculation was 

performed (numbers used are representative of a single experiment): 

weight of gel slurry and beaker 

weight of beaker after pouring gel 

( 1 )  - (2) = weight of gel slurry 

1 8 1 .25 g ( 1 )  
82.92 g (2) 
98 .33 g (3) 

(3) x 0 .33 (evaporation limit) = amount of water to be evaporated to reach correct limit 

32.4 g (4) 
Initial weight of tray and slurry 

(5) - (4) = final weight of tray and slurry 

252.59 g (5) 
220.2 g 

Evaporation to the correct final weight took approximately 8 hours. When the correct 

weight was reached, the gel was connected to the LKB power supply, and proteins 

separated at 8 W constant power at 1 0ce for 14- 16  hours. Separation was easily 

visualised by looking at the banding pattern produced after focusing, compared to a 

uniform red colour before focusing (Figure 7 . SA).  After separation, the fractionation 

grid was placed into the gel (Figure 7 . SB). The grid separates the gel into 3 0  even 

sections, which can be removed separately from the tray. The pH of each fraction was 

then measured, and proteins separated from the gel by resuspending the gel in a small 

amount of 50 mM tetrasodium pyrophosphate buffer, pH 9, and passing the fraction over 

glass wool. The activity of each fraction was then measured by analytical IEF with 

activity staining, as described previously. 

A good purification was achieved using this technique. Of primary importance, active 

protein was present after evaporation and focusing which took up to 24 hours (Figure 

7 .6) .  The only fraction in which activity was seen was typically the fraction nearest the 

cathode, which had a measured pH of -8 .8 .  The result obtained using preparative 

isoelectric focusing was -2 rnl of active protein, containing an enrichment of the protein 

of interest . At this stage, no further analysis was performed on this mixture, as it was 

deemed to be more important to retain as much active protein as possible for the next 

step of purification. 
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7.2.6 FPLC Hydrophobic Interaction Chromatography 

To further purifY this protein, hydrophobic interaction chromatography was the next step 

used. Separation using this technique is based on the differing surface hydrophobicity of 

proteins, such that proteins will interact with a phenyl group (or other hydrophobic 

group) attached to a matrix according to the amount of hydrophobic patches on their 

surface. Proteins bind to the column under conditions of high salt, and are eluted by 

decreasing the salt concentration of the buffer. Hydrophobic interaction chromatography 

is a non-specific technique, and does not usually give sharp separations (Scopes, 1 987c). 

However the capacity is high and often good recoveries are achieved. The column used 

in this case was a phenyl-Superose column, dimensions 5 x 5 0  mm (pharmacia), 

connected to a Pharmacia FPLC system (LCC-500), a Pharmacia single path UV-l 
monitor, and a Kipp and Zonen BD-4 1 chart recorder. Proteins were identified by 

measuring the absorbance at 280 nm .  The column was equilibrated by passing through 

20 mM phosphate buffer pH 7 .2, containing 1 M ammonium sulphate, for 25 minutes at 

0 . 5  m1!min. After the column had been equilibrated, the protein solution was filtered 

through an 0.22 !J.M filter prior to injection. A linear gradient was then run from 1 M 

ammonium sulphate to 0 M ammonium sulphate over 60 min at 0 . 5  m1!min, and then 

held at 0 M for a further 30  min. Fractions were collected as proteins were eluted from 

the column by A280 peaks on the chart recorder. Fractions were assayed for activity as 

previously described using the IEF activity assay, and in addition the protein content was 

assessed by staining an analytical IEF gel with Coomassie blue R250. The results show 

that the protein of interest was active, and protein staining of the IEF gel showed that the 

protein was pure (Figure 7 .7, 7. 8). To further check the purity of the protein, SDS­

PAGE was performed on the sample as described previously (section 2 . 2 . 8) (Figure 7. 9). 

Although a small impurity could be seen, the protein was estimated to be about 90 % 

pure. The monomeric molecular weight was estimated to be 40-45 kDa by comparison 

to SDS-7 protein size standards (Sigma) . 

Western blot analysis was performed on this sample using antibodies raised to sheep liver 

AlDH 1 as described in section 2.2 . 1 5  (Figure 7. 1 0). The antibody did not interact with 

the purified protein, which helped to confirm our revised hypothesis that the isolated 

protein was not a member of the aldehyde dehydrogenase family, and supported the idea 

that it was in fact an alcohol dehydrogenase. A portion of the remainder of the purified 

protein was subjected to automated N-terminal sequence analysis as described in section 

2 .2 . 12 .  No sequence data were obtained. This is likely to have been due to one of two 

factors: I )  there was not enough sample present to sequence, or 2) the protein 
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Figu re 7.5 :  Prepa rative Isoelectric Focusing 

A: Gel slurry after focusing for 14- 1 6  hours as described in the text, 
showing the characteristi c banding pattern 
B :  The same focused slurry with the fractionation grid in  place 
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...... 1-- Gel Artefact 

..... 1-- New Activity 

LANE: 1 2 3 4 5 6  7 8 

Figu re 7.6 : IEF Gel of Preparative Isoelectric 
Focusing Fractions 

Preparative IEP was run as described in section 7.2. 5 .  The focused gel was then 
fractionated using the metal grid, the protein extracted from each section, and 

run on the analytical IEP gel above. The gel was stained for activity as described. 

LANE: 

1 :  Active before pIEP 
2: pH 7.5 fraction 
3 :  pH 7.6 fraction 
4: pH 7 .8  fraction 
5 :  pH 8 .0  fraction 
6: pH 8.2 fraction 
7: pH 8.4 fraction 
8: pH 8 .8  fraction 
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was N-terminally blocked. The remammg protein was cleaved usmg the chemical 

cyanogen bromide as described in section 2 .2 . 1 1 . 1 .  Cyanogen bromide cleavage was 

chosen because it is likely to produce fewer fragments by cleaving at methionine residues 

than, say, by cleaving at arginine and lysine residues by trypsin. Peptides generated were 

separated by HPLC as described in section 2.2 . 1 1 . 6 .  Two large peaks were trapped, 

dried down completely under vacuum, and sent for automated sequencing as before. No 

sequence was obtained. 

At this stage the main objective of this section of the project had been achieved. The 

putative novel protein had been purified. However, the identification of the protein was 

unclear. From the available data, isoelectric point (�8. 5), subunit molecular weight 

(40-45 kDa), tissue and organism origin (sheep liver), western analysis (negative AlDH 

interaction), and activity (alcohol dehydrogenase), it seemed likely that the protein was a 

previously unidentified alcohol dehydrogenase isoenzyme. To confirm this hypothesis, 

the most important information needed was some unambiguous sequence which could be 

compared with other identified alcohol dehydrogenases. In addition the native molecular 

weight may provide some information as to the identity of the protein. In order to 

achieve these aims, more pure protein would need to be generated. 

