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ABSTRACT 

The enzyme aldehyde dehydrogenase has been extens ive ly 

purif ied from the cytoplasmic fract ion of sheep l iver and a 

study of it s kinetic  behaviour ha s been made . 

Studies shov1ed that the nuc leot ide f luorescence of 

NADH increased on b inding to  cytoplasmic aldehyde dehydrogenase 

and the 5 . 6  fold enhancement of fluores cenc e has been used 

t o  det ermine the binding site c onc entrat ion of enzyme 

s o lutions . These b inding studies  showed that the NADH b inding 

s it e s on t he enzyme were all equ ivalent and posse s sed a 

d i s soc iat ion const ant for NADH of 1 . 2�M . No s ignificant 

amount s of z inc were detect ed in the purif ied enzyme samp l e s . 

Ste ady-st ate  kinet ic studies at pH 7 . 6 showed that the 

enzyme was capable of  utiliz ing a wide range of aldehydes as 

sub strat e s  and the enzyme als o possessed the ab ility to 

hydrolyz e p-nitrophenyl acetat e .  The mechanism of action of 

cyt oplasmic aldehyde dehydrogenase us ing prop ionaldehyde as 

a substrat e was fov.nd to  be. ordered , with NAD+ b inding pr-ief' 1o 

�l�b��NA� . rro�h� constant s for NAD+ and prop

ionaldehyde were 2 . 2�IVI and 1 . 4�M re spect ive ly whi le the 

dis s ociat ion const ant for NAD+ was 8�1\1 . At high aldehyde 

c onc entrat ion (both for prop ionaldehyde and acet aldehyde ) 

sub strat e act ivat ion was observed . St eady-stat e kinetic 

r e sults  were also reported at pH 9 . 3 . 

Stopped-f low f luorimetr ic studies  of NADH disp lacement 

from aldehyde dehydrogenase us ing a seri e s  of disp lac ing agent s 

(NAD+ , de amino-NAD+ , ADP-ribo s e  and 1 , 1 0-phenanthro line ) show 

that this process is b iphasic  with rat e c onstant s of 0 . 85 s-1 

and 0 . 22s-1• This has been int erpreted as a two step dis

p lacement proces s .  The 0 . 22s- 1 rate const ant is  s imilar to 

the maximum enzyme react ion ve loc ity in the steady-st at e  at 

h igh aldehyde concentrat ions . The assoc iat ion of NADH with 
the enzyme was also f ound to  be b iphasic , one phase be ing 

dep e ndent on the NADH concentration while  the other was 

independent . 

Stopped-flow experiment s where aldehyde dehydrogenase 

was rap idly mixed with the coenzyme and propionaldehyde showed 

a burst of NADH format ion followed by a s lower st eady-st ate  

turno.ver . The  maximum burst rat e constant s were 1 1 s-1 and 23 s-1 



i i i  

f o r  propionaldehyde and acetaldehyde respect ively . A mech

anism has been po stu l ated for the observed burst and values  

for  various individual rat e s  constant s derived . 

The general f e ature s of  the kinetics of sheep l iver 

cyt oplasmic  aldehyde dehydrogenase have been compar�d w ith 

tho se of the m it ochondrial enzyme from the same source and 

except for the value of the NAD+ binding rat e c onstant the 

t wo enzyme s have been shown to be remarkably s imilar .  
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SECTION 1 

INTRODUCTION 

The consumpt ion of alcohol has been a common feature 

of a variety of soc iet i e s  in the world for many thousand 

years . While low concent rat ions of alcohol may b e  derived 

from ingested food or from microbial fermentat ion of sugars 

in the intest ine ( Krebs and Perkins , 1 970) the main source 

of the familiar effects  of alcohol is from the consumpt ion 

of l arge amount s of alcoholic beverages .  Knowledge about 

1 

th e metabolism of inge sted ethanol and th e p art ic ipat ing 

enzymes offers a better understanding of the b io chemical 

pro c e s ses invo lved in acut e and chronic alcohol int oxicat ion.  

It  i s  possible that at some st age it may also aid in under

standing the effects of alcoholism and the existenc e  of 

any physiological basis of the alcohol dependence ,  in a 

s im ilar manner t o  drug dep endence . 

The major sit e of ethanol metabolism i s  the live r .  

Here the ethanol i s  oxidized t o  acetaldehyde , then further 

oxidized to  acetate  and subse quent ly to th e important inter

mediat e  acetyl coenzyme A .  The acetate port ion of the acetyl 

c o e nzyme A molecule can be oxidized complet e ly to c arbo n  

d ioxide and wat er o r  converted v i a  the citric ac id cyc l e  t o  

�ther b iologically import ant compounds , such a s  fatty acids . 

The maj or enzyme invo lved in the convers ion of ethanol 

to acetaldehyde is alcoho l dehydrogenase ( EC 1 . 2 . 1 . 3 ) , an 
+ NAD dependent enzyme whi ch can also catalyse the reverse 

reaction using NADH as the coenzyme . Since this enzyme was 

f irst purified ( B onichsen and Wassan , 1 948 ) it has been the 

sub j ect of int ensive study . Another enzyme which may c atal

yse the react ion , but whi ch is  not as important , is  the 

hydrogen peroxide dependent enzyme catalase (EC 1 . 1 1 . 1 . 6) .  

Several enzyme s may cat alyse the conversion of acet

aldehyde to  acetat e .  The flavoprot e ins xanth ine oxidase 

( EC 1 . 2 . 3 . 1 )  and aldehyde oxidas e  (EC 1 . 2 . 3 . 2) may c at alyse 
the re act ion , produc ing hydrogen peroxide , however the most 

import ant enzyme is the NAD+ dependent aldehyde dehydrogenase 

(EC 1 . 2 . 1 . 3 ) (Richert and vJe st erf ield , 1 957 ) . Init ially an 

enzyme system "aldehyde mutase" was thought t o  cat alyse the 
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dismutation of acetaldehyde to ethanol and acetic acid 

( a Cannizzaro reaction) . However it was subsequently shovm 

by Racker (1 949) that this mutase activity was in fact due 

to the presence of two enzymes, alcohol dehydrogenase and 

a previously unknown enzyme aldehyde dehydrogenase. Racker 

then purified this aldehyde dehydrogenase from bovine liver 

and reported the wide aldehyde specificity of the enzyme. 

The enzyme has since been isolated from various different 

sources, however it has been much less extensively investi

gated than alcohol dehydrogenase. 

It has been suggested that since acetaldehyde is a 

�uch more reactive compound and is more lipid soluble than 

ethanol it, rather than ethanol itself, is responsible for 

the effects of alcohol consumption (Truitt and Walsh, 1 971 ) . 

Acetaldehyde may form Schiff-base addition products with many 

aromatic amines, including some with endogenous importance 

( Cohen and Collins, 1 970 ) . Mitochondrial oxygen consumption, 

respiratory control, oxidative phosphorylation and energized 

calcium uptake were all found to be inhibited by acetalde

hyde;and the malate-aspartate, a-glycerophosphate and fatty 

acid shuttles, reconstituted with either ethanol-alcohol 

dehydrogenase or lactate-lactic dehydrogenase, were highly 

sensitive to the compound ( Hubin and Cederbaum, 1 974) . 

Certain symptoms of the "hangover" after drinking such as 

headache, sweating, nausea and vomiting have been attributed 

to acetaldehyde ( Himwich, 1956) . The "aversion therapy" 

treatment of alcoholism using the drug disulfiram is attri

buted to the inhibition of aldehyde dehydrogenase and 

subsequent accumulation of acetaldehyde, producing unpleasant 

symptoms ( Truitt and Duritz, 1 967) . However, although high 

blood acetaldehyde concentrations have been found after 

disulfiram treatment the usual level following alcohol con

sumption is very low ( of the order of 20!-LM) . It has been 

observed by Korsten et al. ( 1 975 ) though, that the blood 

acetaldehyde concentration of alcoholics may be elevated 

( of the order of 40-50!-LM) . 

Aldehyde dehydrogenases have been shown to be capable 

of utilizing a very wide range of aldehydes as substrates 

and it has been demonstrated that the enzyme is involved in 

the oxidation of aldehydes arising from biologically active 
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amine s (Erwin and De itrich , 1 966) . Unlike alcohol dehydro

genase ( wh ich is mainly in the l iver) it has been found that 

aldehyde dehydrogenase i s  wide ly distributed among the 

tis sues with 7ry� in the liver , 10% in the kidney , 7% in the 

adrenals , 4% in the small intest ine and 2% in the brain 

(De it rich , 1 966) . It has been sugge sted by Walsh and Davis 

(1970) that acet aldehyde , from alc ohol consumption , inhibit s 

the use of aldehyde dehydrogenase  to  metabolize  b iogenic 

amine s in the brain allowing the nonenzymat ic  format ion of 

condensation product s wh ich rese mb le apomorphine and may be 

linked t o  the s imilarity in withdrawal symptoms of op ium 

addicts and alcoholic s . 

Since acetaldehyde is an important compound in alcoh o l  

m e t abolism i t  was thought t o  b e  of  interest t o  study the 

mechanism of act ion of a ldehyde dehydrogenase as p art of a 

wide rang ing study of alc oho l met abolism be ing carried out 

in this department . She ep were used as the source  of this 

enzyme s ince fre sh livers were always in plent iful supp ly . 



SECTION 2 

PURIFICATION 01<, CYTOPLAS!'-'JIC ALDEHYDE DEHYDROGENASE 

F ROliJ SHEEP LIVER 

2 . 1  INTRODUCTION 

Aldehyde dehydrogenase (EC 1 . 2 . 1 . 3) was f irst isol

a t e d  by Racker  ( 1 949 ) from bovine liver , demonstrat ing the 

existenc e of a dist inct aldehyde oxidiz ing enzyme which in 

c omb inat ion with alcoho l dehydrog enase had the propert i e s  

o f  the "aldehyde mut ase" enzyme. The preparat ion of the 

e nzyme was carried out by ethanol pre cipitation , nucleic  

4 

a c id prec ip itation and finally addit ion of protamine sulphat e , 

producing a 30 fold purification with a 20-40% yie ld .  After 

purificat ion the enzyme was quit e unstable and lo st act ivity 

reasonably quickly . However , long t erm st ability was 

improved by free z ing the enzym e  in a dry ice  box.  The 

purification scheme of Hacker was improved by De itrich et al . 

( 1 962) who obt ained a sp ecific activ ity which was twice as 

h igh and was abl e  to demonstrate the wide range of substrat e s  

capable of be ing oxidized by the enzyme . 

Nost studie s of the b ehaviour of aldehyde dehydrogen
a s e  had been conducted on crude total cell homogenat e s , or 

fract ions which had b een purif ied to a small  e xtent and it  

was not unt il aft er the sheep liver purif ication was c ommenced 

that Shum and Blair ( 1 972) used co lumn chromatography 

t e chniques in an att empt to  purify the enzyme . The ir study 

o n  the supernat ant fract ion of rat liver showed the pre sence 

o f  two enzyme s ,  one of which was unretarde d  on DEAE ce l lulos e  

and another which was bound , the s e  enzymes exhib it ing 

different substrat e spec ificit ie s .  Aft er ammonium sulphat e 

pre c ipitat ion , Cfvl-c e l lulose , DEAE ce llulose and Sephadex 

G- 200 chromatography , the spe c ific act ivity of the DEAE
b ound enzyme was 390 nmoles (min . mg ) -1 • Not long aft erwards , 

F eldman and W e iner (1 972a) reported the purificat ion t o  homo

g e ne ity of horse liver aldehyde dehydrogenase , using s imilar 

chromatographic t echniques . 

Since report s  in the l i t erature indicat ed that there 

may b e  both a cytop lasmic and a m itochondrial aldehyde 
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dehydrogenase pre sent in mammalian livers an enzyme separa

tio n  and purificat ion was carried out , in conjunction with 

D r .  T . M .  Kit son and K. Crow , to  att empt to obtain sheep 

l iver enzyme samples  which were pure enough to be  used in 

k inetic and phys ical enzyme studies . 

2 . 2  METHODS 

2 . 2 . 1  Buffers 

The pho sphat e buffers used in the enzyme preparat ion 

were prepared according to Dawson et al . ( 1 969) from potas s

ium dihydrogen phosphate and sodium hydroxide ( the buffer 

c o nc entrat ion is  expres sed in terms of potassium dihydrogen 

phosphat e c oncentrat ion) . 

2 . 2 . 2  Protein Det erminat ion 

The relat ive prot ein c oncentrat ion was e st imated by 

the absorbance at 280nm and the actual pro t e in concentrat ion 

was determined by the method of Lowry et al . ( 1 95 1 ) .  

2 . 2 . 3  Ammonium Sulphate Prec ip it at ion 

The ammonium sulphat e prec ip it at ions were c arried 

out by the s low addit ion of powdered ammonium sulphate t o  

th e enzyme s o lut ion while  the temperature was maintained at 

0-4uc . A table  of the amount of ammonium sulphate necessary 

t o  produce the required percent age saturat ion is given by 

D awson et al . ( 1969 ) . 

2 . 2 . 4  Temperature 

All chromat ography , centrifugat ion , ammonium sulphate 

pre c ipitat ion and enzyme storage was carried out at 0-4uC . 

2 . 2 . 5  Gel Electrophore s is 

An Ort e c  4200 e lectrophore s i s  system was used t o  

c arry out s lab gel electrophores i s . A l l  s o lut ions were made 

up according t o  the manual supplied , usually a single layer 
8% acrylamide gel run at pH 9 . 0 .  The gels were stained for 

protein using Amido Black and act ivity stained for aldehyde 
dehydrogenase using phenaz ine metho sulphat e and nitroblue 

tet razolium s o lut ions with NAD+ and acet aldehyde , as 
de s c ribed by R obbins ( 1 966) . 