Multiple repetitions of the protocol outlined in Figure 7 . 1 1  did not yield any pure 

protein. This was puzzling, considering that the method had previously yielded pure 

protein. The step which was not behaving as expected was the final stage of 

hydrophobic interaction chromatography, despite the fact that the system and all 

components had not been altered from that which had previously been used. A major 

problem in the unsuccessful runs was that the protein did not seem to be binding to the 

column. In the first successful run, the activity was retained on the column, and was 

found in the final elution peak, indicating that the protein was quite hydrophobic. 

However, in subsequent runs the activity was found in the first peak to elute indicating 

that the protein was interacting only weakly or not at all with the column. Different 

conditions were tested to see if altering the pH or the ionic strength of the buffer system 

would allow binding of the targeted protein to the column in an effort to separate it from 

other contaminating proteins. None of these efforts were successful. It was necessary 

therefore to try alternative methods of obtaining pure protein after the preparative 

isoelectric focusing step. 
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LANE : 1 2 3 4 5 6 7 8 9 

• Gel Artefact 

• New Activity 

Figure 7.7: IEF Gel of FPLC Hyd rophobic Interaction 
Chromatography Fradions 

IEF of fractions separated by phenyl superose hydrophobic interaction 
chromatography. Each protein peak was identi fied by the A280, and 

tested for the activity of interest. Activity was found in  the fraction in lane 8 .  

LANE 

1: Active sample before plEF 
2: Pooled plEF fraction 
3 - 9: A280 peaks from 
elution of phenyl superose column. 
8: Acti ve A280 peak. 
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LANE: 1 2 3 4 5 

Figure 7.8: IEF Gel of FPLC Hyd rophobic Interaction 
Chromatography Fractions (Protein Stain) 

LANE: 
1 -5 :  A280 peaks from elution of phenyl 
superose column stained with coomassie blue 
R250. Lane 3 contains the active fraction 
shown in  lane 8 of Figure 7 .7 
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LANE: 1 2 3 4 5 6 7 8 9 

Figu re 7.9 : SDS-PAGE of Pu rified Protein 

Protein purified from hydrophobic interaction chromatography 
was run on an SDS gel and stained with coomassie blue R250 

LANE: 
1 :  Biorad molecular weight standards 
2-4 : Pure Cytosolic AlDH 
5-8 :  Purified Novel Protein 
9 :  Biorad molecular weight standards 

97.4 kDa 

...... - 66.2 kDa 

i4-- 45 0 kDa 
,. 3 1 .0 kDa 
+-- 2 1 .5 kDa 

� 1 4 .4 kDa 
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LANE : I 2 3 4 

Figu re 7. 10 :  Western Blot of Pure Novel Protein and AIDH I 

Western Blot performed as outlined in section 2.2. 1 5 , 
using 4-chloro- l naphthol as substrate 

LANE: 

1 , 3 :  Pure Novel Protein (2 different Loadings) 
2,4: Pure AlDH 1 (2 different loadings) 
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7.2.7 HPLC Size Exclusion Chromatography 

After preparative isoelectric focusing, there were only 5 - 1 0  proteins left in the mixture 
(depending on the success of this step) from which to isolate the desired protein. At this 
stage, size exclusion chromatography or gel filtration is a good option for further 
purification. This technique separates a mixture of proteins primarily on the basis of 
their Stokes radius, which in turn depends on the native molecular weight and on the 
overall shape of t�e protein. The columns used were Superose- 1 2  and Superdex-75 
(Pharmacia) under the control of a SMART HPLC (Pharmacia) system consisting of 
SMART manager software, J..1Precision pump, variable volume gradient mixer, 
J..1Separation unit, J..1Fraction collector and J..1Peak monitor, connected to cooling 
apparatus. The Superdex 75 column (PC 3 .2/30), has a 2 .4  m1 volume, 3 . 2  x 3 00 mm 

dimensions, 1 3  IlM particle size and a molecular weight range from 3-70 kDa. The 
Superose 1 2  (PC 3 .2/30) size exclusion column has a 2 .4 ml volume, 3 .2 x 3 00 mm 

dimensions, 1 0  IlM particle size, and a molecular weight range from 1 -3 00 kDa. The 
buffer used was 200 mM Hepes pH 7 .2, 1 0  % (w/v) glycerol, 0 .3 mM EDTA, 0 . 5  mM 

DTT, and 1 0  mM NaCl. Each run was at 40 Ill/min,. 1 0  °C, collecting 80 Illfractions, 
and proteins were identified by measuring the absorbance at 280 nm (A2so) .  

Size exclusion chromatography usmg a Superose- 1 2  column (separation range 
1 -3 00 kDa) gave adequate separation of two major protein peaks (Figure 7 . 1 2), although 
the mixture of 5 - 1 0  proteins contained in the initial sample did not resolve very well 
(Figure 7 . 1 3 , lane 9), indicating that the native (or eff1ective) molecular weights of these 
proteins were too similar for this column to separa.te. The protein of interest also 
retained activity, which was consistently found in the first peak to elute from the column. 
SDS-P AGE of the sample after preparative isoelectric focusing and the peaks separated 
by gel filtration showed that the peak containing the activity, though symmetrical, 
contained a minimum of 2 bands, one at 40-45 kDa and one at 25-28 kDa (Figure 7 . 1 3) .  
The band at 25-28  kDa often resolved as a doublet . The protein of  interest was thought 
to be the 40-45 kDa band, due to the fact that the first successful purification had 
identified a band of this size (Figure 7 .9) .  Further purification attempts concentrated on 
isolating this band . .  

To try to separate the proteins more effectively, a Superdex-75 column was used. This 
column has a separation range of 3 -70 kDa, and a slightly larger particle size of 1 3  J..1M, 
although the diameter and length dimensions were identical to the Superose- 12 .  This 
column may separate a range of proteins within this molecular weight range better than 
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the Superose- 12 .  However, this did not turn out to be the case. Elution profiles using 

both columns looked very similar (Figure 7 . 1 2, 7 . 14) .  Although activity was maintained 

throughout the process of gel filtration using both columns, separation of the protein of 

interest from the other proteins could not be achieved (Figure 7 . 1 3 ,  7 . 1 S) .  To estimate 

the molecular weight of the protein, the elution volume of the protein was compared to 

those of standards of known molecular weight using the Superdex-75 column (Figure 

7. 1 6) .  The buffer system used was 5 0  mM Hepes, pH 7 .4, 20 mM NaCI, O . S  mM 

EDT A, 1 0  % (v/v) glycerol. Standard proteins used were sheep liver AlDH 1 (MW 

220 kDa), bovine lactoferrin (80 kDa), bovine serum albumin (BS A) (66 kDa), 

�-lactoglobulin (3 S kDa), and a-lactalbumin ( I O- l S  kDa). The estimate obtained from 

size exclusion chromatography (Figure 7 . 1 7) of the molecular weight of the unknown 

protein was 40-S0 kDa, which is a very similar size to the band seen on SDS-P AGE. 

From Figure 7 . 1 6  and SDS-P AGE data, it was concluded that the protein had a native 

molecular weight of 42-45 kDa, and a monomer size of 42-4S kDa, and therefore was a 

monomeric protein. This raised interesting questions. AlDH proteins are typically 

dimers or tetramers of 50-SS kDa subunits, while ADH proteins are typically dimers or 

tetramers of �40 kDa subunits (Bosron et al. , 1 993) .  The elucidated characteristics of 

the protein did not seem to fit into either of these categories, which made the isolation 

and identification of the protein vital, as it appeared to be a novel protein with an alcohol 

dehydrogenase activity. Monomeric ADH proteins have been identified in microbes, e.g. 

ethanol dehydrogenases from Acetobacter aceti and A.  polyoxogenes, though all 

identified mammalian ADHs are dimeric (Reid and Fewson, 1 994). 

7.2.8 Hydroxyapatite Chromatography 

Hydroxyapatite resin consists of an inert matrix to which calcium groups are attached. 

The bases of the attraction of proteins to hydroxyapatite resins are both non-specific 

attraction between protein positive charges and hydroxyapatite, and specific complexing 

of protein carboxyl groups with the calcium loci (Gorbunoff & Timasheff, 1 984) .  

Elution of bound proteins can be either by non-specific ion charge elution, or  by specific 

displacement of protein groups from sites on the column to which they have complexed. 

The initial buffer used was 10 mM NaH2P04, pH 7 .0, containing 0 . 3  mM DTT and 

0 . 5  mM EDT A, and to elute the proteins a series of increases in the phosphate ion 

concentration - 75 mM, 1 00 mM, I SO mM , 200 mM and 400 mM was used. Initially a 

batch trial was performed. Partially purified protein was added to 0. 5 g ( 1 . 5  ml when 
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Figure 7. 12 :  HPLC Size Exclusion Chromatography of Partially 
Purified Protein (Superose··1 2  Column) 

The elution profile is created by continuously monitoring the A280. The absorbance scale 
is approximately 0-0 . 5  absorbance units. 
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5 6 7 8 9 

Fit:ure 7. 1 3 :  SDS-PAGE of HPLC Size Exclusion 
Chromatography Fractions (Superose- 1 2) 

974 kDa 

66.2 kDa 

45.0 kDa 

3 1 .0 kDa 

2 1 . 5 kDa 

1 4 4  kDa 

These fractions relate to the Superose- 1 2  size exclusion chromatography el ution 
profile shown in Figure 7 . 1 2  

LANE: 
1 :  Fraction 9 (No activity) 
2: Fraction 10 (Active) 
3 :  Fraction 1 1  (Acti ve) 
4: Fraction 1 2  (No activity) 
5: Fraction 1 3  (No activity) 
6:  Fraction 14 (No activity) 
7: Fraction 1 5  (No activity) 
8: Biorad molecular weight standards 
9: Before Size Excl usion 
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Figure 7. 14 :  HPLC Size Exclusion Chromatography of Partially 
Purified Protein (Superdex-75 Column) 

The elution profile is created by continuously monitoring the A280. The absorbance scale 
is approximately 0-0 . 5  absorbance units. 
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Figu re 7 . 1 5 :  SDS-PAGE of HPLC Size Exclusion 

Ch rom atography Fractions (Superdex-75) 

GEL A: Superdex-75 Separation 

Lane 1 -4 :  Elution fractions 

Lane 5 :  Before size exclusion 
Lane 6:  Biorad molecular 

weight standards 

Activi ty seen in lane 2 only. 

(The HPLC trace for thi s gel i s  not 
shown) 

GEL B: S uperdex-75 Separation 

Lane 1 ,9: Biorad molecular 
weight standards 

Lane 2:  Before size exclusion 
Lane 3-8: Elution fractions 

Activity seen in lanes 6 and 7. 

(These fractions relate to the S uperdex-75 
elution profile shown in Figure 7 . 14) 
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a-lactalbumin (17 kDa) 
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Figure 7. 16 :  Elution Profile of Size Exclusion Standards (Superdex-75 
Column) 

The elution profile is created by continuously monitoring the A280. The absorbance scale 
is approximately 0-0 . 5  absorbance units. 
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hydrated) HTP hydroxyapatite resin (Biorad) pre-equilibrated in initial buffer. After 

1 0- 1 5  min to allow binding, the mixture was centrifuged at 3 000 x G for 5 min in a 

Sorvall SM24 rotor. The supernatant was removed and kept for analysis. The 

procedure was repeated adding 1 mI of each increasing concentration phosphate buffer 

each time. The supernatants were analysed for content by SDS-P AGE and IEF gels with 

activity staining. Unfortunately no activity remained after this process. In addition, 

SDS-P AGE showed that none of the proteins appeared to bind to the resin. All 

Coomassie stained bands appeared in the supernatant from the 1 0  mM phosphate buffer 

wash. 

7.2.9 Gel Purification 

Because the initial successful purification of the novel protein had not been able to be 

repeated, and no other methods tried had worked, the next step was to purify the protein 

from an SDS gel and try to get some sequence information. With enough sequence 

information to 1 )  identify the protein as novel, and 2) place the protein in a known family 

of proteins, it was hoped that this information could be used to design oligonucIeotides 

to screen a sheep liver cDNA library, and clone and express this protein for further 

characterisation. 

Initially, because the molecular weight, isoelectric point, organism and tissue of origin, 

and an activity of the protein had been established, this information was entered into the 

SwissProt 2D electrophoresis database to see if any known protein matched these 

characteristics. This search yielded a number of potential matches from the alcohol 

dehydrogenase family with basic isoelectric points and similar subunit molecular weights 

including the class IV retinol dehydrogenase. However, these proteins are all dimeric, 

while it appears that the new protein is monomeric in its native state. So all available 

evidence still indicated that the protein was novel, and only a positive sequence 

identification would confirm this. 

To purify the protein from SDS-PAGE, a 1 . 5 mm thick, 1 2  % (w/v) 37 .5 : 1  

acrylamide:bisacrylamide SDS gel with one large lane, and one lane for molecular weight 

standards was cast (section 2 .2. 1 0) and run as shown (Figure 7. 1 8) .  After the gel had 

run, it was stained with Coomassie blue R250, as described in Materials and Methods. 

The band corresponding to 40-45 kDa was excised using a scalpel, and placed into 

dialysis tubing with 2-3 ml of 50 mM Tris-HCl pH 7 .4 containing 0 . 1 % (w/v) SDS .  The 

dialysis tubing containing the protein was placed into a horizontal electrophoresis tank, 
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filled with the same buffer. The protein was eluted from the gel by applying a 5 0  mA 

current for approximately 48 hours. The current was reversed for 5 - 10  min to remove 

any protein which may have adhered to the dialysis tubing. The protein-containing 

solution was then aspirated from the tube and concentrated under vacuum. An analytical 

SDS-PAGE gel showed that the protein was 95- 1 00 % pure (Figure 7 . 1 9) .  

66 kDa 
45 kDa 
36 kDa 

29 kDa 
24 kDa 

20 kDa 

1 4.2  kDa 

-

-

-

-

-

-

-

-

SD S-7 Ladder Partially Purified Mixture 

_ Protein of Interest 
--

Fieure 7.18:  Schematic Dia�ram of Gel Purification 
The SDS-PAGE is run as usual (see Materials and Methods). After staining, the band 
of correct size is identified using the protein ladder, and gently excised from the gel. 