2 . 2 . 6  Preparat ion of the Affinity C o lumn 

The aff.inity c o lumn for aldehyde dehydrogenase was 
prepared f o llowing the method of Cuatrecasas ( 1 970) . The 

m e t hod involved the addit ion of an aliphat ic ' arm' t o  a 

cyanogen bromide-act ivated b e aded agarose gel  followed by 

the  addit i on of the enzyme- spe c ific group to the column 

by  the react ion of a c arboxylic ac id group with the amino 

group of the aliphat ic 'arm ' . Thus the enzyme spec if i c  

group is  separate d  from the agaros e  b e ad b y  the length of 

6 

the  'arm' and so more able to  bind to  the enzyme without 

s t e ric hinderanc e .  Bio-gel A- 15  agarose ( 20cm3 ) was mixed 

wit h  an e qual volume of water and small crystals of cyanoge n  

bromide ( 5g )  were then added .  The pH o f  the suspension was 

imm ediate ly rai sed t o , and maint ained at , pH 1 1  with addition 

o f  NaOH ( 4M )  and the t emperature was maint ained at 20uc by 

adding ice . The react ion was compl e t e  in about 1 5  minut es 

a s  shown by c essat ion of proton release . Having formed the 

act ivat ed agaro s e  a large amount of ice was added to  the 

susp ens ion , and the ent ire solut ion added to  a buchner 

funnel , in which it was washed under suction with cold 

Na2c�aHco3 buffer ( 300cm3 ) .  The 3 , 3'diaminodipropylamine 

s olution ( 5 . 25g in wat er  ( 20cm3 ) t itrated to pH 1 0  with 6M 

hydrochloric acid) was added t o  the act ivat ed agaro s e , mixed 

we l l , and the ent ire so lut ion transferred t o  a f lask and 

very gently st irred for 3 hours . The mixture was then 

allowed to  stand for 22 hours aft er which the g e l  was washed 

with seven l itre s  of distilled wat e r .  Sinc e the g e l  was 

s t ab le at this stage the addit ion of the enzyme-spe cific  

group could b e  made at  leisure . C arboxybenzaldehyde ( 200mg) 

in dimethylformamide ( 8cm3 ) was mixed with the diaminopropyl 

agarose gel  ( 8cm3 ) and the pH of the suspension was brought 

t o  pH 4 . 7  with sodium hydroxide ( 1M ) . 1 -Cyclohexyl-3- ( 2-

morpholinoethyl) -carbodiimide metho-p-toluene sulphonat e ( 0 . 2g )  

d i s s o lved i n  dimethylformamide ( 0 . 6cm3 ) was then added over 

a 5 minut e p eriod , the reaction b eing allowed t o  proceed  

o vernight at  room temperature . F inally the affinity co lumn 
produced was washed with large quant it ies  of dist i l led 

wat e r .  
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2.2.7 Enzyme A s says 

( 1 )  Aldehyde dehydrogenase assay solut ion was a s  follows : 

Pyrophosphat e buffer pH 9 . 3  3 3 . 0mM 

NAD+ 1 . 7mM 

acetaldehyde 

and sample 

1 .  7rnl'I 

The f inal vo lume was 3 cm3 and the act ivity of the 

enzyme solut ion ( expre s sed as �mole s of NADH produced 

per minut e per cm3 of enzyme solution) was determined 

by f o llowing the increase in absorbanc e at 340nm due 

t o  the format ion of NADH . Interference in the assay 

from alcohol dehydrogenase was stopped by the 

addition of pyrazole ( 0 . 5mM ) , which is  a potent 

inh ib itor of that enzyme , to all samp le s  suspected 

of c ont aining alcohol dehydrogenase . Pyrazole did 

not affect the act ivity of aldehyde dehydrogenase . 

(2) A lc ohol dehydrogenase assay solut ion was a s  follows : 

( 3 )  

Pyrophosphate buff er pH 8 . 8  5IDM 
NADH 0 . 1 5mM 

acetaldehyde 

and sample 

1 . 7mM 

The act ivity was determ ined by following the dis

app e arance of NADH absorbance at 340nm . 

Lact ate dehydrogenase 

Pho sphat e buffer pH 

NADH 

sodium pyruvate 

and sample 

assay solut ion was as follows: 

1 00mM 

0 . 1 6mM 

0 .  76mf>'I 

The d isappearance of NADH absorbanc e at 340nm was 

followed . 

( 4 )  Malat e dehydrogenase a ssay solution was as  f ollows : 

Sodium g lycinate buffer pH 1 0  1 00mM 

NAD+ 0 . 43mM 

sodium-L-malate 33mM 

and sample 
The increase in the NADH absorbance at 340nm was 

followed.  



( 5) C at alase 
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The relat ive c atalase c oncentrat ion was e stimated by 

measuring the absorbanc e at 400nm . The actual catal

ase concentrat ion was det ermined by measuring the 

decrease in absorbanc e at 240nm when hydrogen peroxide 

was added to  the enzyme solution ( Luck , 1965) .  

( 6) A ldehyde oxidas e  

The act ivity was determined by following t h e  decrease 

in the ab sorbance at 600nm when acet aldehyde and 

enzyme was mixed with the dye , 2 , 6-dichloropheno l

indo lpheno l ( Hendt lass , 1973).  

RESULTS 

Deve lopment of the Enzyme Purif icat ion Pro cedure 

At the t ime that the purification of the enzyme was 

being cons idered a new DEAE ( diethylaminoethyl)  anionic 

exchange re s in ,  Prot ion , was be ing tested in the Department . 

The advantage of this resin was that it was capable of be ing 

u s e d  with a very fast f low rat e and did not clog . Since it 

was not known whether there was more than one aldehyde 

dehydrogenase in the sheep liver it was thought that use of 

Protion res in as an init ial purif ic at ion step would enable 

e nzyme elut ion patt erns to be observed and would also be 

an efficient step in the purif ication procedure . Another 

reason for using the co lumn as the f irst st ep was that 

init ial studies showed a loss of enzyme act ivity if ammonium 

sulphat e prec ip itat io n  was used . Sheep livers , obtained 

fre s h  from the local freez ing works , were homogenized in a 

Waring.blender and diluted five t ime s with 0 . 001 2M phosphate 

buff er at pH 7.3. When this total homogenat e was added t o  

t he Protion column i t  was found that the majority of the 

aldehyde dehydrogenase act ivity was unretarded on the c olumn 
and came through with the void vo lume . On app lying 0 . 1M 

sodium chloride t o  the column a further small amount of 

act ivity was removed . The column was rerun us ing the two 
e lu t ed act ive fract ions and it was f ound that the fract ion 

which did not bind init ially t o  the column was larg e ly 

unretarded when rerun and similarly the other fract ion was 

retarded as before . A s  the unbound fract ion was by far the 
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l argest act ivity p e ak an att empt was made to  purify it 

further . The fract ions were pre c ip it ated with a z ero t o  

s ixty-f ive percent ammonium sulphate cut and aft er dialys i s  

added t o  a second DEAE Prot ion column , from which the 

unret arded fract ion was again bulked and pre c ip itat ed with 

ammonium sulphat e .  After dialysis  the enzyme s o lut ion was 
added to a double cat ionic CM ( carboxymethyl)  and anionic  

DEAE Prot ion column at pH  6 . 0 .  The act ivity was once again 

unretarded but only 0 . 1% of the act ivity was recovered . 

Addit ion of 2-mercaptoethanol and degass ing of all the 

buffers increased this recovery to 0 .7� in lat er preparat ions . 

If , instead of 0 . 1M s od ium chloride , a gradient of 

0 . 001 2M to  0 . 25M phosphat e buffer was used to  e lute the 

prot ein off the column a large increase in the amount of 

act ivity retarded on the co lumn was observed , suggest ing 

that the strong sodium chloride solut ion was deact ivat ing 

the enzyme . At the same t ime l e s s  act ivity was pre sent in 

the vo id vo lume . A further improvement was observed if a 

st epwise increment t o  0 . 025M pho sphat e buff er was used 

inst ead of the gradient . It therefore appeared that co lumn 

overloading was p laying a large part in the appearance of 

the unbound act ivity peak , even though prot e in overloading 

should not have been o ccurring at the c oncentrat ions used . 

Att empt s were then made to purify the retarded fract ion . 

At this t ime T .  Kit son , who was working in the s ame 

lab oratory report ed the existence  of a mitochondrial she ep 

l iver aldehyde dehydrogenase which was retarded on DEAE 

Prot ion columns . It therefore became necessary t o  isolate 

the separate cellular fract ions , firstly to determine the 

enzyme act ivity in e ach of the cellular compartment s  and 

s e condly t o  det ermine the elut ion patterns of the enzyme 

f rom  each compartment . The c e llular fract ions were iso lated 

by centrifugation and it  was f ound that the cyt oplasm con

t ained 37% of the total act ivity , mitochondria 34% and the 

m i c rosome s 10% while the remainder was pre sent in whole c e lls  

which were unbroken by  homogenizat ion in a Potter-E lvenhj em 
h omogenizer ( Crow et al . , 1974 ) . Elution patterns of thes e  

f ractions showed that both t h e  cytoplasmic and mito chondri al 

e nz ymes were retarded o n  the DEAE column while the micro somal 

e nzyme was unretarded .  It was apparent that cellular 
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f ract ionat ion should b e  carried out before any further 

purificat ion so  the mitochondrial and cytoplasmic enzymes  

c ould be separat e d .  After fract ionat ion t he column behaviour 

o f  t he cytoplasmic fract ion was still  errat ic with various 

concentrat ions of act ivity being unretarded .  However , if the 

unretarded peak act ivity was appl ied to  a column with freshly 

p rep ared re s in it was always retarde d .  Obviously the resin 

was regenerating very poorly and as the s ame column was 

b e ing used , reduct ion in the b inding capac ity seemed to be 

t aking place . Thus it was de c ided to use the more conven

t ional technique of an ammonium sulphat e precip it at ion as 

the first step so that less pro t e in was added to  the co lumn 

in the second st ep . Preparat ions using this method, of an 

ammonium sulphat e cut between 45% and 70% s aturat ion followed 

by a column ru� showed that 80% of the act ivity added t o  

t h e  column c ould b e  recovered in the retarded fract ion . 

However , after  a seri e s  of preparat ions it became obvious 

that the eff ic iency of the co lumn was very incons ist ent and 

could not be relied upon and large changes  in column b inding 

capac ity were o ccurring . This c olumn step was cruc ial for 

the removal of c ont aminating enzyme s ,  such as alcohol dehydro

genase which should be unret arded and catalase which i s  

retarded a l it t l e  more than aldehyde dehydrogenase . S ince 

the c olumn run was now the second step in the purificat ion , 

the fast flow characteristics of the Protion res in were no 

longer re quired and it was dec ided t o  replace the Prot ion 

re s in by the we l l  proven Whatman DEAE ce llulose re sin in 

the purificat ion scheme . In Sec t ion 2.3.3 this f inal 

puri f icat ion s cheme is discus sed in full . 

Affinity Chromatography 

To improve the purity of the enzyme after anionic 

exchange chromatography an attempt was made t o  des ign a 

c olumn with an affinity which is  specif ic for aldehyde 

dehydrogenase .  T o  do this  it is  necessary t o  f ind a compound 

whi ch will bind spe c ifically t o  aldehyde dehydrogenase but 

i s  not a sub st rat e and in addit ion it must be p o s s ib l e  t o  
att ach this compound t o  a re s in matrix in order t o  make a 

c o lumn . Sinc e aldehyde dehydrogenase has few inhibitors 

( chloral hydrate i s  one but would b e  difficult to  put on the 
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The enzyme activity is expressed as nmoles min-1 mg·l 

The column dimensions were 5.0 cm x 33 cm, flow rate 
0.5cm3/min and the volume of each fraction was about 
4 cm3. The total protein added to the column was 530 mg. 
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c olumn) and will react with almo st all aldehydes ,  the cho i c e  

of c ompound was very difficult . It was de c ided t o  use 

p-c arboxybe nz aldehyde which was a poor sub strate and once 

attached t o  the column should produce l it t l e  react ion. 

Aft e r  preparat ion of the column a 5cm3 enzyme sampl e  in 0 . 05M 

pho sphat e buffer at pH 7 - 3 containing NAD+ ( 16f.LH ) ( ne c e s sary 
b e c ause of the ordered addit ion of substrat ed with NAD+ 

f irst ) was added to  the column and allowed to  st and for 

half an hour . In washing the column to remove the unbound 

prot e in 20% of the enzyme act ivity was also e lut ed . The 

ret arded enzyme act ivity was f ound to be  very stron�ly 

bound to the aff inity c o lumn and it required 0 . 5M phosphat e 

buffer with 2 . 5!11l'-I ace taldehyde ( t o  act as an alternat ive 

b inding compound) to remove it from the co lumn . S ince the 

f irst column run was efficient and later runs were l e s s  

effe c t ive it  appe ared that the aldehyde groups o n  the r e s in 

were s lowly b eing convert ed t o  c arboxylic groups .  Thus the 

aff inity c olumn was not going to  be pract ical for a large 

s e r i e s  of e nzyme preparations and was not used furthe r .  

H owever if the removal from t h e  enzyme solution of apparent ly 

inseparab l e  prote ins was ever required the column would b e  

very useful . 

2 . 3 . 3  Purif ication Scheme for Cytoplasmic A ldehyde 

Dehydrogenase  

Fre sh she ep l iver was obt ained from the  local  free z ing 

works and t aken back to the laboratory in an i c e  bucket . 

The l iver was cut into small p i e c e s  and homogenize d  in a 

Pot t er-E lveh j em homogenizer ( with a t eflon head)  u s ing 

0 . 005M pho sphat e  buffer at pH 7 . 3  containing 2-mercaptoethanol 

( 14mH ) . The buffer also cont ained sucrose ( 0 . 25N ) to  

prevent swel l ing of t he mit o chondria and hence pos s ib le 

c ont aminati on of the extract with mitochondrial e nzymes .  

The homogenat e was then c entrifuged at 1 2 , 300� for one hour , 

t h e  result ing prec ip itate was discarded and the supernatant 

c ent rifuge d  at 34,000� for two and a half hours t o  prec ip it at e  

m it ochondri a  and micros ome s .  Once again the prec ip it at e  
was discarded and the supernat ant ( the cyt op lasmic fract ion) 

was taken to 45% saturation with ammonium sulphat e , c entri

fuged and t he supernatant ret ained.  The sup ernatant was then 
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t aken t o  70% saturat ion with ammonium sulphate and centri

fuged . The enzyme act ivity was c ontained in the prec ipitate 

whi ch was redissolved in 0 . 005M phosphate buffer at pH 7 . 3  
and dialysed against more buffer t o  reduce the high s alt 

concentrat ion . After dialysis  the sample was centrifuged 

t o  remove any precip itate which may have formed and then 

loaded ont o  an anionic exchange c o lumn , Whatman DE 32 cellu

lose ( 5 . 5cm x 30cm) at a flow rate of 1 to 2cm3 per m inute . 

The co lumn was then washed with 0 . 005M pho sphate buffer 

( 5cm3/minute) unt il the protein c oncentrat ion of the elutant 

was below 0 . 1mg/cm3 . A t  this st age 0 . 022M pho sphate buffer 

at pH 7 . 3  was added to the column t o  elute the enzyme and 

fract ions were collected . After assaying for enzyme act ivity 

and protein c oncentrat ion , the mo st active fract ions were 

bulked and concentrated ( usually t o  10-20cm3 ) using an 

ultraf i ltrat ion Diaflow membrane ( with XM100 filter) or by 
a 0% t o  70% ammonium sulphate cut . The concentrated sample 

was then loaded onto a B ioge l  A 0 . 5M gel filtrat ion c olumn 

( 5 cm x 33cm )  and the enzyme e luted with 0 . 022M phosphate 

buffer ( F ig .  2.1). For a summary of the purificat ion scheme 

see T able 2 . 1 .  