The first analyses carried out on the purified protein were another attempt at N-terminal 

sequencing and an amino acid analysis. To ensure that previous sequencing efforts had 

not failed due to insufficient quantity of protein, N-terminal sequencing was repeate
,
d. 

This was done by running a sample of the purified protein on a 1 5  % (w/v) 37 . 5 : 1  

acrylamide: bisacrylamide SDS-gel. The gel was then electrotransferred onto PVDF 

membrane, as described in Materials and Methods, and sequenced. No sequence was 

obtained, which supported our initial hypothesis that the N-terminus was blocked. The 

amino acid analysis yielded the composition of amino acids of this protein (Table 7 . 1 ) . 

From the resulting chromatogram of total amounts of each amino acid, the actual 

composition was calculated using the following formula: 

Moles of amino acid Molecular weight of protein 
x 

Total moles in sample Molecular weight of amino acid 
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where the total moles in the sample was 1 2 1  moles, and the two protein molecular 

weights used were 42 kDa and 45 kDa for two different calculations (Table 7 . 1 ) .  

Table 7. 1 :  Amino Acid Analysis of Unknown Protein 

Amino Molecular Residues % of Total Residues % of Total 
Acid Weight (Da) (42 000 Da) (42 000 Da) (45 000 Da) (45 000 Da) 

Ala 79 39  10 . 5  42 10 .5  
Glv 75 85 22.9 9 1  22.8 
Val 1 17 32 8 .6 34 8 .5  
Leu 1 3 1  25 6.7 27 6.8 
Ile 1 3 1  1 3  3 .5  14 3 . 5  
Lys 1 47 18 4 .9 19 4 .8 
Arg 175 9 2.4 10 2 . 5  
Asx 132  24 6 .5 26 6 .5 
Glx 146 28 7. 5 30 7 .5 
His 156  6 1 .6 6 1 . 5  
Pro 1 15 17 4 .6 1 9  4 .8 
Thr 1 19 19  5 . 1 20 5 .0 
Ser 105 37 10 .0  40 10.0  
Cys 122 4 1 . 1  5 1 . 3  
Met 149 4 1 . 1  4 1 . 0  
Phe 166 9 2.4 1 0  2 . 5  
Tyr 1 82 2 0 .5  2 0 .5  
Trp 204 0 0 0 0 

The resulting ammo acid composition was submitted to two database searching 

programs, ExP ASy and PROPSEARCH, for matching with any other known protein. 

No close matches were found. The five closest matches made were: 1 )  fruit fly protein 

kinase sgg39, 2) hypothetical protein UL 1 1 2, 3 )  protein kinase shaggy, zygotic, 4) fruit 

fly zeste-white 3 -A, and 5)  radish acetoacetyl-CoA-thiolase (all using 42 kDa molecular 

weight), and 1 )  sporozoite surface antigen, 2) procollagen EMFl -a, 3 )  neuroblast 

differentiation associated protein, 4) human AHNAK protein fragment, and 5)  pecanex 

protein fragment (all using 45 kDa molecular weight) . None of these have 

characteristics similar to the novel protein, and the closest match was less than 68 % 

reliable according to the program. Again, this search supports that this protein is a 

previously unidentified protein. However, to classify the protein as an alcohol 

dehydrogenase and confirm its uniqueness, some positive sequence information must be 

obtained. 
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LANE: 1 2 3 

.
66 kDa 

. 45 kDa 

. 3 7 . 5  kDa 

. 30 kDa 

. 26 kDa 

• 20 kDa 

• 1 4 .4 kDa 

Figu re 7. 19 :  SDS-PAGE of Gel Pu rification of Novel Protein 

The protein of i nterest was gel purified by running on a 1 . 5mm 1 2% SDS gel 
(see Materials and Methods) . After running the band of interest was excised 

and the protein eluted by applying an electric current as described. 
(NB. The 'before gel purification' sample was not as clean as previous 

samples, e.g. in Figure 7 . 1 5) 

LANE: 

1 :  Before gel purification 
2 :  After gel purification 
3 :  Sigma molecular weight 

standards 
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7.2. 10 Chemical and Enzymatic Cleavage 

A number of methods were used for cleaving the purified protein into fragments suitable 

for the determination of internal sequence. The first method used was chemical cleavage 

using cyanogen bromide which should produce 5 fragments. This chemical cleaves on 

the C-terminal side of methionine residues, and as there are 4 methionine residues, 

complete cleavage will result in the production of 5 peptides. Five peptides should be 

easy to separate, and one or all peptides may then yield sequence information. 

The cleavage was carried out as stated in section 2 .2 . 1 1 . 1 .  The peptides generated were 

separated using an HPLC separation as outlined in section 2.2. 1 1 .6 .  HPLC separation of 

peptides generated by cyanogen bromide has an advantage that genuine peptide peaks 

may be seen as a close doublet due to approximately half the population being homoseryl 

lactone residue ( cyclic) and the other half homoseryl residue. Peptide doublets of a good 

size were trapped as they eluted from the column, dried down under vacuum and sent for 

sequencing. No sequence was obtained from this method. 

Enzymes used for cleavage were trypsin, chymotrypsin, thermolysin and leucine 

aminopeptidase. Under certain conditions these enzymes will cleave proteins at specific 

points, for example in a buffered solution trypsin cleaves on the C-terminal side of lysine 

and arginine residues. Though trypsin is a commonly used enzyme for producing 

fragments for sequencing, the amount of lysine and arginine residues contained in this 

protein (around 30) ,  means that complete digestion would give about 30 peptides. 

These would probably be hard to separate, and this would hamper the process of 

obtaining sequence. However, a tryptic digest of limited duration may produce fewer 

peptides, by only allowing cleavage of the most accessible lysine and arginine residues. 

In this case, a limited digest of only a few minutes duration was used, compared to usual 

digestion times of up to 24 hours. The protein solution already contained SDS, which 

means that the protein would be denatured, and residues more accessible than in a native 

situation. 

Tryptic digests were carried out as described in section 2 .2. 1 1 . 3  for 5 minutes on ice, 

and for 5 minutes, I S  minutes, 3 0  minutes and 1 hour at room temperature. The 

reactions were stopped by adding 1 mM PMSF, and the total mixture run on a 3 -layer 

tricine gel as described in section 2 .2 . 1 1 . 6 .  Tricine gels are SDS polyacrylamide gels 

made using tricine in place of glycine, which allows the separation of small proteins and 



7- 1 84 

peptides as an alternative to HPLC separation (Schagger & von Jagow, 1 987). The 

separated peptides were then electrotransferred onto a PVDF membrane, and the 

membrane was stained with Coomassie blue R250. Discrete bands were seen in the lanes 

containing both the 5 minute digestion on ice, and the 5 minute digestion at room 

temperature. The banding patterns were very similar in both lanes. Three bands which 

looked as though they contained enough material to sequence were isolated, and sent for 

sequencing. Although this was not successful the first time, a subsequent repeat of the 

above protocol yielded some sequence information. The sequence obtained showed two 

strong signals in each position (Table 7 .2) .  This meant that either two peptides were 

resolving at the same place on the tricine gel, or two proteins had co-purified during the 

purification procedure, each one yielding a peptide of similar mobility upon tricine gel 

separation. It is likely that two peptides of similar size have run to exactly the same 

position on the tricine gel . If this is correct, then combinations of the sequence data 

should give the sequences of two peptides from the purified protein. 