Purity of the Aldehyde Dehydrogenase Sample 

Polyacrylamide gels  of the purified enzyme , st ained 

for protein with Amido Black , showed only one band with a 

faint second b and , even when large concentrat ions of enzyme 
('�Q. � o:::t �) were app l ied . TheUmajor band was shown to be aldehyde 

dehydrogenase by act ivity staining a similar gel and observing 

that the band formed in an ident ical posit ion to the protein 

st ain . The faint band was cat alase contaminat ion and was 

found , by measurement of peak areas on a scan of the gel ,  

to  be les s  than 5% of the total protein . The peak fract ions 

of t he B iogel c o lumn were assayed for other cont aminat ing 
enzyme s  as shown in F ig .  2 . 2 . No  aldehyde oxidase or malate 

dehydrogenase c ould be detected however act ivit ie s  of alcohol 

dehydrogenase , l actate dehydrogenase and cat alase could be 

detected . A s  seen in F ig . 2 . 2 the B iogel c olumn is  not 

effi cient at removing these cont aminating enzymes as  their 

mole cular weight s are of the same order as that of aldehyde 

dehydrogenase and so only the init ial fract ions are not 
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TABLE 2 . 1  PUR IFICATION OF CYTOPLASf1IC ALDEHYDE 

DEHYDHOGENASE FROM SHEEP LIVER 

Spe c ific Act ivity 
Fract ion Vo lume C 1-1moles  Pro t e in A c t ivity R e covery 

( 1) NADH/min) (g) ( nmo le s NA�H .  
min-1 . mg- ) (%) 

Cytoplasm 2 . 15 206 23 . 7  8 . 7 1 00 

D ialysed  45-70% 0 . 30 1 30 10 . 5  1 2 . 4  63 

(NH4) 2so4 preci-
p itat e  

DEAE- c e l lulose 0 . 26 1 1 2 0 . 70 1 60 54 
e luted fract ion 

Dialy sed 0-70?!J 0 . 024 1 04 0 . 55 1 89 50 

(NH4 ) 2so4 pre ci-
p it ate 

Bioge l  e luted 0 . 057 95 0 . 25 380 46 
fract ion 

The 1 1  peak tubes of  the Biogel e luted fract ion were bulked , 

however the specif ic act ivity of each tube was about the 

same . Over  a serie s of 7 preparat ions the final spec if ic 

act ivity varied from 130 t o  390 and the % recovery varied 

from 1 0% to 46% . 
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cont aminat ed by other dehydrogenase s .  I t  must b e  remembered 

that though the act ivity of the cont aminat ing enzymes  is  h igh 

the fact that they react much faster than aldehyde dehydro

genase  means that the ir actual prote in concentrat ion i s  smal l .  

However , all these enzymes may b e  removed by DEAE c ellul o s e  

chromatography and s o  it is apparent that the effic iency of 

that column is e ssent ial to a good enzyme purificat ion. 

An indicat ion of thi s  eff ic iency is  given by the movement of 

the green c at alase containing b and , wh ich is ret arded slightly 

more than aldehyde dehydrogenase , on the DEAE ce llulose 

c olumn.  If this band remains on the column while the aldehyde 

dehydrogenase act ivity is being e luted then the level of c on

t aminating enzyme s will be very low . Thus by careful column 

chromatography , or by rerunning s ample s if nec e ssary , the 

leve l  of contaminat ing enzyme s act ivity c ould be reduced t o  

undetect able  levels . 

2 . 4  DISCUSSION 

It appears that the original c onfus ion over the retarded 

and unret arded peaks on DEAE Protton res in can be explained .  

The unr�tarded peak was due i n  p art t o  the low b inding cap ac ity 

of the Prot ion column which allowed an act ivity overflow and 

also due t o  the pre senc e  of a microsomal enzyme . The c e l lular 

fract ion of the sh eep l iver sho wed the existence of such an 

enzyme and it was found to be unretarded on Prot ion column . 

A nother source  of confusion was the fact that the orig inal 

sod ium chloride e luant deact ivated the retarded act ivity and 

h ence masked the pre sence of the enzyme on the co lumn. The se 

problems were solved by separat ing the cytoplasmic  fract ion 

of sheep l iver before attempting enzyme purificat ion .  
The purificat ion scheme ( T able 2 . 1 )  shows that there 

is a forty-f ive fo ld increase in the spe c ific act ivity of 

cyt oplasmic aldehyde dehydrogenase from the init ial cytoplasmic 

f ract ion ( obtained aft er fract ional centrifugat ion) to the 

e nzyme solut ion e lut ed from the B iogel ge l filtrat ion column. 
The first mammalian aldehyde dehydrogenase purified  to  homo
geneity , that from horse liver , was purified 250 fold from a 

t ot al l iver homogenat e produc ing a spec ific act ivity of 7 20 

nmol e s . ( m in . mg) -1 ( F eldman and W e iner , 1972a) . The final 
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purif icat ion step involved isoe lectric focusing o f  the enzyme 

s o lut ion and improved the spe c ific act ivity 6 f o ld . Lat e r  

workers have shown that this enzyme was mitochondrial in origin 

and that a l esser act ivity p e ak , observed but ignored by 

F eldman and Weiner , was an aldehyde dehydrogenase of cytoplasmic 

origin ( E c kfeldt et al . , 1 976) with a spe c ific act ivity aft er 

purificat ion of 370 nmoles . ( min . rng) -1• This ob servation of 

d ist inct mitochondrial and cytoplasmic enzyme s is  s imilar to  
that which has been f ound for sheep liver and report ed by 

C row et al . ( 1 974) . The degree  to which the cyt oplasmic sheep 

l iver enzyme has been purified is similar to that for the mo st 

h ighly purified aldehyde dehydrogenase the horse l iver enzyme , 

w ith the addit ional i soelectric focusing step . The spe c ific 

act ivity of the cyt oplasmic horse liver enzyme ( called F 1 ) is  

almost ide nt ical to that found for the sheep liver enzyme and 

any difference with the horse liver mit ochondrial enzyme ( F2) 

m ay s imply reflect differenc e s  in catalyt ic-centre act ivity 

rather than any difference in purity . R ecent ly a purif icat ion 

o f  human l iver aldehyde dehydrogenase has been de s cribed 

( Sidhu and Blair , 1 975a) . U s ing a s imilar purif icat ion s cheme 

t o  that used for the cytoplasmic she ep l iver enzyme a spe c if ic 

activity of 1 200 nmoles  ( min . mg ) -1 was f ound which is somewhat 

higher than that found for the horse liver and sheep l iver 

e nzyme s ,  but vJhich shmved similar behaviour o n  c olumns during 
purif icat i o n .  This suggests that the aldehyde dehydrogenases  

from the s e  sourc e s  are reasonably similar . 

Further work has been c arried out on the physical prop

e rties  of cytoplasmic sheep l iver aldehyde dehydrogenase by 

K athy Crow in this laboratory ( Crow , 1 975 ) . She f ound that 

t he molecular weight of the enzyme was 2 1 2 , 000 + 8 , 000 from 

g e l  f iltrat ion with marker enzymes and s odium dodecyl sulphate 

g e l  electrophore s i s  produced a single b and of 53 , 000 � 2 , 000 

suggest ing that the enzyme is a tetramer with ident ical sub

unit s . I so e lectric focusing experiment s in a glass  column 

( 1 10cm3 ) in the range pH 4 . 5  t o  pH 5 . 5  showed a s ingle b and 

w ith an i s o e lectric p o int of 5 . 25 .  Once again the se re sult s 
are comparab le with the recent ly reported horse  l iver enzymes 

w ith molecular we ight s of 230 , 000 and 240 , 000 for the F1 and F2 
i sozyme s re spect ive ly and 52 , 000 and 53 , 000 f or the subunit 

molecular weight s ( by sodium dodecyl sulphat e-p olyacrylam ide 
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gel  e l ectrophore sis ) for F1 and F2 i sozyme s again (E c kfeldt 
et al . , 1975) •. The isoele ctric focusing of F 2 gave a b and 
at pH 5o5, in the same region as the sheep liver enzyme , 

but in some preparat ions an addit i onal band at pH 4.8 was 

repo rt e d . 

S ince t he cytoplasmic enzyme from sheep liver 

appe ared to be free from cont aminat ing enzyme s it was judged 

suit ab l e  for u s e  in kinet ic studies on the enzyme . 
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SECT ION 3 

EQU ILIBR IUfv1 STUDIES AND THIOL DETERM INAT IONS 

INTRODUCT ION 

3 . 1 . 1  Coenzyme B inding 

A ldehyde dehydrogenase  catalyse s the react ion of  

aldehyde s  and the co enzyme NAD+ to  produce the corresponding 

ac ids and the reduce d  coenzyme NA DH . Study of the coenzyme 

b inding to the enzyme can aid the e luc idat ion of the enzyme 

mechanism in addit ion to determinat ion of  the dissociat ion 

c onstant s of the spe cies  involved . The enzyme-coenzyme 

c omplex format ion i s  usually monitored by assoc iat ed 

abs orpt ion or fluores c ence changes . For examp le , horse l iver 

a lcohol dehydrogenase forms a c omp l ex with NADH which lS 

charact erised by a shift in the absorpt ion maximum of the 

reduced c oenzyme from 340 nm to  325 nm ( Theorell  and 

Bonnichsen , 1 95 1 ) which allows the  formation of the complex  

t o  be  followed . On the  other hand , for  beef heart lact at e 

dehydrogenase ,  NADH exhib it s only a small shift in  absorbance 

on  b inding to  the enzyme , but there is a large enhanc ement 

and shift in the fluore scence maximum of  NADH from 462 nm 

t o  440 nm (Velick , 1 958 ) . The s e  chanGeS have been  used t o  

det ermine the dissoc iat ion c onstant s o f  the comp lexes and 

the  sto ichiometry of the binding of coenzyme to  enzyme . 

Other compounds whi ch can form ternary complexe s with the 

enzyme and coenzyme have been sho\m to  induce  further 

changes t o  the ab sorbance and f luore scence  spectrum of 

enzyme-bound NADH . In beef heart lact ate  dehydrogenase 

oxamat e , an inhibitor  of the e nzyme , was found to quench the 

fluores cence  of the enzyme-c oe nzyme complex while  the 

addit ion of  L-lact at e to  the c omplex of rabbit muscle  

enzyme and NADH produced an add it ional shift and enhance-

ment of NADH fluore s cence (Fromm , 1 970 ) . This  latter effect  

i s  due t o  the format ion of the  dead-end ternary complex 

enzyme-NADH-lactate , lactate  b e ing the product of the react ion 

of  enzyme-NADH with pyruvate . 

It  was dec ided to  att empt to  detect  any absorbance  



20 

or f luore scence  changes  that occurred on binding of NADH to  

sheep l iver aldehyde dehydrogenase and det ermine whether 

such changes  could be  used to  measure dissociat ion constant s 

and the total concentrat ion of  b inding s it e s . At that t ime 

the only aldehyde dehydrogenase to have been studied was 

from yeast (B radbury and Jakoby , 1971 b )  in which the eo

enzyme was found to  b ind to  a binary complex composed of  

enzyme and aldehyde , and an  enhancement of  f luorescence was 

obs e rved . 

3 . '1 . 2  Theory of Ligand BindinG 

An enzyme oft en contains  a number of  pot ential  

binding s it e s  for l igands . If  the binding sit e s  are  all  

ident ical then they wil l  act  as independent ent ities  such 

that the binding of a l igand at one site  of the enzyme will 

not affect  the l ike l ihood of a s e c ond l i�and b inding to 

another site on  the same enzyme . For l igand binding to a 

homogeneous populat ion of  independent bind ing s it e s , the 

dis soc iat ion constant , KD , is defined by the equat ion 

@L_NAD!i7 
a;-NADH7 

( 1 )  

\•!he re /E/ 
LJrADH7 

is the c oncentra t ion  of fre e binding s it e s  

is  the c oncentrat ion o f  unbound l igand ( in 

this example  NADH ) 
f2-NADH7 is the concentrat ion of bound l igand ( or 

occupied  binding s it e s ) 
S ince the t otal  concentrat ion of  each spec ie s  ( b inding s it e s  

and l igand ) i s  the sum o f  the bound and unbound spec ies , 

then equat ion  ( 1 )  becomes 

K = (@0 - LE-NADB_7) (i_NADB_70 - LE-NAD!_!7) 
D LZ-NADHl 

( 2 ) 

where @0 i s  the t ot al concentrat ion of  binding s it e s  

lhlADHZ i s  the tot al l igand concentrat ion . L., - o  
If  t he proport ion of  the total  number of b inding s it e s  that 

are o ccupied  is defined as R ,  that is  



R = 
�-NAD!i_7 
LYo 
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( 3 )  

t h e n  o n  subst i tu t ing R@0 f o r  LE-NADH7 e quat i o n  ( 2 ) b e c om e s  

= @0 ( 1 - R)  (LjifAD% - R@0 ) 
R@o 

R e ar range ment o f  t h i s  e quat i o n  g i v e s 

1 
(1 H) = ffiAD!i_la KD . R 

( 4 )  

( 5 ) 

The u t i l ity o f  e quat i on ( 5 )  i s  t h at oft en t h e  f r a c t i o n  o f  
b ind i ng s i t e s  o c cup i e d  i s  kno wn f r o m  s ome p hy s i c a l  prop e rty 
wh i l e  the t o t a l  c o nc e nt rat i o n  of b ind ing s i t e s  m ay b e  
unkno wn . A p l ot o f  1 2 Ii aga i n s t  ,LNAD.B.7 o where d if f e re nt 
c o n c e nt rat i o n s  o f  NADH h av e  b e e n  u s e d  ·w i l l  have a s l o p e  o f  
!t:-, whe n c e  KD m a y  b e  d e t e rrnine d , and an int e r c ept o n  t h e  
oFd i nat e ax i s  o f  �0 , t h e  c on c e nt r at ion o f  b inding s it e s  
(Gut f re u nd , 1 972 ) . L in e arity o f  t h i s  p l ot m ay b e  tn.ken as 
e v i d e n c e  for i nd e p e nd e n c e  o f  the b ind ing s it e s .  

App l i c at i on t o  F lu o r e s c e n c e  T itrat i o n  

The f lu o re s c en c e d i ff e r e n c e ob s e rv e d  i n  t h e  em i s s io n  
sp e c t r a  o f  f r e e  NA DH and t h e  e n z y m e -NADH c omp l e x  ( s e e  
re s u lt s ) a l l o ws the e n z yme pre s e nt i n  s o lut i o n  t o  b e  
" t i t rat e d "  1.'Ji t h  NADH , t hat i s  NADH may b e  adde d t o  t h e  
s o l u t i o n  unt i l  t h e  f lu o r e s c e n c e  c h anc;e b e t w e e n  al i quo t s i s  
t h e  s a m e  a s  i f  n o  enzyme was p r e s e nt . I n  t h e  c ont r o l  s amp l e  
i n  whi c h  NADH i s  adde d  t o  a buf f e r  s o lut io n , t h e  f o l l o wi ng 
r e l at i o n s h ip h o lds ; 

( 6) 

whe r e  Q 1  i s  the m o l ar e m i s s i o n  o f  the c o enzyme 
LJrADH70 i s  the t o t a l  c o n c e nt rat i on o f  NADH 

and F 1 i s  the o b s e rv e d  f l u o re s c e n c e  o f  NADH 
T h i s e xpre s s i o n  wa s f o und t o  h o l d  as long a s  /NADH70 was 
l e s s  t han ab o u t  1 O!J-�1 . Above t h i s  value d e v i at i o ns f r o m  t h e  
l in e ar r e l at i o n sh ip o c curred du e t o  ab sorp t i o n  o f  the 
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inc ident l ight by the NADH solut ion . When enzyme and NADH 

are mixed in solution two species  contribut e  towards the 

f luorescence 

( 7) 

vJhere  L_NADH7 is  the concentrat ion of  unbound co enzyme 

/E-NADH7 is  the concentrat ion of bound coenzyme 

Q') c:.. 
is  the molar emiss ion of the bound coenzyme 

and F2 is  the observed fluore scenc e . 

HovJever , as LN'ADH7 = L,NADH7 0 - /E-NADH7 

then equat ion ( 7 )  b ecomes  

Q1 L_NADH7 0 + ( Q2 - Q1 ) ffi-NADH7 = F 2 ( 8 )  

equat ions ( 6) and ( 8 )  be inG applicable  t o  the control 

t itrat ion and the enzyme t itrat ion re spect ively . The E-NADH 

c oncentrat ion is  found to be  proport ional to  the difference 

in  f luorescence bet \ve en the enzyme and control  s olut ions , 

that is equat ion ( 8 )  minus equat ion ( 6) .  