Table 7.2 : Sequence Obtained From TrYptic Digest of Unknown 
P rotein 

Position First Choice Second Choice Third Choice 

1 Thr - -

2 GIn Val Giu 
3 Glv T...Yf_ -

4 Asp His -

5 Giu Val -

6 Met Phe Lvs 
7 Asp Gly -

8 Val Gly Glu 

There are 288 possible peptides which could be made from combinations of the above 

amino acids. Each peptide was submitted to the database search program BLAST to 

assess any identity or similarity with protein sequences contained in the SwissProt 

database. As stated previously, two of these combinations should arise from cleavage of 

the purified protein or proteins, and if the protein was an already known protein or sheep 

homologue of a known protein from another organism, the peptides should have a high 

degree of similarity to this. Although many high matches were found, obviously 286 of 

these peptides do not derive from the purified protein, and are just hypothetical 

combinations. Some of the hypothetical combinations may be similar to the actual 
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peptides, especially i n  cases where the peptides differ at one o r  two positions only. 

Similarity may be increased where the substituted amino acid is similar to the amino acid 

in the actual protein, e .g.  Ile substituted for Leu etc. Therefore more than two peptides 

may be expected to show good similarity to the actual purified protein. 

However, no proteins which were identified by this search engine to show similarity to 

one of the 288 peptides, shared other characteristics with the novel isolated protein, e.g. 

molecular weight, isoelectric point, activity, tissue distribution etc. Examples of close 

matches are : actin, adenylosuccinate synthetase, endothelin- 1 receptor precursor, outer 

membrane usher protein and hypothetical protein HI  140.  All available information still 

pointed towards the purified protein as being a previously unidentified protein. Efforts 

were then concentrated on cleaving the gel purified protein with different enzymes, to try 

to generate new peptides. It was hoped that sequence information from one or more 

new peptides combined with sequence information from the tryptic digest, would 

confirm the novelty of the protein, and perhaps show some homology to the short chain 

reductase/dehydrogenase family. 

Cleavage of the purified protein with chymotrypsin, thermolysin and leucine 

aminopeptidase was carried out as described in section 2 .2 . 1 1 .  In addition, a limited acid 

cleavage was carried out as described in the same section. Peptide products were 

separated by 3 -layer tricine gels and HPLC, and isolated peptides sent for sequencing. 

However, none of these methods yielded any further sequence information. 

7.2.1 1  Activity Assays 

The activity of the partially-purified protein was examined using a spectrophotometric 

assay in which the production of NADH was followed at 340 nm . Components of the 

assay included - NAD� (5 mM), phosphate buffer (pH 7.4), 5 0  /1-1 of enzyme-containing 

fraction, and approximately 1 mM substrate. Substrates tested were all straight chain 

alcohols from one to six carbons in length, as well as glucose and sorbitoL Glucose and 

sorbitol were tested as substrates because during database searches using the sequence 

obtained from a tryptic digest, positive matches were found a number of times with a 

sorbitol dehydrogenase and a glucose dehydrogenase. These matches were the only 

positive matches which showed characteristics similar to those we found. However, the 

protein showed no activity with either of these compounds (Table 7 . 3 ) .  From this table 

it can be seen that this enzyme will oxidise a wide variety of alcohols, but the best 
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substrate by far is ethanol . It is interesting to note that methanol was not accepted as a 

substrate by this enzyme. 

Table 7.3 :  Summary of Enzyme Activi,ty 

Substrate Activity Comment 

Methanol No 
Ethanol Yes Very good activity 

Propanol Yes Low activity 
Butanol Yes Low activity 
Pentanol Yes Low activity 
Hexanol Yes Low activity 

Isopropanol Yes Low activity 
Sorbitol No 
Glucose No 

7.2. 1 2  Tissue Distribution 

Using the IEF zymography activity assay described previously (section 2 .2 .7) ,  crude 

extracts of various sheep organs were tested for the activity of interest. Briefly, 1 -2 g of 

tissue was homogenised with 50  mM phosphate buffer pH 7 .4  with 0 .3  mM DTT and 

0 .5 mM EDT A, using a glass Potter-Elvetham homogeniser. This extract (20 Ill) was 

then placed onto the analytical isoelectric focusing gel and focused as described (2 .2 .7) .  

The focused gel was stained for activity as  described (2 .2 .7) using retinal and 

acetaldehyde as substrates. However, the real substrate was subsequently identified to 

be trace ethanol present in the NAD+ used (see section 7 .2) .  Tissues examined were 

liver, kidney, heart, spleen, and brain. All tissues proved to be negative for the activity 

with the exception of liver (Figure 7 .20) . 

7.3 Conclusions 

The initial aim of this chapter was to isolate the protein with a basic isoelectric point 

responsible for a band of activity seen on an isoelectric focusing gel of a crude sheep 

liver extract. Initially it was thought that this activity was an aldehyde dehydrogenase 

activity, but upon further investigation, it was actually found to be an alcohol 
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LANE: 1 2 3 4 5 6 7 8 

Figu re 7.20: IEF Gel of Crude Extracts From 
Different Tissues 

Crude exctracts from each ti ssue were generated as described (section 7 .2 . 1 2). 
Extracts were then run on an IEF gel and stained for activity using retinal as substrate 

LANE: 

1-3 :  Fractions from pIEF 
4 :  Crude l iver extract 
5 :  Crude heart extract 
6:  Crude spleen extract 
7 :  Crude kidney extract 
8 :  Crude brain extract 
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dehydrogenase activity. There were a number of reasons for the initial identification. 

Firstly, the novel activity was seen when activity staining for cytosolic and mitochondrial 

liver AlDH was being carried out. The new band was the only unique band on the gel 

(Figure 7 . 1 a, b, c), all other bands belonging to the class 1 and 2 AlDHs. Although the 

liver is a tissue in which alcohol dehydrogenase is usually found, no other ADH activity 

bands were identified on this gel. It seems surprising that no other alcohol 

dehydrogenases showed a positive stain except for this activity. In addition, the activity 

band appeared in the presence of some aldehyde substrates (acetaldehyde, 

p-carboxybenzaldehyde, 3 ,4-diiodosalicylaldehyde, retinal) but not with citral . In the 

assays with aldehyde substrate where no activity was observed, NAD+ was present. The 

negative result initially led to the belief that the enzyme must be aldehyde-dependent, and 

obscured the fact that the NAD+ was contributing trace amounts of an alternative 

substrate, ethanol. It is not clear why negative results were obtained with some aldehyde 

substrates when ethanol-containing NAD+ was present, but the possible explanation is 

that the aldehyde acted as a product inhibitor of the enzyme which was in fact found to 

be an alcohol dehydrogenase. A second factor which reinforced the initial, wrong, 

assumption that the enzyme was an aldehyde dehydrogenase was that a new AlDH 

specific for retinal oxidation with a basic pI had recently been identified and purified 

from rat liver and kidney (Labrecque et al. , 1 993 ; Posch et al. , 1 992). The initial 

hypothesis was that the high pI activity seen on IEF gels was a sheep liver AlDH 

equivalent to one or both of these recently discovered proteins. This was exciting, and 

the new enzyme was considered an important protein to pursue, because the rodent and 

murine AlDH systems are quite different from those of other mammals such as humans, 

sheep, cows and horses. Differences are seen in nomenclature, tissue distribution and 

kinetic parameters. 