( 9 ) 

On t itrat ion of  all the enzyme in solut ion , the concentrat ion 

of occupied b indinc sites  r e a c h e s  a maximum , equivalent to 

the total b inding s ite  concentrat ion , �0 ,  and hence 6 F  of  

e quat ion (9)  reache s a maxi mum value , 6Fmax · In def ininc 

the fraction of b indin� sites  occupied by NA rnl as R ,  where 
6F R = F , we have enough informat ion to  be  able to  use  

6 max 
e quat ion ( 5 )  as valu e s  for R and /NADH/ are known . A plot 

f 1 . t il!ADH7o - - 0 
o ( 1 _ R) ae;alns -R = may be c onstructed from which 

values for KD and /E6 are obt a inable . 

3 . 1 . 4 Thiol Determinat ions 

The amino ac ids  cyste ine and cyst ine contain a thiol 

group and a disulphide group respectivel� so thes e  groups 

are also f e atur e s  o f  the enzymes  containing the se amino 

acids . However , thiol  groups pre sent in a s ingl e  enzyme 

molecule may have measurably different propert i e s  and the se  

difference s  are of  int erest in  determining the various 

funct ions of the se  thiol groups in the enzyme . Many enzymes  
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have been  studied  in this regard ( Joc e lyn , 1 972) . 

Severai studies  have been reported re l a t ing the 

sulphydryl character of aldehyde dehydrogenase from var ious 

source s  ( St oppani and Milst ein , 1 957 ; Deitrich , 1 967 ; 

Duncan and Tip to n , 1 971 a ) . De it rich ( 1 967 ) f ound that the 

bovine l iver enzyme was inhib ited by a series  of sulphydryl 

reagent s ,  arsenit e ,  y - ( p-ars enopheny l ) -n-butyrat e , o- iodo

sobenz o ate  and p -chloromercuribenz oate and that the inhib

it ion was reduced  in the presence  of NAD+ . A react ion 

mechan i sm has b e e n  postulat ed by F e ldman and W e iner ( 1 972b ) 

for the act ion o f  horse l iver alde hyde dehydrogenase in 

which the  aldehyde substrat e reac t s  with an enzyme sulphy

dryl t;roup , but no direct evidenc e for the pre s ence of the  

group was  pre sent ed . 

It is  known that a lcoho l i c s  drinking a lcoho l whi le 

under treatment with disulf iram ( t et raethylthiuram disul

phide ) suffer from  very unp l easant symptoms includin� 

nausea , vomitin� , re spiratory d i stre s s  and headache s and 

hence are discouraged from consum in� alcoho l ( avers ion 

therapy ) . The act ion of the disulphide , disu lf ira� , i s  

attribut ed t o  inh ibit ion o f  aldehyde dehydrocenase and sub

sequent accumu l at ion o f  ace t aldehyde (Truitt  and Duritz , 

1 967 ) . Kit son ( 1 975 ) in this  laborat ory found with cyt o 

p lasmic sheep  l iver aldehyde dehyd roEenase that disulf iram 

produced a n init ial inhib it ion of  t h e  enzym e fo llowed by a 

t ime dependant l o s s of act ivity . 2-Mercaptoe thano l used  

in all  the  buffers  during the  purificat ion proc edure wa s 

found t o  increase  the st ab i l ity of the she ep l iver enzyme 

and from these  observat ions it appe ared to be of  interest  

to  examine the r e lat ionship betwee n  the  number of sulphydryl 

group s and the e nzyme act ivity . 5 , 5 ' -Dithio-b is ( 2-nit ro 

benz o i c  ac id) ( Nb s2) was used  in the study a s  it s absorbance 

change on react ion meant that the thiol  react ion and the  

enzyme act ivity could be  studied s imultane ous ly . 

3 - 2 I\'JATER IAI, AND r�rETHODS 

U . V . Sp ectra 

The ultravio let spectra of t he coenzymes were stud ied 

on a Shimadzu MPS-500 Sp e ct rophot ome t er . The inst rument had 
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an 8 po int range control switch which allowed scale expan

sion down to  +' 0 . 01 25 absorbance unit s ,  a feature which was 

useful in  difference experiment s . By doub l inG the NADH 

concentrat ion of a buffered solut ion and halving the sen

sit ivity the two absorbance curves could be  superimpo sed . 

Repeat ed addit ion of  NADH to  a solut ion of aldehyde dehydro

genase us ing this  method rr.eant that the st andard NADH peak 

he ight was const ant and any chance in the shape of the peak 

must be  due to  the presence of  the enzyr:1e . NA DH v·JG. S added 

by a Hamilton syringe in aliquot s , one of which made a 2�M 

solut ion  in the pH 7 . 6 phosphate buffer . 

3 . 2 . 2  F luorimet er 

F luore sc ence measurement s were made with a Turner 

430 Spe ctrofluor imeter with a 150W Xenon l ight source . 
7. 

Excitat ion and emission spectra were recorded  on a 3co? 

solut ion  cont ained in a jacket ed c e l l  ho lder throuch which 

wat er at  25° C was c irculated . The  s l it widths for the  

exc itat ion and emission monochromators were 1 5  nm and 60 no 

respect ively . The change in fluorescence b etween a qu inine 

sulphat e solut ion ( 25 �g/l itre in 0 . 05M sulphuric  acid) and 

0 . 05N sulphuric  acid was used as a standard and arbitrar i ly 

set to  1 . 0 .  A l l  other f luore scence  changes were  re lat ed to  

this value so  al l result s c ould be  directly compared . These 

fluore s cence changes  could be  re lated  to the actual conc en

trat ion of  the NADH by construct ion of  standard curve s with 

NADH of  known concentrat ion . 

3 . 2 . 3 T itrat ion  Reagent s 

The phosphat e buffer  used was a solut ion  of pot a s s ium 

dihydrogen pho sphat e ( 0 . 0251'1 ) containing suff icient sodium 

hydroxide to bring the pH t o  7.6 . The buffer s o lution was 

filtered s lo\vly t hroue;h s intered Glas s to remove any 

part iculat e  mate rial which might int e rfere with the f luor

escence  measurement s  by cau sine; scatt ering of  the inc ident 

radiation . The NADH was obtained in prewe ighed  vials ( Sigma 

Grade III ) . The concentrat ion of the NA DH cou ld be checked 

by measuring the ab sorption at 340 nm assumine; a mo lar 

ext inct ion coeff ic ient of 6 . 22 x 1 03 M-1cm-1 ( Horecker and 

Kornberg , 1 948) . 
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3 . 2 . 4  T it rat ion Metho d  

F luore s c ence  t it rat ions were carried  out in quart z 

c e l l s  in which  NADH was exc it ed at  340 nm a nd the emi s s i on 

me asured at 435 nm . The  NADH vias added t o  the enzym e  

s o lut ion by a Ham il t on syrince att ached to  a micromet er  

whi ch de livered a 0 . 01 cm3 aliquot for  each revo lut ion . 

T it rat ions were performed by addit ion of f ifteen t o  t wenty 
7.: 

al i quot s of 0 . 01 cm? NA DH so lut ion ( 1 . 28 nmo l e s/al iquot ) t o  

a 3 cm3 enzyme s o lut i o n , the f luore s c ence b e inc me asure� 
aft e r  each addit ion . A s  the max i mum dilut ion of  the enzyme 

dur ins the t it rat ion was only 7% , the enzyme c onc entrat ion 

was a s sumed to be  const ant . The total NADH conc entrat ion 

was , however , corrected  at  each s t ep for  the vo lume increas e . 

A c ontro l t it rat ion was alway s c arried out , in conjunct ion 

with the samp l e  t itrat ion , in wh ich the fluore scence  of 

NADH added t o  a buf f e r  s olut ion \va s  measured . 

3 . 2 . 5 Treatment of Dat a 

From the t it rat i on , the d ifference in f luores cence 

b e t we en the sample  and c ontrol so lut ions ( that i s , 6 F ) , 

was found aft e r  each a l i quot addit ion , that is for each 

value of  iNADH70 • The t itrat ion was cont inued unt i l  there 

was no  further f luo r e s c e nce enhanc ement and so the l imit ing 

value of the f luore s c e nc e  difference wa s r e ache d . An 

e st imate of 6Fmax vJa s  obt a ined from the t itrat ion curve 

and this  value varied  t o  give a straight l ine when  the dat a 

was p lotted according t o  equat ion  ( 5 ) . Est imat e s  of 6F max 
e it h e r  5% t o o  low or  t o o  hich produced marke d  deviat ions  from 

a s t raight l ine , at h iBh value s of 

( St inson and H o lbrook , 1 973 ) , and the 6F value s e l e c t ed max 
in t h i s  way was always reasonab l e  with re sp e ct t o  the 

original t itrat ion curve . 

It was found that the apparent 6 Fmax obt ained from 

t h e  experimenta l  t it rat ion curve was 1 0;6 t o o  low due to a 

numbe r  of fact or s . S inc e the d i s s o c iat ion c onst ant i s  of 

the s ame order of  magnitude as the enzyme c onc entrat ion , the  
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f luore scence d ifference only s lowly approaches an assyoptot ic 

value making it diff icult to e s t imat e whether the maximuQ 

has b e en reached . The t itrat ion c ould not be ext ended as t he 

NADH f luore scence  become s non- l inear aft er about 1 0 �M NADH 

and if the enzyme concentrat ion i s  reduc ed , the r e su l t s  are 

l e s s  accurate due to  l ack of instrument sen s it ivity . 

3 . 2 . 6  EnzyDe A s say 

An enzyme al iquot ( 0 . 1 cm3 ) was a s s ayed s�e ct rof luori

metric ally ( exc i t at ion  wavelencth 3�5 nm and emi s s ion wave

length �55 nm) with an a s say mixture consist ing of pH 7 . 6 

pho sphat e  buffer ( 2 . 1 5 cm3 ) , NAD+ ( 420�M ) and prop ionaldehyde 

( 95 �K ) . For  t he enzyme assay u s e d  in the thiol  det erminat ions 

NAD+ ( 1 .  7r.ll'·'l ) v;a s  used . 

3 . 2 . 7 Z inc C ont ent 

An enzyme sample  ( 2cm3 ) wa s dialysed for four days 

against frequent chang e s  of pii 7 . 4 ,  0 . 05M pho sphat e buffer , 

which  wa s made up in de i onized  wat er  and cont ained 0 . 01 ppm 

z 1nc . The z inc concentration of the dialysed s ampl e  was 

det ermined by atomic ab sorpt ion spe ctroscopy , a method which 

has a sens it ivity of 0 . 01 ppm . M e a surement s were made using 

a Varian-Te chtron AA-5 at a wav e le ngth of 21 3 . 9 nn and the 

z inc c onc entrat ion was determined from a st andard curve 

prep ared by us ing st andard z inc so lutions of known conc en

trat ion . The p o s s ib i l ity of s o m e  of  the ob served ab sorpt ion 

be inc non-atom ic in oricin w a s  chec ked by measuring the 

ab s orption s ignal froQ a hydroben cont inuum sourc e . 

3 . 2 . 8 Thiol  Determinat ions 

Pho sphat e buffer pH 8 . 0 ,  � = 0 . 1 ,  was used  in a l l  

the thiol proc edur e s  unl e s s  otherwise st at ed , and in later 

runs EDTA ( 1mN )  was added  to  the buffer to  help s t ab i l i z e  

the  c o lour o f  2-nitro-5 -thiobenz oat e , wh ich s lowly fade s due 

to aut ooxidat ion ( Jo c e lyn , 1 972) . The reasent u s e d  in the 

t h i o l  det erminat ions was Ellman ' s reagent ( E l lman , 1 95 9 ) . 

The � l lman ' s reagent cons ist ed o f  5 , 5 ' -dith io -b i s ( 2-nitro

benz o ic acid) , ( Nbs2 ) ,  ( 2 - 8mi1 ) in pH 7 . 2 pho sphat e buffer 
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( �  = 0 . 1 )  in which the compound i s  st ab l e . The react i o n  with 
t h i o l  group s w� s f o llowed at room t emperature in a U . V . c e l l  
conta ininG enzyme s o lut i on ( 1 cm3 ) ,  S l lman ' s reacent ( 0 . 1 cm3 ) 
and buffer ( 2cm3 ) . Sodium dode cyl sulphat e was . 3% ( 0 . 3 g in 
100cm3 ) whe n  u s e d in a ssays . Th e react ion o f  a n  en zyme 
t h i o l  croup with E l lman ' s rea�ent is as fol l ows : 

--�) E - s - s -Nb + 2-nit ro-5-thiob enz oat e ( Nb s- ) 

The release  o f  2-nitro -5 -thiobenzo ate was f o l lowed spe ct ro 
pho t oQetrical ly at 41 2 nm OEa inst a blank w ithout enzyme . 
The numb er o f  t h io l  Group s wa s det erm ined a s sum inc a mo l ar 
ab s orpt ion c o e f f i c ient of  1 3 , 600 M -1 cm-1 for 2-nit ro-5-
th iobenzoate ( E l l nan , 1 95 9 ) . Add it ion of  an exc e s s  of 
reduc in� asent ( f or examp le 2-me rc aptoethano l )  c l e ave s t he 
mixed di sulphide bond and l ib erat e s  further 2-nit ro-5 -
thiob enz oat e ( Butt e rvwrt h et a l . , 1 967 ) . 

A s  2-merc aptoethano l ( 1 4mi·1 ) , wh ich \·Ja s pre s e nt ln 
the buff ers u s e d  in the pur if ication  and henc e in the enzyme 
samp l e , also  react s with Nbs2 it mu st be  removed before the 
de t e rminat ion o f  thi o l s . An enzyme s o lut ion ( 1 cm3 ) was 
d i a lysed a�a inst pH 8 . 0 pho sphat e buffer for 2 hours at 4° C .  
The dialysed e nzyme s o lut ion was added t o  a Sephadex G-25 -80 
ge l f iltrat i o n  c o lumn ( 1 . 75cm ( d i a ) x ?cm)  and e luted with 
buf f er . The e lut ant was c o l l e c t e d  with a fract ion c o l l e ct o r  
and analysed a t  280 n m  f o r  prot e in ab sorp t i on t o  det e ct the 
unre t arded e nzyme p e ak . The peak fract ion s we re bulked t o  
g ive 3cm3 o f  e nzyme s o lut ion . The  fract ion s wh ich f o l lowed 

7: 
were treat ed with 0 . 1 cm7 of Nbs2 stock so lut ion and from 
the ab sorpt ion at 4 1 2  nm the e lut ion pat t ern of mercapt o
ethanol ( which i s  react ive toward s  Nb s2 ) wa s f ound and the 
sep arat ion b et we e n  the e nzyme and merc apt o ethano l could b e  
ob s e rved (F ig . 3 . 1 ) . A ll thio l det erminat ions we re carried 
out as soon as p o s s ib l e  aft er the removal of merc apt o e thano l 
a s  the enzyme s o lut ions were o nly stab l e  f o r  a few hours in 
t h e  ab senc e o f  mercap t o ethano l . 
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3 -3 RESULTS 

U . V .  Spectra 

The coenzyme NADH h a s  an ultraviolet absorpt ion 

maximum at 34-0 nm and it was found that aldehyde dehydro

genase  did not alt er the spectrum . When NADH ( al iquots  of 

6 nmo les in . 01 cm3 ) was added t o  a solut ion of enzyme ( 2�M 

in 3cm3 ) asainst an enzyme b l ank and us inc the sens it ivity 

s cale as out l ined in the methods sect ion , the p e ak r e m a i n e d  
at 340 nm with the he ic;ht be inc that expect e d  for nat ive NA DH 
u s inc an ext inct ion coeffic ient of 6 . 22 x 1 03M-1 cm-1 . Even 

a t e n-fold increase in enzyme conc entrat ion produc ed  no 

det ectable differenc e . However , it mu s t  b e  not e d  that in 

carryinc; out NADII displ.e,cement experiLJent s \vhich are detailed 

in Sect ion 5 ,  there was found to  b e  a de crease  in ext inct ion 

coeff ic ient on b indinc o f  NADH to the enzyme , 

( 6£ = 0 . 66 x 1 03M-1 cm-1 ) at 340 no . 