For example, it has been suggested that human cytosolic AlDH 1 should not be 

considered significant in acetaldehyde metabolism (Klyosov, 1 996; Klyosov et al. , 1 996; 

Rashkovetsky et al. , 1 994), which raises questions as to the identity of its physiological 

substrate. In the rat, however, the main cytosolic enzyme has a lower Km for 

acetaldehyde (Klyosov, 1 996) than the human enzyme, and may play a major role in the 

metabolism of acetaldehyde, hence the need for specific retinal-oxidising enzymes such 

as those which have recently been identified (Labrecque et al. , 1 993 ; Posch et al. , 1 992; 

Wang et al., 1 996; Zhao et al., 1 996). Initially it was thought that the activity identified 

may fulfil a similar role in sheep and perhaps in humans, i .e .  a specific retinal-oxidising 

AlDH isoenzyme. This, however, did not turn out to be the case, as the enzyme was 
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subsequently determined to have ADH activity, and did not appear to oxidise aldehydes 

in spectrophotometric assays. 

Despite a large volume of work being published on the retinal dehydrogenases, none 

have been found in human tissues. With the high level of sequence identity seen between 

retinal dehydrogenases and aldehyde dehydrogenases capable of oxidising retinal (see 

Chapter 5), and the cloning of the genes which code for these enzymes, it would seem 

likely that screening human libraries using oligonucleotides designed to regions of high 

sequence identity would result in the identification of such a retinal-specific protein, 

should one exist. This has not been the case yet, 5 years after the first enzyme was 

identified. We suggest that the properties of the major human AlDH 1 indicate that this 

isoenzyme may have evolved for the purpose of retinal oxidation in sheep and humans 

(see Chapter 5 and Chapter 1 for a full discussion). 

In summary, a protein with alcohol dehydrogenase activity has been purified in native 

form and denatured form by subcellular fractionation, PEG precipitation ( 1 0-20 % 

(w/v)), exclusion from DEAE-iontosorb at pH 6 .5 ,  ultrafiltration, preparative isoelectric 

focusing, hydrophobic interaction chromatography, gel filtration (Superdex-75), and gel 

purification. Characteristics of the protein which have been elucidated are native 

molecular weight, 40-45 kDa; subunit molecular weight, 40-45 kDa; isoelectric point, 

8 . 5  ± 0.2; organism and tissue of origin, sheep liver; subcellular location, cytosolic; and 

activity, N AD + -dependent activity with ethanol and slight activity with propanol, 

butanol, pentanol and hexanol, but no activity with methanol, glucose or sorbitol. In 

addition the protein is thought to be N-terminally blocked. Sequence information yielded 

no clue as to the identity of this protein. All information points to it being a novel 

alcohol dehydrogenase isozyme, but more positive sequence information is really needed 

to confirm this .  Although the protein has not been positively identified during the course 

of this project, a potentially novel protein has been isolated, and it is hoped that further 

work will confirm its identity, and allow complete characterisation of this interesting 

protein. 



8. Chapter 8:  Discussion and Future Work 

8.1 Discussion and Conclusions 

The pleiotropic and potent retinoids are important in a multitude of biological processes 

including fetal development. The understanding of the manner in which retinoic acid (the 

most biologically active retinoid) exerts its effects, may be crucial in directing treatment 

in particular to fetal alcohol syndrome, diseases of the skin and certain cancers in which 

retinoic acid has already been shown to be a major effector. In addition to the 

understanding of the effects of retinoic acid, it is important to understand the regulation 

of the production and availability of retinoic acid in different cell and tissue types. 

Many enzymes have been shown to be able to catalyse the production of retinoic acid 

from its biological precursors - vitamin A alcohol (retinol) and aldehyde (retinal) and 

�-carotene in vitro. A major question yet to be answered is which of these enzymes are 

physiologically relevant for retinoic acid production in vivo. 

From the work presented in this thesis, along with information published by other 

groups, we propose that in sheep and humans the major cytosolic AlDH (AlDH 1 )  plays 

an important role in retinoic acid biosynthesis in vivo. In the work described in Chapter 

3 ,  purified sheep and human AlDH 1 were used to determine kinetic parameters for the 

oxidation of all-trans and 9-cis retinal to retinoic acid. The Km values determined using 

the method of fluorimetric kinetic analysis are low (0.05 - 0 . 14  IlM). This means that at 

the estimated physiological concentration of retinal (0. 1 IlM), cytosolic AlDH 1 would 

be catalytically efficient. In addition, a comparison with other enzymes which have been 

proposed to play a role in in vivo retinoic acid production (aldehyde oxidase, xanthine 

oxidase, cytochrome P450), shows that AlDH 1 has a lower Km than all other enzymes 

except the retinal-specific dehydrogenases, which have a similar Km. The Km values for 

retinal of the other enzymes preclude these proteins from having a major role in retinoic 

acid biosynthesis, as they are not able to efficiently convert retinal to retinoic acid at 

physiological concentrations. 

In the research described in Chapter 4, recombinant cellular retinol-binding protein 

(CRBP) was expressed and purified from the vector pT7-7-CRBP. CRBP I is a small 

intracellular lipid-binding protein whose ligands are all-trans retinol and all-trans retinal . 
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Much work has suggested that CRBP plays a role in regulating retinoic acid production 

by sequestering the lipophilic retinol and retinal from the aqueous environment. It has 

also been proposed that CRBP bound to retinol or retinal is the major physiological 

substrate for metabolic enzymes including AlDH. It has been experimentally determined 

that a large proportion of cytosolic retinol (and retinal by comparison) is found in a 

complex with CRBP (Harrison et al. , 1 987) . If the role of CRBP in retinoid metabolism 

is as central as suggested in the above hypothesis, in order to play a role in retinoic acid 

production in vivo, metabolic enzymes would be required to accept retinal bound to 

CRBP as a substrate. This section of work also shows that the recombinant CRBP binds 

all-trans but not 9-cis retinal, and that sheep and human AlDH 1 accept CRBP-bound 

all-trans retinal as a substrate with a low Km of 0 .2 - 1 .0 IlM. 

However, it has also been proposed that the major role of CRBP does not lie in retinoic 

acid production, but in directing retinoids into storage (see section 1 .3 .2 .3) .  If this 

scenario is true, then sheep and human AlDH still may play a major role in vivo as 

retinal-oxidising enzymes. Both have been shown to oxidise the biologically important 

retinoids free 9-cis and all-trans retinal with low Km values. The work presented in this 

thesis has shown that AlDH 1 from sheep and humans can catalyse the conversion of free 

all-trans, free 9-cis and CRBP-bound retinal to the respective retinoic acid isomer at 

physiologically relevant concentrations. 

Additional evidence supporting the idea that, in sheep and humans, the major cytosolic 

AlDH is the most important enzyme in retinal oxidation comes from sequence 

information presented in Chapter 5 .  AlDH 1 from sheep and humans are the only 

aldehyde dehydrogenase enzymes in these organisms with the ability to oxidise retinal 

(with the exception of eye AlDH enzymes which have different functions). The other 

maj or AlDH isoform found in human and sheep liver, AlDH 2, does not accept retinal as 

a substrate. Extensive screening of human genomic libraries (Hsu et al. , 1 995), has 

failed to isolate human homologues of the retinal-specific enzymes found in rats and mice 

(Penzes et al. , 1 997; Posch et al. , 1 992; Wang et al. , 1 996; Zhao et al. , 1 996) although a 

number of new AlDH genes were discovered. Both AlDH 1 and 2 oxidise acetaldehyde, 

which was originally thought to be the biological substrate for these enzymes. However, 

it was subsequently hypothesised that AlDH 2 was the major acetaldehyde-oxidising 

enzyme (Km for acetaldehyde of <0. 1 IlM-9 IlM, compared to 22-483 !1M for AlDH 1 )  

(Rashkovetsky e t  aI, 1 994). Although AlDH 1 can oxidise acetaldehyde, its high Km for 

acetaldehyde and its ability to oxidise retinal indicates that AlDH 1 would be biologically 
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important for acetaldehyde oxidation only in the presence of relatively high acetaldehyde 

concentrations which are not usually found in vivo, and its main substrate is probably 

retinal. 

In addition, the multiple sequence alignment constructed (Figure 5 . 1 )  is the first 

comparison of the recently identified retinal-specific aldehyde dehydrogenase (RALDH) 

sequences with other AIDHs, some of which can also oxidise retinal. This sequence 

alignment showed that the four RALDH genes isolated actually encode only 2 proteins, 

RA.LDH 1 and 2. We propose that in rats in mice, RALDH enzymes are the major 

retinal-oxidising enzymes, while the lower Km of rat and mouse AlDH 1 for acetaldehyde 

means that both AlDH 1 and 2 may function in acetaldehyde oxidation as well as in the 

detoxification of other aldehydes. 

Preliminary investigations were carried out into the role of AIDH 1 in retinoic acid 

production in vivo. Using the human neuroblastoma cell line SH-SY-5Y, which 

expresses ALDH 1 ,  it was shown that exogenously added all-trans and 9-cis retinal was 

able to invoke morphological changes in the cells attributable to retinoic acid; i .e . ,  that 

retinal is metabolised to retinoic acid in these cells. An initial decrease in cell 

differentiation was seen on the concurrent addition of all-trans retinal and disulfiram. 

This effect of disulfiram, a potent immediate inhibitor of AlDH 1 ,  indicates that AlDH 1 

may play an important role in retinoic acid production in vivo. The addition of ethanol 

and all-trans retinal at the same time was expected to show similar results to those seen 

when disulfiram was added, due to competitive inhibition by the product of ethanol 

oxidation, acetaldehyde, on retinal oxidation. However, the addition of ethanol 

potentiated the effect produced by all-trans retinal alone by approximately 3 0-50 %. 

From this result a new mechanism by which fetal alcohol syndrome may arise was 

proposed (Figure 6 . 1 1 ), whereby the increase in ethanol and acetaldehyde initiates an 

upregulation of ADH and AlDH protein, which subsequently increases retinoic acid 

production. 

The last section of work presented in this thesis describes the purification of a novel 

protein with alcohol dehydrogenase activity. Although it was originally thought that this 

protein was an aldehyde dehydrogenase with the ability to oxidise retinal, this was shown 

not to be the case. Characteristics of the protein indicated that it may be a previously 

unidentified ADH, and as such justified further investigation. Active protein was purified 

using centrifugation, PEG precipitation, ion-exchange chromatography, preparative 
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isoelectric focusing, and hydrophobic interaction chromatography. Inactive protein was 

purified from a combination of these methods, with final purification from SDS gels, and 

used to obtain some internal sequence. However, unambiguous sequence which could 

positively identifY this protein as an ADH and also indicate its novelty, remains elusive. 

It is hoped that work will be continued to confirm these conclusions. 

8.2 Future Work 

The work initiated in this thesis, which strongly suggests that AlDH 1 plays a primary 

role in retinoid metabolism in sheep and humans, provides a basis for further study in the 

area of enzymology and regulation of retinoic acid production. 

We have proposed that AlDH I is the main retinal-oxidising enzyme in both sheep and 

humans, as opposed to the situation in rats and mice where retinal-specific enzymes 

exist. To prove this hypothesis, it would be necessary to ascertain whether human and 

sheep homologues of the retinal-specific aldehyde dehydrogenases exist. 

Oligonucleotide primers based on regions of strong homology between aldehyde 

dehydrogenase sequences (designed using the multiple sequence alignment created in this 

thesis) could be used to screen cDNA or genomic sheep and human libraries. Depending 

on the conditions and the design of the primers, a number of aldehyde dehydrogenase 

genes could be isolated. It may prove to be more difficult to determine which clones are 

previously identified aldehyde dehydrogenases, and which are novel aldehyde 

dehydrogenases that possess the ability to oxidise retinaL DNA sequencing may be used 

to aid in the identification of known aldehyde dehydrogenases, but depending on the 

number of positive clones obtained, this may be a large undertaking. Expression 

screening using antibodies raised to sheep AlDH 1 may prove useful in obtaining 

aldehyde dehydrogenase clones, however the success of this method may depend on the 

epitope to which the antibodies were raised. Alternatively, database information 

available from the human genome project could be screened, again using similar primers 

designed to areas of high homology in aldehyde dehydrogenases as mentioned above. 

Depending on the position of the gene within the genome, this method may prove to be 

technically less demanding, and yield a rapid result. The strategy outlined above has 

been employed successfully by Hsu, Yoshida and co-workers (Hsu et al. , 1 995), who 

isolated a number of new aldehyde dehydrogenase sequences using degenerate primers. 

None of these positive clones show similarity to any of the retinal-oxidising aldehyde 

dehydrogenases (see Figure 5 .2), in fact H l O  and H7 cluster most closely with class 3 
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enzymes, H6 is an outlier within the class 1 enzyme grouping, and H9 is less related to 

mammalian class 1 and 2 enzymes than E. coli and yeast AlDH 1 enzymes (see chapter 

5) .  So, it seems likely that if a human retinal dehydrogenase enzyme exists, that it would 

have been isolated here. If the hypothesis proposed in this thesis is correct, then no 

retinal-specific enzyme from large mammals including sheep and humans would be 

expected to be found. 