The sp ectrur.1 of  NA D+ ( 1 3 ill'1 ) showed no cho.n[.:,C in the 

presence of o.ldchyde dehydroc;enasc.;  ( 1flf·'i) and chloral hydrate ,  

a stronc; inh ib itor of the enzyme , produced no chance wh e n  
added t o  the  enzyr:1e , NA D+ mixture . 

3 . 3 . 2 F luore sc ence Spe ctra 

F ie; . 3 . 2a shows the effect of enzyme co 1:1p lex form

at ion on the exc itat ion and emiss ion spectrum of NADII . The 

addit ion of aldehyde dehydroc;enasc t o  the NADH solut ion 

result s in a s ic;nif icant enhancement of the fluore s cenc e  

emission and a shift in the emi s s ion maximum from 460 nm t o  

about 445 nm . The prot e in fluor e s cence o f  aldehyde dehydro 

genase was quenched on the addition of NADH (F ig . 3 . 2b )  

and i t  was found that NAD+ was just  a s  effective as NADH i n  

it s quenching propert i e s . 

3 . 3 . 3  NADH T itrat ion 

The enhancement of NA DH f luore scence on b inding t o  

the enzyme was ut ilized in the t itrat ion experiments t o  

determine the numbe r  of bindinG s it e s  in solut ion a s  shown 

in F iB . 3 . 3a . The 6Fmax value chosen c an be  s e en to b e  
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FIG.  3.2 FLU O R ESC E N C E  S PECTRA 

(a) N UC LEOT I D E  FLU O R ESC E N C E  

E XCITATION SPECTRA 
! emission at  

4 3 5 nm l 

A 

E M I SS I O N  SPE C TRA ( excitation at 340 nm ) 

B -
� c - � 

320 340 360 380 400 420 440 460 

WAV E LENGTH ( nm ) 

The nucleotide fluorescence spectra of aldehyde dehydrogenase (0.6 mg/cm3) and NADH 
( 1 1J M )  in pH 7.6 phosphate buffer is shown in curve A. Curve B and C are enzyme and 
NADH alone, respectively. 

c 

4 8 0  

(b) PROTEI N  F LUORESC E N C E  

1 E XC I TATION SPECTRA EMI SSI ON SPECTRA 
( emissi on at 340 nm l ( excitat ion at 290 nm ) 

0.5 

0 
26 0 280 300 320 320 340 3 60 3 80 400 

WAVE L ENGTH ( n m )  

The protein fluorescence spectra of aldehyde dehydrogenase (0.1 mg/cm3) i n  pH 7.6 
phosophate buffer is shown in curve A. Curve B shows the quenching of fluorescence on 
addition of NADH ( 1 3 fJM).  
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( e quat ion ( 5 ) ) shown in F ig . 3 . 3b wa s line ar , t he 

d i s s o c iat ion c onstant was  1 . 1 �� and the concent rat ion o f  

NADH b inding s it e s  was 1 . 5 �M . H i l l  plot s of these  results 

( Brown and H il l , 1 922-23 ) c;ave straicht lin e s  with s l op e s  of 

1 . 0 + . 03 (F ie; . 3 . 4- ) . 

F luore sc ence Enhanc ement ( Q )  
Attemp t s were made to  calculate the f luore scence 

enhanc ement of  b o und NADH by t it rat i on of a f ixed NADH 
concentrat ion with enzyme unt i l  the fluore s c ence reached a 

rnaxi�um value . However , the h ich p rotein concent rat ions 

re qu ired produ c e d  quenchin� of the f luoresc ence which �ade 

analy s i s  diff i cult . The enhancement was , therefore , c a l

culat ed from t he t itrat ion of a f ixed concentrat ion of enzyme 

with NADH . The t itrat ion produc ed a value for l1Fmax ' the 

�axiourn difference in f luorescenc e  used in 8raphical analys i s , 

and the nuobe r  o f  b indinc s it e s . 

t. F  max 

[}};_/ 0 

.3 ince 

from e quat ion ( 9 ) , a value for ( Q2 - Q1 ) �ay be obt ained 

from the t itrat ion curve . A s  Q1 , t he mo lar e m is s ion o f  

NADH , was s imp ly the slope  o f  the c ontro l t it rat ion then a 

value for Q2 , the molar emiss ion o f  the enzym e  bound NAD� 

cou l d  b e  c alculat ed . The averaBe value for Q� was 0 . 34 

( fluore scence unit s ) . �M- 1 and f or Q2 
1 . 9  ( f luorescence 

unit s ) �M-1 both with r e sp e ct to  the  fluore s c enc e  standard . 

The f luore scence enhancement Q 

Q2 ( Q  = -) 
Q1 

was therefore 5 . 6 . The s e  constant s are re a l ly o nly applic

abl e  t o  the instrument and condit ions used . However , the 

f luore scence enhancement , \vhich depends only on the \·Jave

length s  and s l it widths employed would be  reasonab ly 

cons i stent . 
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FIG. 3.3 FLUORESCENCE TITRATION OF ALDEHYDE 
DEHYDROGENASE 

(a} FLUORESCENCE INTENSITIES 

Sr---------------------------------------------� 

2 4 6 
NA D H  CONC E N T RAT I O N  ADDED ( j.J M )  

The upper curve shows the fluorescence observed when NADH is added to an enzyme solution while in 
the lower line NADH is added to buffer. Excitation at 340 nm and Emission at 435 nm. 

(b) REPLOT 
6.-------------------� 

0 2 4 6 
[ TOTAL NADH JIR ( fJ M ) 

This plot represents the data shown in Fig. 3.3 (a)  analysed by equation (5). The intercept shows the 
binding site concentration of the enzyme solution to be 1 .4 JJM.  LI.Fmax was taken as 2.2 

8 



3 - 3 - 5 Comp ar i s on of the Enzyme B indinc S i t e s  w i t h  E nz yme 

A c t iv ity 

The e st imat e of the act ive enzyme  conc entrat ion 

3 3  

from the conc ent ration of  b indinc s it e s  invo l v e s  t h e  as sum

pt i o n  that the enzyme preparat ion c o ns i s t s of  act i ve enzyme 

whi ch b inds NADil and inactive e n z ym e  wh i c h  doe s not . To t e s t  

t h i s  prop o s it ion , t h e  effect of p art i a l  h e a t  ina c t ivat i o n  of  

the enz yme o n  the b ind ing site  c on c ent rat i on was oo a su�ed . 

An enzyoe samp le \W S incuba t e d a t  L�5° C o.nd bot h tho enz yr: 1e 
act ivity and the b i nd i nc s i t e  c on c e nt r a t ion wa s m e a sured 
at s e ve r a l  t ime int e rv a l s . 

TABLw 3 . '1 

I n c ub at i o n  
t 1me 

( m in) 
0 

30 

70 

EFFECT OF ENZYI 'JS ACTIVITY ON CONCENTRATION O:D' 
NA DH B INDING S ITE S 

!%7. 
at 

( �LI'l ) 

'1 .  4 

0 . 9 

0 . 8 

;'6 /E/ 
z e ro 

'1 00 

6L� 

5 7  

t ime 
j6 ini t i a l rat e 

at z e ro t irr.e 

'1 00 

63 
:5 2  

T ab l e  3 . 1  shows t hat t here was c o o d  acreement b etwe e n  the  

anount of enzyme wh ich c ould b o  t itrated with  NA DIT and the  

ini t ial react ion rat e wh i l e  the e n z y M e  wa s b e inc denatu red . 

Effe ct of Add it ional C ompounds o n  th e  T it rat ion of 

the Enzyme 

The st andard t it rat ion p r o c edure wa s c arr i e d out in 

the pre s en c e  of various compound s t o  ob s erve the ir effect  on 

the d i s s o c iat ion constant and the b indinc s ite  c onc entrat ion . 

Prop i onaldehyde ( 1 .  9rnfv1) a sub strat e of the enzyme , chloral 

hydr at e  ( . 86m!'1 ) a pot ent inhib itor  ( comp et it ive with r e spect  

to  a ldehydes ) and 2-bromo-2-phe nylacet ic  ac id ( . 4mM ) another 

e nzyme inhibi t o r  all f a iled to produc e  any change in the 

d i s s o c iat ion c onstant or the conc entrat ion of  b indinc s i t e s . 

Thre e z inc comp l exing agent s were t e st ed and a chance was 

ob s e rved for 1 , 1 0  phenanthrol ine but none for  EDTA or  2 , 2 ' 

dipyridyl ( s e e  Table  3 . 2 ) . Some variat ion was f ou nd in the 

d i s s ociation constant values but they are reasonab ly c o n s i st ent . 
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FIG. 3.4 H I LL PLOT OF NADH B I N D I NG TO 

ALDEHYDE DEHYDROG E NASE 

0-4 Q.6 06 1 ·0  2·0 3·0 4·0 5 -0 

U NSOU ND NADH ( fJ M ) 

. R is the fractional saturation 



35 

TABIE 3 . 2  EFFECT OF CHEI1AT ING AGENTS ON NADH T ITRAT ION 

The che lat ine; ae;e nt s were added t o  a st andard e nzyme s o lut ion 

and t it rated  with NADH 

Reagent KD /E/ 
( fJ.f·'i ) ( fll''; ) 

Control . 9 1 .  8 

E DTA ( 920fJ.I·'I ) 1 . 2 1 . 9 
2 , 2 '  -Dipyridy l  ( 430 flr.r; ) 1 . 0  2 . 0 

1 , 1 0-phenanthroline ( 250 �tf'1 ) 0 . 9 0 . 3 

1 ,  10-phenathro l ine  vms found t o  reduce the NADII b indine; 

site  conc entrat ion  t o  1 7% of its  orig inal value and it 

therefore appears t hat 1 , 1 0-phena nthrol ine i s  b indinG 

t icht ly t o  the enzyme in such a way as t o  block the NADH 

b inding s it e  on the enzyme . 

3 . 3 . 7 Z inc Content 

When the z inc concentrat ions of  the dialysed so lu

t ions were compared with the c oncent rat i on of p rotein and 

b inding s ites  it was found that z i nc was pre s ent in less  

� han sto ichiomet ric  amount s . 

TABLE 3 . 3 Z INC CO NCENTHA T IOH 01� TVJO DIALYSE D  ENZYr·:�:r;; 
SA�·JPLE S 

/Zinc7 

( fJ.l·i ) 
7 - 7 

10 

�rot e in7 

( fJ.c . ( 21 2 , 000c . l itre ) - 1 ) 

3 3  

[Binding 
8 it e s7 

( fJ.l'·fJ 

62 

54 

/Z"inc7 
L,BindTnc; S it e7 

. 1 2 

. 1 9 

Table  3 . 3  shows t hat the rat io  of z inc atoms t o  NADH b indinc 

s it e s  is  l e s s  than 0 . 2  \>Jhich indicat e s  t hat thoue;h the z inc 

concentrat ion in the enzyme s o lut ion is much great er than in 

the dialysat e  ( 0 . 01 ppm) there  is still  not enough z inc t o  

be  an int egral p art of  the mo l ecule . A s  the s o lut ion was 

d ialysed for  four days , the enzyme may have lost  activity 

and so  the b inding s ite conc entrat ion after dialy s i s  is a 

better e st imate of the amount of  act ive enzyme than the 

p rotein determinat ion . An assay of the enzyme s o lut ion gave 

a cat alyt i c  rat e c onstant of 0 . 1 s-1 , us ing the det ermined 
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b inding s it e  c onc entrat ion and the maximum v e l o c ity of  the 

e nzymic assay fit i l i z ins prop ionaldehyde , which is in cood  

aGre em ent with the  r e sult s from the st eady- st at e  using non

dialy s e d  enzyme ( se e  Se c t i on 4 ) . 

3 . 3 . 8 Thio l Det erminat ions 

The react ivity of  the thio l  groups of aldehyde 

dehydroGenase were examined with a Nb s2/enzyoe rat io o f  

1 00 . I n  the pre senc e  of  sodium dodecylsulphat e ,  a denatur

at i ng agent, which  exp o s e s previou s ly masked c;roup s , the 

t h i o l  �roup s reacted in a f ew minut e s  but with the nat ive 

enzyoe , however , the p ro f i l e  curve o f  the l ib erat ion o f  

2-nitro-5 -thiobenzoat e  was in two phase s , a fast chance 

f o ll owed by a s low change ( se c  F ie . 3 . 5 ) . The re sult s o f  

four separat e det erm inat ions are shown i n  T ab l e  3 .4 in t erms 

of the  e nzyme c o ncentrat ion expr e s s e d  as mo l e s  of 2-n it ro-

5-th iobenzoat e per  21 2 , 000� pro t e in . The  b indinc s it e  c on

centrat i on vm s knovm for the f irst re sult in T o.bl e  3 .4 ,  
G i Ving 3 . 6 DOl e s  2-nitro-5-thiob e nz oat e/b ind in� s it e  for  

the init ial pha s e  and 1 3 . 2 mo l e s  2-nitro-5-thiobenz oat o/ 

b indi nG s it e  for the t o t a l  chance i n  the pre sence  of s o d ium 

dodecyl su lp�at e . S inc e the init ial f ast chance was a variable 

propo rt i on of the  t o t a l  change , it was f eared that trac e 

amount s of 2-mercapt o ethano l may have been present . F ro m  

t h e  e lut ion patt ern of the Sephadex G -25 co lumn (F ig . 3 _ . 1 )  

t h i s  c o nc entrat i o n  of cont aminat ion c ould not re sult from 

TABLE 3 .4 REAC T IO N  OF ALDEHYDE DEHYDROGENAS.S \v iTH 5 ,5 ' 

DITII IOBIS(2-N ITRO BENZOIC ACID) IN THE PRESDNCE 

AND ABSENCE OF SO DIDr·1 DODECYLSULPHATE 

R e su lt s are expre s s e d  as  mo l e s  of  2-nitro-5-thiobenz oat e  p e r  

2 1 2 , 000g prote in 

Init ial f a st chan�e 
in absence  of SD 

1 3  

6 

1 . 41 

. 71 , 2 

1 C ont a ined 1 w1 EDTA in buffer  

2 U s ing 1 2 . 5  cm  c olumn 

Tot a l  change i n  
presence of SDS 

49 

35 

381 

3 91 , 2 



l eakage from the  co lumn . When the ent ire react ion m ixture 
,; 

was reapplied  �o a Sephadex G-25 c olumn towards the end of  

t h e  react ion ( the number  of  t h i o l  groups - re act ed at this  

st age was s t i l l  l e s s  t han with s o d ium dode cylsulphat e )  the 

Nb s -prot e in comp l ex was unhindered on the c o lumn whi l e  the 

c o loured 2-nit ro-5-t hiob enz oat e wa s retarded . O n  addit ion 

of  2-rnerc apt o ethano l ( 0 . 2M )  t o  t h e  prot e in c omp lex , t h e  
amount of 2-nitro-5-t hiobenz oat e  re l eas ed wa s me asur e d . 

3 7  

The two exp eriment s  which  were c arried out showed d ifferinG 

result s (Tab l e  3 . 5 ) .  T h e  result s show that recovery from 

the c o lumn was poor in e ach c ase , but a s  the t wo exp e riment s 

TABLE 3 .5 APPLICATION OF TIIIOL HEACTION rUXTU:m '110 COLUEl'T 

The re act ion m ixture , which c ont a ined Nb s2 and enzy1:1e , \vas 

app l ie d  to  a Sephadex G-25 co lumn aft er most of the thiol  

croup s had react ed . 

Pro t e in concentrat ion ( nG/2'1 2 , 0003 ) 

2-n it ro-5-thiobenz oat e added to  c o lumn 
( nmo le s )  

2-n itro-5-thiobenzoat e retarded 
( nmo l e s )  

2-ni t ro-5 -thi obenz oat e  l ili  erat ed from 
enzyme  ( nmol e s )  

2-nitro-5-thiobenzoate l iberat ed from 
onzyme/2 1 2 , 000c p rot e in 

1 Buffer inc luded EDTA 

Run '1 

6 . 8 

'1 80 

"J OL� 

28 

4 . '1 

Run 2 '1 

5 . 6  

94 

5 '1  

4 5  
8 

were conducted on the f irst and third react ion mixture s  of 

T ab l e  3 - 3  re sp e c t ive ly , the re sult s may be  c omp ared . In  

the eA.r-periment c o ntaininG EDTA , t h e  2-nitro-5 -t h iobenzoate 

resenerat ed frolll the prote in vtas  s imilar to  the amount of 

2-n it ro-5 -thiobenzoat e ret arded ,  showinc that the oricinal 

2-ni tro-5 -thiob enzoate was produ c e d  by react ion with prote in . 

Run '1 ,  howeve r , shows a large differenc e  in the two valu e s  

whi ch sugc;e s t s  a non-enzymat ic  reac t ion and i t  w i l l  b e  not ed 

t hat this run also had a much longer init ial fast react ion 

phas e  in the original m ixture . The react ion of the init ial 

fast phase was further invest igat ed using stopped-flow 

spe c t rophotome t ry , a method which is  de scribed in Sect i o n  5 . 



FIG .  3.5 REACTION O F  E NZYM E TH I O L  G ROU PS 
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Fig 3.5 shows the reaction of E l lmans reagent (240 pM) with aldehyde 
dehydrogenase ( 1 .5 pM from protein concentration) in pH 8.0 phosphate 
buffer. · 

Curve A, production of 2-nitro-5-thiobenzoate i n  the absence of sodium 
dodecysulphate. 

Curve B, production in  the presence of sodium dodecysulphate (0.3% w/w) .  
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Study of an enzyme s o lut ion ( . 21 mg/cm3 ) re act inc with Nb s2 
( 84�M )  showed a b iphas i c  trace at 41 2nm , a fast  react ion 
fo l l owed by a z e ro order react ion , on the 1 minute  per swe ep 

t im e  s c a l e . Ext rapo lat ion of the s l o w  pha s e  ( s e e  Se ct ion 5 )  
cave a n  apparent f irst ord e r  rate c onstant of  0 . 1 1 s- 1  wh ich , 
with  the  exc e s s  c onc entrat ion of Nb s2 used , produ c ed a 

- 1  - 1  s e c ond o rder rat e const ant o f  1 400 � 300� s The r e a c -
t io n  o f  2-mercap t o etha no l  and Nb s 2 on the s t opp ed f l o w  was . - 1  found t o  have a s e c ond orde r rate c onst ant o f  1 750 + 200M 
s - 1  

-

When the a c t iv ity o f  the enzyme wa s monit ored durinE 
the r e act ion , i t  wa s f ound t hat l i t t l e  act ivity was l o s t  
dur ing t h e  init i a l  f a s t  pha se  and t h a t  1 07,� of the  act ivity 
rema ined aft er 1 3  mo l e s  o f  2-nit ro- 5 -th iobenz oat e per 
2 1 2 , 000g pro t e in had b e en r e leased ( s e e  F ig . 3 . 6 ) .  When 
2-me rc ap t oethano l ( 0 . 2M ) wa s added to the a s say � ixture 
c ontaining enzyo e with 6!6 a c t ivity , 8076 of the o r ic ina l 
act ivity was re s t ored . The re su l t s  show no di s t inct 
prop ort iona l ity b etween act ivity and thiol croup s react e d , 
sugge s t i nc that t h e  l o s s  of act ivity in  the c ourse o f  me r
cap t ide format i o n  was probab ly du e t o  procr e s s ive d i s o r i e n
tat ion o f  the enzyme rathe r t han a d irect chem i c a l  chang e 
at t he act ive s i t e . This  view wa s c o nfirmed when NAD+ 
( 800 �t·J ) failed t o  c; ive the enzyme any protect ion from Nb s2 , 
even t h ough it b inds at t he act ive s i t e . 

3 . 4 DISCUSSION 

Though no change was found in the NA DH spe c t ruo , it 
was lat er found u s ing s t opp e d-flow d i sp laceoent , that t h e  
ab sorb anc e at 340 nm of the e nzyme -NADH comp l e x  wa s sma l l e r  
t han that of unb ound NA DH ( !J. £  = 0 .  6 6  x 1 03M- 1  c m  - 1 ) .  · F o r  
alc oho l dehydroge nase , t h e  addit ion of a strong inh ib i t o r , 
pyraz o l e , to  a s o lut ion of enzyme and NAD+ produced  a 
change in the sp e c t rum with a maximum differenc e at 300 nm 
(Theor e l l  and Yonet ani , 1 963 ) . Howeve r , att emp t s  t o  pro duce 
a change in phy s i c a l  propert i e s  by f o rming a t e rnary c om

p le x  o f  sheep l iv e r  alde hyde dehydrogenase us ing chloral 
hydrat e , \vhich is  a stronc; i nhib it o r  of  the  enzyme , f a i l e d  
to  produ c e  a change i n  t h e  spect rum o f  NAD+ bound t o  t h e  
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e nzyme . 

The f lu o r e s c ence propert i e s  of  nuc l e o t ides  b ound t o  

aldehyde dehydrogenase  fron sheep l i ver show m any s im i lar

it i e s  t o  other dehydro5enas e s , wh i c h  h ave a lre Rdy b e en 

stud i ed . A blue shift in the maximum fluor e s c enc e  o f the  

co e nzyme on b ind ing t o  the enzyoe is  obs erv ed with a n  

enh anc ement in f luor e s c ence a t  435 nm of 5 . 6 .  The a l t ered 

f luo r e s c ence on b indinE may be du e t o  a chance t o  a more 

po lar  m o l e cular e nvironment for Ni\.DH ( Gcott et  a1 . , 1 970 ) . 

R e c ent ly Tak io e t  al . ( 1 974)  found s imi lar p ropert i e s  f o r  

ho rse  l iver alde hyde dehydroGena s e . 

The quench ing of prot e in f luorescence by co enzym e s  

seens  t o  be a c o mmon f e ature of  dehydrogenas e s . In  p ig 

h e art lactate d e hydrot;enase  ( H o lbroo k , 1 972)  t he prot e in 

f luore s c e nc e  i s  quenched by NArn J  but not by NAD+ whi l e  in 

horse l iver alc oho l dehydro�ena se  (Theore l l  and T at emot o ,  

1 97 1 ) not only d o  NADH and NAD+ que nch fluore s c ence  but also  

1 , 1 0 -phenanthro l ine . Lu i s i  a n d  F av i l l a  ( 1 970 ) workinc on 

the same enzyme f ound that the quenchine; of  t rypt ophan 

fluore s c ence ( the  re s idu e invo l ved in prot e i n  f luore s c e n c e )  

w a s  due t o  a sp e � if i c  int eract ion b e tween t h e  co enzyrne and 

the enzyme act ive s it e . A ldehyde dehydrocena s e  exhib it s 

quenching with b o t h  NAD+ and NADH . There are three me c h

ani sms by which t h i s  quenchinc could t ake plac e . The f irst 

is e nergy transf e r  from the f luore s c e nt re s idu e s  o f  the 

enzyme t o  the b ound co enzyme , a mechanism wh i c h  i s  po s s ib l e  

f o r  NAD� but the NAD+ ab sorp t ion p e ak at 260 nm pre c lude s it 

act i ng as an acc eptor ( Shore et al . , 1 975 ) and s o  quenching 
+ 

with NAD would not t ake p l a c e . 3 e c o nd ly , a oo l e cu lar c om-

p lex could b e  formed b et we e n  the re s idue and the co enzyme 

and , th irdly , a c onformat i ona l change alt ering the env iron

ment o f  the trypt ophan may o c cur and henc e a change in the 

f luore s c e nce may b e  produc ed by c o enzyme b ind ing . Whi c h  of 

the l at t er two p o s s ib l e  mechanisms is t aking p la c e  c anno t 

b e  d i s t i nguished unt i l  the am ino acids invo lve d  at the e o 

e nzyme b inding s i t e  a r e  ident ified . X-ray stud i e s  on 

alcohol  dehydrogenase have shown that the tryp tophans a r e  

n o t  n e a r  t h e  act ive s it e  of t hat enzyme and h e n c e  confo rm

at ion c hanges mu st b e  re spons ible  for the que nc hi ng of 

prot e in f luoresc enc e ( Shore e t  al . , 1 975 ) . 
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The changes  in nucleot ide fluore scence  on  b inding 

t o  a ldehyde dehydroBenase show that NA DH i s  ab le t o  b ind t o  

t h e  free enzyme and the hyperbo l ic nature of the t itrat ion 

curv e s  with NADH and the resultant linearity of the replot 

show t hat the NA DII b indinc s it e s  of the enzyne are all equ iv

alent . This independanc e of b ind i n� sit � s  is borne out by 
the l inear H i l l  plot with a slope  of unity . 

The oajor appl icat ion  of the NA DH t itrat ion wa s in 

the evaluat ion of  the number of binding s it e s  irr an enzyme 

samp l e . A s  the b ind inc s ite  concentr t ion by NJ�DH t it rat ion 

was found to  be  proport iona l to the act ivity of the enzyme 

by f o l l owinc the heat denntur�t ion and the f a ct that only 

one c lass  of b inding s i t e  wn s ob s erved , it seemed reasonab l e  

t o  e quat e the b indinc s it e  conc entrat ion w it h  t h e  act ive 

s ite  concentrat ion . This  act i ve s it e  conc entrat ion i s  

requ ired t o  determine the rat e o f  e nzyme act ion ( se e  Sect ion 

4) . The advant age of t h i s  det erminat ion over us ing pro t e in 

concentrat ion i s  that only act ive e nzyme is me a sured . 

Unfortunate ly both  pro t e in and act ive s ite  concent rat ions 

were not  det ermined on enouch samp l e s  for the number of 

act ive s it e s  in  the t etrameric aldehyde dehydrogenase t o  be 

det ermined accurat ely , but re sul t s  t end to  favour two rather 

than four act ive sites  in  the molecule  thouch the concen

trat ion  of inact ive prote in could have a lar�e effect on this 

value . \rJ iner et  al . ( 1 97LI. ) in re sult s pub l ished after  this 

work was complet e d , found that fluorescence studies  3ave two 

mo l e s  of  NADH b indinc per mole of t e t rameric enzyme with a 

dis soc iat ion constant o f  a�M . Us inc equil ibrium dialy s i s  

they f ound two c lasses  o f  b ind inc s it e s , one with a dis soc

iat ion constant of  6�M and the other 50�M . The  b inding of  

only two moles  of coenzyrne per  QO l e  of enzyme was also  found 

for yea s t  aldehyde dehydrogenase (Bradbury and Jacoby , 1 97 1b ) .  

The format ion of dead end t e rnary comp l exe s from the 

enzyme -coenzyme complex by the addit ion of a third comp ound 

has been  noted for  several dehydrogenase s . R abbit  musc le 

l act ate dehydrogenase (Fromm , 1 970 ) , yeast alcoho l  dehydro

genase ( Dickenson , 1970 ) and octop ine  dehydrogenase ( Lu i s i  

e t  al . , 1 973 ) show format ion of enzyme t ernary product s  with 

re ac t ion produc t s , sub strat e s  or inh ib itors . Lui s i  et a l . 

( 1 973 ) showed that octop ine dehydrogenase had a disso c i at ion 
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c onstant of  0 .  9 1J.�'l for the ternary comp lex enzyme-NADH

o c t op ine , where o c t op ine is  a product  of the react ion of  

sub strat e s  with e nzym e -NADH , which is  twenty t im e s  less  t han 

the  dissoc i at ion const ant for the  binary enzyoe-NADH comp l ex . 

De c reases  in the d i s s o c iat ion constant make the NADH t i t ra 

t io n  mo re accurat e a nd e a s ie r to carry out n s  the bindint, 

t o  the enzyme i s  much t i�ht er , however ,  atte ffipt s  t o  f orm 

t er nary comp l exe s with a l d e hy d e dehydrogenase were unsu c c e s s 

ful . Prop i ona ld ehyde , chlora l hydrat e and 2-brooo-2-
phenylacet ic acid r e sp e c t ive ly a sub s t rat e ,  a substrat e 

i nh ib i t o r  and a produ c t  a n a l o cu �  a l l  failed  to  c hange the 

NADH dissoc iat ion constant a s  de t erm ined by NADH t it rat i on . 

Inhibit ion of  aldehyde dehydrocenas e  from bovine 

l iver by z i nc compl exinc; ac ent s h 3 s  b e e n  r e p o r t e d  by 

St oppani et al . ( '1 966) . \·Jhen z inc c o rnp l e x i nc; ac;ent s .SDTA , 

2 ,  2 ' -dipyridyl and '1 , '1 0-ph e n a nt hro l in e were pre s e nt in the 

NADH t itrat ion  only '1 , '1 0 -phenant h ro l in e had a n y  effect  on 

the  re sult � . The d i � s o c iat ion c on s t ant r e m a i n e d  unchanced 

but t h e  b ind inc; s i t e  c o n c e n t r n  t ion  wa s redu c ed t o  1 77j  of  t h e  

or ic; ina l suGce s t in� t hat 1 , '1 0-phe n a nthro line i s  b inding 

t ic;ht ly t o  t h e  e n z y m e  in such a \'ray c.;.. S t o  b lock the NA D�I 
b indine; s i t e . 

T h o.uc;h s e ve r a l  dellyd ro:.� e n et s e s  lwve been report ed  t o  

b e  z inc metal l o- enzyme �  only f o r  a l c o h o l d e hy drocen n s e had 
the  pre sence of  z inc b e en thorouchly document ed ( E ichhorn , 

'1 973 ) . Horse  l iver a l c ohol d e hydr o c; e na s e  has b e e n  found t o  

c ont ain four z in c  atoms p e r  mo l e c ul e , two atoms funct ioning 

in catalys i s  and two further atoms which app e ar t o  have a 

s t ructural r o l e  (Branden e t  al ., '1 973 ). St oppani et aJ. ( '1 966 ) in 

the i r  study of  y e a s t  and liver o.ldehyde dehydrogenase found 

that the metal comp l exing agent s , such a s  '1 , '1 0-phenanthro l ine , 

8-hydroxyqu in o line , d i e t hyldi t h i o c nrbamat e and 2 : 2 '  -d ipyr idyl, 

produced inst ant ane ou s  rever s ib l e  inhib it ion which  was c om

p e t it ive b etwe en che l at o r  and c o enzyme and mostly non

comp e t it ive with respect to sub strat e . As the effect ivene s s  

o f  the  inh ib itors  were in  ae;reement v1i t h  the stab i l ity 

c o n s t ant s of t h e ir re sp e c t ive z inc complexe s  and t rac e s  of 

z inc were found in prepa�at ion of yeast alde hyde dehydrogenas� 

Sto pp ani et a l .  ( '1 966) were led  to conc lude t hat the result s 

were c onsist ent with the pre s ence  o f  z inc a s  an intrins i c  
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c o n s t ituent of b o t h  e nzyme s . 