It has been shown that human and sheep AlDH 1 both accept CRBP-retinal as a 

substrate. The type of interaction between the metabolic enzyme and binding protein is 

unknown. It has been proposed that the ligand is transferred between the two proteins 

by a ' direct transfer mechanism' , i .e . ,  an interaction between the proteins allowing 

transferral of the ligand without the ligand first dissociating into solution. However it is 

possible that the release of ligand is triggered by a more transient interaction between the 

binding protein and metabolic enzyme, and then enters the active site due to the 

proximity of the enzyme (which just triggered the release of its substrate) . The use of 

chemical cross-linking agents may determine whether or not the two proteins interact 

with each other, although conclusions drawn from such an experiment may be limited. 

The incubation of a cross-linking reagent with two purified proteins in vitro may produce 

a false positive. More realistic results may be seen using small amounts of protein, and a 

short incubation time, or alternatively using a cruder mix of proteins and seeing which 

proteins from the mixture interact. A more effective method of studying the interactions 

between proteins is using surface plasmon resonance (SPR) .  The use of SPR involves 

the immobilisation of one of the proteins of interest on the sensor chip in the machine, 

while the other protein in solution is passed over the immobilised protein. An interaction 

between the proteins results in an increase in the mass of immobilised protein, and a 

distortion of the angle of total internal reflection of the surface to which it is bound. 

Such a method may more accurately determine if there is a specific interaction between 

CRBP-retinal and AlDH. Modelling studies are currently being carried out to ascertain 

whether the surfaces of holo-CRBP and AlDH 1 are complementary in order for 

recognition to take place. 

The recent elucidation of the tertiary and quaternary crystal structures of the three main 

classes of AlDH opens up new avenues of investigating the relationship between the 

structure and function of these enzymes, and in addition may allow the basis for different 

substrate specificities to be investigated. Of particular interest, are the differences in the 

substrate binding pockets of the major cytosolic and mitochondrial aldehyde 
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dehydrogenases which allow retinal to be accepted as a substrate in the cytosolic but not 

the mitochondrial enzyme. It was suggested in Chapter 5 that the amino acid residues 

responsible are likely to be Ile 303 and Val 459, which in the class 2 enzymes are Cys 

and Phe respectively. To examine this hypothesis, residues 459 and 303 in human or 

sheep AlDH could be mutated by site-directed mutagenesis to the corresponding class 2 

residues (Cys and Phe). Expressed and purified mutants could then be studied as 

described in Chapters 3 and 4, to determine if they exhibit kinetic parameters for the 

oxidation of retinal. An experiment that could be run in parallel with this would be to 

mutate the Phe and Cys residues in the mitochondrial enzyme to small hydrophobic 

amino acids. The similarity of the two classes of enzyme, especially around the active 

site, makes it very likely that the structural differences resulting in the different substrate 

specificities lie with these two residues located within the substrate binding pocket. 

Expressed and purified mitochondrial AlDH mutants (as described above), are likely to 

accept retinal as a substrate. 

The successful development of an HPLC method such as that attempted in Chapter 3 

would be vital to a number of further experiments. Obtaining reproducible results using 

an HPLC-based method would necessitate development of a system dedicated to retinoid 

extraction and analysis. Once such a system was set up satisfactorily, the neuronal cell 

culture work begun in this thesis (Chapter 6), could be continued. To be able to draw 

valid conclusions about the role of AlDH 1 in vivo, all enzymes with the ability to oxidise 

retinal which are expressed in the cell line used (in this case the human neuroblastoma 

cell line SH-SY5Y) must be identified. This may be achieved either by obtaining 

antibodies raised to each enzyme, and performing Western blots to see if the protein is 

expressed, or using oligonucleotides designed to unique parts of the sequence of each 

enzyme to determine if the RNA is present (Northern blotting) . To determine the role 

that AlDH 1 plays in retinoic acid production in the cells, the enzyme activity needs to be 

'knocked out' , and the effect of the decrease in activity on retinoic acid production 

studied. One method of decreasing the amount of protein is to microinject anti sense 

mRNA or oligonucleotides. The interaction of the antisense oligonucleotide with the 

sense strand results in RNA which cannot be translated. The consequence of this 

decrease in active protein on retinoic acid production could then be seen by using HPLC 

quantification. This procedure is, however, technically demanding, and may not result in 

definite conclusions. Microinjection is a delicate procedure, and the oligonucleotides 

need to be tagged with a fluorescent label to enable uptake efficiency to be determined. 

The procedure has been successful in a number of experiments, resulting in a reduction in 
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gene expression and activity by 80-98 % (Izant & Weintraub, 1 984; Kim & Wold, 1 985; 

Kluess et  aI, 1 993). This technique could be used to decrease the amount of aldehyde 

dehydrogenase protein (or other retinal-oxidising protein) in the cells. From the 

reduction in protein, a decrease in the production of retinoic acid may be observed, 

which may indicate that AlDH 1 plays a primary role in retinoic acid production. 

However, due to the importance of the production and control of retinoic acid, it is likely 

that compensatory mechanisms exist, i .e . ,  a different protein with retinal-oxidising ability 

which does not usually play a large role in retinoic acid production, may be 'recruited' to 

maintain spatiotemporal retinoic acid concentrations. 

Finally, the novel protein with alcohol dehydrogenase activity needs to be positively 

identified. Further purification attempts may yield pure active protein. The major 

problem in positively identifying the purified novel protein was obtaining unambiguous 

sequence data. Once more sequence infonuation is obtained, and the protein can be 

confinued as a novel alcohol dehydrogenase, a number of experiments may be initiated. 

Firstly, the protein could be cloned. A sheep liver cDNA library could be screened for 

the gene of the novel protein by using data from the obtained protein sequence to design 

oligonuc1eotides. A more efficient way may be to raise antibodies to the purified protein. 

To raise antibodies, active protein is not necessary, and protein purified by such a 

method as that successfully described in this thesis (Chapter 7 - gel purification) may be 

used. Expression cloning using antibodies could then be used to isolate the gene. This 

putative alcohol dehydrogenase is of particular interest as it appears to be active as a 

monomeric protein, which is an unusual property for a higher mammalian alcohol 

dehydrogenase. 
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Appendix 1 :  Calculation of free retinal concentration for the determination 
of kinetic constants when using CRBP-retinal as a substrate 

If Pt = 1 2  
R = 6 t 
Kd = 0. 1 

Rr= Free retinal 
Pf = Protein (CRBP) 

� = Total retinal (Rr + [complex]) 

Pt = Total protein (P f + [ complex]) 

Pf = Pt - [complex] 
= Pt - (� - Rf) 

Rr + P f 11( � Complex CRBP-retinal 

Kd = RrPf 
[complex] 

This example uses 1 2  !lM CRBP and 6 !lM retinal (2 : 1 ratio as used in 
experimental work), and the highest estimated Kd of 1 00 nM (0. 1 !lM). 

Rr = -6 . 1  ±j6 .F + 2 .4 
2 

Rr = -6. 1  ±j37.2 1 + 2.4 
2 

= -6 . 1 + 6 .294 2 
= 0 .0968 �M 
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