The eff e c t  o f  1 , 10-phenanthroline o n  t h e  t it r a t i o n  

o f  s h e ep l iv e r  a l d e hyde d ehydrocenase m ade i t  of int e r e s t  

t o  study the z in c  cont ent o f  th e en zyme . A s  t h e  b ind i nc 

s it e  c onc ent rat ion and the mo l e cu l ar we ight o f  the enzyme 

wer e  known , not only c ou l d  t he pre s e n c e  of t he met a l  b e  

d e t e c t ed , but a l s o  t h e  s t o ichiome try with r e s p e c t  t o  t h e  

e nzyoe mo l e c u l e  det e rmine d . R e su lt s  of z in c  ana ly s i s  b y  

at o o i c  ab sorpt ion sp e ctro sc opy showed that t h e  z i n c  c o n c en

t rat i o n  wa s l e s s  than a f ifth of the b indi nc site c o n c en

t rat i o n  and so c ou l d  not p o s s ib ly be an int ri n s i c  c on s t ituent 

o f  she ep l iv e r  a ldehyde dehydroGen a s e . Further e vid en c e  was 

furn i shed by the fact t h at the d i G lysed enzym e  with the low 

z in c  c ont ent had a c at a lyt ic- c ent re ac t ivity wh ich wa s the 

s am e  a s  non- d i a l y s e d  e nzyme showins that z inc was not 

r e qu ired for enzyme ac t i v ity . T houch sheep l iver aldehyde 

d e hydrocena s e  wa s found to cont a in no e s s e nt i a l  z inc at oms , 

inh i b i t ion with z inc che l a t inE ncent s wa s ob s erved . St e ady

s t at e kinet i c s  ( s e e  S e c t i on L� ) showed that 1, 1 0-phenanthro l in e  

was a comp e t it ive inh ib it or w i t h  r e sp e c t  t o  NAD+ w i t h  a n  

i nh ib it ion const ant of 75 f.lf� . U s e  o f  t h i s  i nh ib i t i o n  c o n s t a nt 

wou l d  l e ad t o  t h e  predi c t i o n  that the pre s e nc e  of  1 , 1 0 -

phe nanthro l in e  i n  t h e  rep ort ed NADH t itrat i o n  wou ld r e su l t  

in a r e duct ion i n  t h e  b indinc s i t e  c o n c e nt r a t ion t o  0 . 4flM 

wh i c h  i s  in c o o d  acre ement with t h e  ' ob s e rv e d  0 . 3 f.lM and 

susg e s t s  that 1 , 1 0-phe nanthro l ine b inds at t h e  c o e nzyme 

b ind i ng s it e  on the e nzyme . Further evide n c e  was pro v i d e d  

f r o m  t h e  st op p e d-f low d i sp lac e :n e nt exp er i m e nt s ( se e  S e ct i o n  

5 )  i n  which NADH wa s fou nd t o  b e  d i splaced f r o m  the b in ary 

enzyme -NADII comp l ex by h ic;h c onc entrat ions of 1 ·, 1 0-phenan

thro l in e . A p o s s ib l e  e xp l anat i o n  o f  the b ind in6 of 1 , 1 0-

phenanthro l ine to the c o enzyme b indin� s it e  i n  the ab s e nc e  

o f  z in c  i s  t hat t h e  b indi ng i s  s t ab il iz e d  through hydrophob i c  

i nt e r a c t ions rather t h a n  by z inc c h e l at io n . Anderson e t  al . 

( 1 966) found t h at the c o mp ound s 1 , 5 -phenanthro l ine and 2 , 9-

d ime thy l-1 , 1 0 -ph e nanthro l in e were more effe c t ive i nh ib i t o r s  

of y e a s t  a lcoho l dehydrocenase t h a n  1 , 1 0-phenanthro l in e  e v e n  

t hough the ir m e t a l  che l at inG power w a s  much we ake r d u e  t o  

s t e r ic h indranc e . 
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The work on she ep l ive r aldehyde d e hydrogenas e has 
re c ent ly b e e n  sorroborat ed by S idhu and B l air ( 1 975 ) , 
s tudyin[; human l iver aldehydc . dehydroe;enase , who found t hat 
non- che lat ing analogu e s  of 1 , 1 0-phenanthro l ine and 2 ,  2 ' 

d ipyridy l  were just as  e ff e c t ive inhib itors of the e nzyme a s  
che l at ing c omp ounds and that the  enzyme cont ained no s igni

f i c ant amount of z inc . 
I t  has b e en su8ge s t e d  t hat a l l  dehydrogena s e s  have a 

c omnon c o enzyn:e b ind inc; domain ( Ohlssen et  a l .  , 1 974) as 

lac t at e , a l c oho l and c lyceral dehyde-3 -pho sphat e  dehydrogenas e s  
a l l  have a narrow hydrophobic  p o c ket in wh ich the ade no s ine 
end o f  the c o e nzyme oo l e cul e b ind s . Thu s , n p l anar mo l e cule 
such as 1 , 1 0 -phenant hr o l ine c ou ld conc e ivab ly bind in t h i s  

hydrophob i c  pocket whe r e a s  EDTA nnd t he no n-p lnnur 2 � '-dipyridyl 
r.w l e cule  c ould not . In ncr e e rJent wi tll  this  ide a is the 
ob s e rvat ion that 2 , 2 Ld ipyridyl doe s not inh ib it the s t e ady 
s t at e init i a l  veloc ity but 8-hydroxyqu ino l ine ano ther p l e.�w.r 
rig i d  mo l e cu l e  doe s . 

W it h  re3ard t o  the t h i o l  det erminat ions , it wou ld 
app e ar t hnt the init i a l  f a s t react ion with Nbs 2 was  due to  

2-r erc apt o e t �nnol  contnninat i on o f  the  samp l e . This  chan�e 
was a variabl e  proport ion of the t ot a l  numb e r  of t h io l �roup s 

and when re chromat osraphed , the  proport ion o f  N b s2 c o np l exe d 
prot e in e luted \"!a s l e s s  in sa r.1p l e s  that produced a large 
init ia l pha s e . The f a c t  t hat t h e  l o s s  of e nzy�e act ivity was 
only gradual dur inc wh i ch t i�e a lar�e number of thio l croup s 
had b e en t itrated showed that the  init ial  fast  phase  was not 
d ir e c t ly invo lved in the enzyme act ivity . Further evidenc e 
t hat 2-r.�erc a.p t o e thano l was invo lved , \va s found from s t opp e d
f low exp e r iment s in which the rat e c onst ant f o r  the rea c t ion 
o f  2-me rcap t o e t hano l with Nbs 2 wa s found t o  b e  s imi lar to  
t hat for  the fast  phas e . Thouch the  evidence p o int s  to  the 

f ac t  t hat 2-me rc apt o e thano l i s  pre sent in  the s amp le , t he 
p ro c e s s  by which such a l arge amount pas s e s  through the  e e l  
f il t ration c o lumn with t h e  high m o l e cular we ight enzyn� i s  

not knO\•Jn . 
Considering the in it i a l  f a st react ion t o  b e  non

enzym i c , the t o t a l  number of  thio l group s per  2 1 2 , 000g p ro t e in 
i s  t he differen c e  b et we e n  the t ot a l  change and init i a l  change , 
which i s  rea s o nab ly cons i s t ent at about 36 thio l group s . For 
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compari s on , yeast alcohol dehydrogenase (�lW 1 40 , 000) contains 

36 thio l groups ,  (Whit ehead and Rab in ,  1 964) and horse l iver 

alcohol dehydrogenase ( MW 80 , 000 ) contains 24 thiol groups 

( Li and Vallee , 1 965 ) while it has re cent ly b e en report ed 

by Eckfe ldt and Y onetani ( 1 976) that the two isozyme s of 

horse l iver aldehyde dehydrogenase (F1 and F2 ) contain 23 

and 1 9  thio l groups  us ing molecular we ight s of 230 , 000 and 
240 , 000 respect ively . As  the enzyme act ivity was not com

plete ly inhibit ed unt il a large number of thiol groups have 

been reacted and NAD+ has no effect on this inhib it ion , Nb s2 
cannot be attacking the act ive s ite . NAD+ protect ion of 

enzyme react ion with other thiol reagent s sugge st that bovine 

l iver aldehyde dehydrogenase ( De itrich , 1 967) and p ig brain 

aldehyde dehydro genase ( Duncan and T ipton , 1 971 a) do contain 

a thio l group in the act ive s ite . It  seems p o s s ib le that 

e ither Nbs2 is  t o o  bulky a re agent or that the negat ive 
charge on the molecule is repe lled by the act ive s ite . 

D e itrich ( 1 967) f ound that for the bovine liver enzyme , 

cationic and neutral re agent s were more effect ive , as did 

K it son ( 1 975 ) . Experiment s with other thiol reagent s may , 

theref ore , provide informat ion about the enzyme act ive s it e .  



SECTION 4 

STEADY-STATE KINETICS 

4 . 1  INTRODUCTION 

A s  the characterist ic  property and funct ion of 
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enzyme s is the cat alysis of chemical react ions , the eventual 

e luc idat ion of det a i led enzyme  mechanisms demands the 

understanding of both the chemistry of the prote ins and the 

behaviour of the c at alysed re act ions . An underst anding of 

the behaviour of the react ions may be  gained by study of the 

rate  of enzyme cat alysis and the effect of chang e s  in the 

react ion c ondit ions on this rate . These change s  may involve 

alt erat ion of the sub strate  c oncentrat ion , pH , ionic st rength 

or t emperature . When the react ion proce eds under ste ady

s t at e  condit ions the kinetic data obtained from the study 

of  the enzyme react ion may b e  compared with the predict ed 

kinet i c s  for various plausible mechanisms and tho se which 

do not f it the experimental data mny be  discarded . 

While ext ensive kinetic  studies have been carried 

out on alcohol dehydrogenase , aldehyde dehydrogenase has 

had relat ively lit t l e  attent ion . Though the existenc e of 

the enzyme was f irst shown by Racker ( 1 949) , the diff icult ies  

involved in the purif icat ion have meant that little  work on 

the kinet i c s  of the enzyme c at alysed re act ion have been 

c arried out . Studie s  involving part ial ly purif ied enzyme 

were carried out on bovine l iver aldehyde dehydrogenase 

( De itrich et al . , 1 962 ; Freda and St oppani , 1 970) and p ig 

brain aldehyde dehydrogenase ( Duncan and T ipton , 1 971 a) . 
H o wever , it was not unt il 1 970 that an aldehyde dehydrogenase 

was purified to  homogene ity , when C lark and Jakoby isolat e d  

aldehyde dehydrogenase from yeast . The f irst mammalian 

aldehyde dehydrogenase  to be purified to homogene ity was 

from horse l iver (Fe ldman and We iner , 1 972a) . 

R e cent ly the aldehyde dehydrogenases  ( cyt oplasmic and mito

c hondrial)  from sheep l iver have been purif ied to homogene ity in 

this laboratory ( Crow et al . ,  1 974) . Ste ady-st ate studies  

on  sheep l iver aldehyde dehydrogenase were undert aken for 
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t hr e e  r e a son s . T o  a llow a c o�par i s o n  of t h e  kine t i c  p rop
e rt ie s  o f  aldehyde de hydrocena se s from d if f erent sp e c ie s , 
a s  we l l  a s  t o  c oL p ar e  the r e sult s from t h e  cyt o p l as m i c  
e nzyme w i t h  tho s e  of t h e  mit o chondr ial sheep l iver aldehyde 
dehydroe;enase prepo.re d  in the same l aborat o ry ( C r o w  et al . , 
1 974 ) . A l s o , t h e  p arameters o f  the overal l reac t ion i n  
t h e  s t e ady- s t at e  are ne c e s s ary wh en int erp ret ing t h e  
r e su l t s  o f  t h e  pre s t e ady- s t at e k inet i c s  s t udy o f  t h e  e nzym e . 

St e a dy-St at e K inet i c s  

Enzyme - c at a ly s e d  re a c t ions invo lv inc t h e  conve r s ion 
o f  sub s t r a t e  to produ c t  pro c e ed v i a  an int e rDed iat e : the 
e nzyr:1e- sub s t ro.te c omp lex . 

E + A 
k2 ----+) :z + p 

N ic ae l i s  and � e nt e n  ( 1 913 )  f o rmu lat e d  a rate e qu at ion b a s e d  
o n  t h e  above m e chan i s m  makinc t h e  as sumpt ion that t he s e c ond 
r e a c t i o n  d o e s  not d i s turb the f irst e qu i l ib r ium . A oore 
ge n e ra l  fo rmu l at i o n  was c iven by Bric� s and H aldane ( 1 925 ) 
o n  the bas i s  o f  t h e  s t e ady- s t at e  hyp othe s i s  t hat t h e  net 
rat e of cllanse of f.Z.A7 , the c on c e nt rat i o n  of the c ompl e x , 
is  z ero . The e qu at i o n  d e s c r ib inc the re lat ionsh ip between 
v e l o c ity o f  t h e  r c L c t ion nnd t he sub strat a  conc ent rat ion is  
known as  t h e  � ichae l i s-� e nt en e quat ion -

V = 
V@ 

I( + /Al 
m -

i'Jh e r e  v i s  !:;he re act i o n  ve lo c ity , /A/ i s  t h e  sub s t rat e c on
c ent rat ion and V and Km are c on s t ant s , knO \•JD as t h e  max imum 
ve l o c ity and t h e  M ic h a e l i s  c on s t ant respe ct ive ly . 

I t  should b e  not ed that when /A/ i s  e quo.l  t o  Km t h e n  

\ T  
' V = "i 

L. 

�he c oncent rat i o n  of sub st rat e �1 i ch i s  f ound exp er inent a l ly 
t o  c i  ve half t he .. aximurn v e l o c ity , i s  c a l l e d  t h e  f·1 i chae l i s  
c o nst ant ( Km) . A M ichae l is c on s t ant may b e  det e rnined f o r  
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any react ion but the physical s ignif icance of the constant , 

or relat ionship t o  individual rat e constant s ,  depends on the 

mechanism by which the react ion t ake s place . 

The Micha e l i s-r!Jenten e quat ion , when v is  plotted 

against L!7, is a rectangular hyperbola  through the origin , 

with asymptotes  v = V and /A! = -K • Two features vJhich may - m 
be note d  are , f irstly that at conc entrat ions of A much l e s s  

than Km , v = �' i . e .  f irst order in A and secondly a t  con

centrat ions of m A much gre at er than Km , v = V that is the 

react ion is  z ero order in A .  A s  physical ne c e s s ity restricts 

me asurement s of v to finite p o s it ive value s of /A7, it is  not 

po s s ib l e  t o  me asure V and Km accurat e ly from such a plot , 

because the asymptotes  cannot be approached c l o s e ly enough . 

Several transformat ions of the e quat ion may be used 

to  get around this difficulty -

( i) 1 1 Km 1 Lineweaver and Burk = V + - . 
?IT V V 

( ii ) /A! Km 1 . !E Hane s =- :: - + V V V 

( iii ) 
V 

V = V K . Eadie and Hof s t e e  m lP 
The Linewe aver-Burk p l ot is  the most commonly used , 

while the Eadie and Hof st ee p lot has the advant age that the 

dep endent variabl e  v is line ar in form and deviat ions from 

l ine arity show up more readily . However , in computer 

evaluat ion of the p aramet ers , the method of p lott ing dat a is  
not crit i c al . 

B e c ause of the inhib it ion of the react ion by product s 

and further , because  of p o s s ib le part ial denaturat ion of the 

e nzyme dur ing the prolonged c ourse of a react ion , it is 

u sually advant age ou s  to evaluate kine t i c  behaviour on the 

b asis of init ial rat e s . This init ial value should then 

reflect the react ion ve loc ity under the known condit ions of 

enzyme and sub strat e concentrat ion and z ero product conc en

t rat ion . 

T wo Substrate React ions 

M o st enzymes  c atalyse react ions with two or more 

substrat es . C le land ( 1 963 ) has de scribed a general e quat ion 
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for two sub strat a react ions 

V = ( 6 )  

in whi c h  there are four const ant s V ,  Kn ' Kb ' K ia conpared 

with o nly two paranet ers requ ired for the s insl e  sub st rat a 

equat ion and whe re [Jf7 and !Jil o.re the  concent rn.t i ons o f  the 

two sub strc,t e s . ,,,!hen /B/ b e c om e s  very larc;e e qus.t ion ( 6 )  

reduce s t o  

V = 

V .!JJ 
K n  + /A/ 

It will b e  noted that this  i c  o f  t h e  for� o f  t h e  M ichae l i s

Ment en e quat ion f or s inc l e  sub s tro..t e  en zyn e react ions o..nd 

i s  the M ichG.e l i s constant for A nt high c onc ent rat i o ns 

o f  B . S ir:1ilG.rly at hich /A1 

V = 
V .@ 

Kb + Jn! 
with Kb t h e  M ichae l i s  const ant f o r  B o..t hiGh c o nc entrat i ons 

of A . The incre a s inc comp l e x ity of the two sub strat a  

r e act ions neans that more pn.ramet ers are n e ede d  t o  d e s c r ib e  

the M icha e l i s  constant s and the mnximnl ve locity . 

C on s ider inc e quat ion ( 6) in double  rec iprocal f o rm 

1 1 
Ka 

- - � ( 1 + IA7 + V V t.J::_t 
A p lot o f  1 G.Ga inst V 
l ine ar with a s l op e  

1 -- nt 

{P 

[ + 
a 

V 

y rr 
\. io..ll.b 

2JY.!JP) 
c onstnnt /B/ will , t here ore , b e  

and an int e rc ept o n  t h e  1 G.xi s  of  V 

When several conc entrat ions o f  B are used , a s e r i e s  of l ines 



are p r o du c e d  with d i f f e r inc s l op e  and int e r c ep t , and froo 

rep lot s o f  t has e s lop e s  and i nt erc ept s  the f our p araoet ers 
K , K .  , Kb , V may be evaluat e d  ( s e e  F i� . 4 . 1 ) . U s ing a l a  
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c o n s t ant c o n c e nt rat ions o f  A ,  a s im i l a r s e r i e s o f  e quat i o n s  

may b e  produced a n d  the r e su l t s  o f  t he two Grap h s  c h e c k e d  

for int ernal c ons istency . 

Thoush e quat ion ( G) h o ld s f o r  many t yp e s  o f  t wo 

sub strat e ne chan i s . s , it i s  f o rmu l at e d  in t e rm s o f  p ar am e t e r s  

whi c h  ar c  t h e m s e lve s funct i o n s  of ind i vidual rat e c on s t ant s . 

The se funct ions are diff er e nt with d ifferent enzyme occh
ani s o s  and s o  t h e  p hys i c a l  s i cni f i c an c e  of the p arame t e r s  

d if f e r s  b e t we e n  m e ch an i sms . A c onven ie nt m e t h o d  f o r  t h e  

s o lut ion o f  rat e e quat ions in t e rms o f  ind iv idual rat e 
� 

c on s t ant s has b e e n  d e v i s e d  by K inc and Alt nan ( 1 95 6) . 

A l arce numb e r  o f  p o s s ib l e  m e chanisms o f  two sub s t r at e  

e nzymic r e act ions have the s am e overa l l  ra t e  e qu at i o n s  and 
s o  t o  d i s t incu i s h  t h e  me chan i s m  from t h e  exp e r ioent al i n it i al 

ve l o c ity d at a  i s  d iff icu lt . C l e l and ( 1 963 ) ha s d e f in ed 
enzyne re a c t ions invo lv inc t w o  sub st rat e s  a nd t wo produ c t s  

a s  B i  B i  oe chani sm s . The t hr e e  m a i n  c at eco r i c s o f  e n z y m e  

me chani sms arc de f in ed by t h e  re l at io nsh ip b e t we e n  the two 

sub s t rat e s , whe t h e r  the f ir s t  produ c t  i s  re l e a s e d  before  t h e  
s e c ond sub strat e b inds ( Pine Pone �e chan i s � ) , o r  b o t h  sub
st rat e s  mu s t  b ind b e fore any r e ac t io n  t ake s p l a c e  and any 

product s are r e l e a s e d  ( se quent i a l  m e c h an i sm ) . 

1 )  P i ne-Pone M e chan i so 
A p 
.J. t 

E (EA E1P) E' 
B 
J, (E1B EQ) 

Q 1' 
E 

The abo v e  not at io n  o f  C l e l and , where t h e  add it i o n  

and re l e a s e  arro w s  d e s i�nat e reve r s i b l e  steps , shows that 
t h e  produ c t  (P)  is f o rmed p r i o r  t o  t h e  r e ac t io n  with t h e  

s e c o nd sub s trat e at the exp e n s e  o f  c onve r s ion o f  the enzyme 

from a fo rm E to a form E ' .  

Kine t ic anal y s i s  shows t hat t he rat e e quat i o n  i s  

V - 1 + V 

Hhi c h  comp a r e d  with e quat ion ( 6) l ac k s  a t err:1 i n  [JSJ/B/and 



FIG.  4.1 DOUBLE RECI PROCAL PLOTS FOR 
BISU BSTRATE REACTIONS 

(a) Primary Plot reciprocal in itial velocity versus reciprocal variable substrata A. 

T 

1 
V 

._ I ntercept :-. 1 + K b  - ( 1���) [ B ] 
_L 
[ A  l va riab le substrate 

V 

(b) Secondary Plot intercepts from primary plot versus reciprocal of constant substrata 

I nterce pt - ..l - v  

_1_ 
[ B] 

(c) Secondary Plot slope from primary plot versus reciprocal of constant substrata 

. (l) 
a. 
0 

(/) lnterce� = K a 
V 

_L 
[ B ]  

Slo p e =  -�Kb 
V 



hence  a doub l e  re c iprocal  p l o t  o f  � versu s  e ither ;2; or zi7 as var iable sub st rat e s  i s  a series  of paral l e l  line s 

lndependent o f  the c o nc entrat ion of the f ixed sub strat e . 

2)  R andom l'·'l e chan i sm 

A B 

1 1 
p f i 

EA EQ 
E E 

EB EP 

T T l l 
B A Q p 

5 2  

T h e  general se quent i a l  mechan i sm i s  c a l led the randor.1 rnech-

a n i s m  and e ither sub st rat e may b ind t o  the fre e e nzyme . 

Th i s  mechan i sm g ive s r is e  t o  rat e e quat ions t o o  comp l icated 

to ana ly s e . H owever , if  the int erconve r s i o n  of t e rnary 

comp l exe s i s  s low e noue;h that :LA , E l) and EAB are  in e qu i l i 

br ium , t h e n  the mechan i so i s  known a s  a rap id e qu i l ibrium 

random me c han i sm and obeys e que. t iou ( 6) . 

3 ) O rdered Me chan i s m  
� B H 

l l 
E .SA (BAB 

p Q 
r T 

EP:�) EQ E 
T h i s  s e quent i a l  oechan i sm i s  a sp e c ial case  o f  the randoo 

mechan i s m  in which only one of the sub strat e s  may b ind t o  
I 

the f r e e  e nzyme , that i s , sub s t rat e B has an inf init e 

d i s s o c iat i o n  c o nstant w ith the free  enzyme . The overa l l  

rat e e quat i o n  may be expre s sed a s  e quat ion ( 6) so  i t  i s  

ind i st incu i sh ab l e  from t h e  rap id e quil ibrium random me chani sm . 

B e c au s e  of t h e  symmet ry of e quat i o n  ( 6) it i s  not obvious 

whi c h  of the t wo substrat e s  i s  the " leading- sub strat a " 

described a s  A . 
A lt hough init i a l  ve l o c it y  studies  alone c an only 

d i st ingu i sh pinE pong m e chani sms from s e quent i a l  me c hanisms , 

the r e sult s o f  o t her studi e s , such as  inhib it i o n  p at t ern s , 

may a l l ow the enzyme �echani sm t o  b e  det ermined . 



5 3  

E nzym e I nhibit ion 
. 

Substanc e s  wh ich b r ine about a reduct ion in t h e  rat e 

o f  react ion are c a l led inh i b i t o r s  and stud i e s  of  the effect  

o f  the s e  inhib itors c nn h e l p  e luc idat e the  me chani se by 

wh ich the reaction  o c cur s . The t e roinolocy u s e d  for typ e s  

of  inhib it i on or icinated with t h e  simp l e  N ichae l i s �J e nt en 

s ingle  int ermediat e mechani s� s o  whi l e  the  t e rms are app l ied 

t o  t wo sub strat a r e ac t ions , t h e  conc lusions t hey imply may 

not b e  just ified i n  the  more c ompl ex case . 

T�ere are three ma in typ e s  of reve r s ib l e  inhibit ion 

for  two sub strat e react ions ( F i� . 4 . 2)  -

1 )  C ompet it ive I nhib it ion 

I nh ibition  i s  said t o  be  compet it ive v1he n  o nly the 

s lope  of  a double  re c ipro c a l  p lot is  affect ed . This 

s ituat i on exist s whe n  the inh i b itor r e act s with t h e  same 

e nzyme form as do e s  the variab l e  substrate . S ince the same 

form of the enzyme is involved ,  hi�h concentrat ions of the  

variab l e  sub strat e removes  the  i nh i b it ion , by s aturot inc 

t h at form of the enzym e . 

If  t he const ant subst rat e i s  in exc e s s , the inhib it ion 
e qu at ion i s  

1 K IV 1 1 
V == r ( 1 -+ K .  ) Cm) -1 V l S  -

whe r e  K .  i s  the Graphical  s l op e  inhib it ion c onst ant and l S  
/I/ is  t h e  inhibitor c oncent r a t ion ( nomenc lature of C le l and ) . 

The inhibit ion fact o r  only app e ars in the  s lope t erm of the 

expr e s s ion . 

2)  Uncoopet it ive Inh ib it i on 

If  the  inh ib itor  has t h e  effect of only changinG the 

ordinat e intercept of the doub l e  rec iprocal plot , the inhib

it ion is  c a l l e d  uncompet it ive . This  type of inhib it ion occurs 

whe n  the inhibit or a s s o c iat e s  with an enzyme form other than 

the one wit h  which t h e  variabl e  substrat e comb ine s ,  t hu s  

lower ing the amount o f  t he tot al  enzyme available  for d i st ri

but ion among the usual  enzyme forms in a manner which cannot 
be overc ome by saturat ion with sub strat e. At hiGh c onc entrat ions 

of f ixed substrat e the  inhibit ion equat ion i s  



FIG .  4.2 E FFECT O F  I N H I BITI O N  PATTER N S  ON THE DOU BLE 
R E C I PROCAL PLOT 

1 
V 

1 
[A] 

U n com peti ti ve I nh ibiti on 
Noncompet it i ve lnh ib i t  ion 

C omp e t i t i v e  I nh i bi t i on 
U n inh i b i ted React ion 
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1 Ka 1 1 IV 
. v = v C /A/) + V C '1 + Kii) 

whe r e  K . .  i s  t h e  graph i c a l  int erc ept inhib i t i o n  c onst an t  o f  l l  
I .  

3 )  N o ncomp e t i t ive Inh ib it i on 

I f  the inhib i t o r  aff e c t s  b o t h  t h e  s l o p e  a nd t h e  int er

c ep t  o f  a doub l e r e c ip r o c a l  p l ot t h e  inh ib i t i o n  i s  s a id t o  

b e  n onc o mp e t it i v e . T h i s  typ e o f  i nh i b i t ion o c cu r s  whe n  t h e  

i nhib i t o r  a s s o c i a t e s  with a f o rm o f  t h e  enzyme wh i ch i s  
c o nne c t e d  b y  a s e r i e s o f  r e v e r s ib l e  s t e p s  t o  t h e  form w i th 

wh i c h  t h e  var i ab l e  sub s t rat e c omb i n e s . T h e  e quat i o n  at 

h ich c o nc entrat i o n s  of f ixed s u b s t rnt e ( B )  is 

K 1 � ( 1 !T7) '1 1 ( 
v

=
v + E- m + v 1 + 

l S  -
I f  the i nh ib i t o r  a s s o c i at e s  w i t h  m o r e  t han one 

e nzyme f o r� , or m ore than one in� i b i t o r  mol e c u l e  b ind s t o  

t h e  e nz ym e, o r  the i nh i b it o r  i s  such t h a t i t  f o r m s  p art o f  a 

n e w  re ac t i o n  s e qu e nc e , the inh ib i t i o n  p l o t s  may b e  non

l ine ar . 

A spe c i a l  c l a s s  o f  i nh ib i t o r s , the p r o du c t s  of t h e  

e nzyme r e ac t io n , are o f  p art i c u l ar i nt e rest b e c au s e  t h e y  

provide a m ethod o f  t e s t inG p r op o s e d  r e a c t ion m e c hani s m s . 

From t h e  propo s e d  m e c hani s m  t h e  enzyme f orm w i t h  wh i c h  t h e  

product s a s s o c i at e  i s  known and h e nc e t h e  typ e o f  inh ib i t i o n  

H i t h  t h e  t wo sub s t rat e s  may b e  pre d i c t e d . I f  t h e s e  pre d i c 

t i ons are n o t  v e r i f i ed exp e r i m ent a l ly , t he me chani sm m ay b e  

d i s c arded . C l e l and ( 1 963 ) h a s  produ c ed a t ab l e , b a s e d  o n  

t h e  inh ib i t i o n  e qu at i o n s , p re d i c t i n� t h e  product inhib i t i o n  

p at t e rn s  o f  a s e r i e s o f  me ch an i s ms . Some of t h e s e  p at t e rn s  

a r e  shown i n  T ab l e  4 . 1  and i l l u s t r a t e  t h e  way in wh i c h  

p ro duct i nh ib i t i on p at t e rn s  may b e  u s e d  to d i f f e r e nt iat e 

m e chani s m s . 

W h e n  produ c t  inh ib it i o n  do e s  n o t  g iv e  u n e qu ivo c al 

answer s , u s e  of inh ib it or s , wh i c h  reve r s ib ly b i nd t o  t h e  

e nzyme t o  f o rm a c omp lex wh i c h  c anno t  undergo any furt h e r  

r e a c t i o n  ( s o  c a l l e d  d e ad - e nd i nh ib it o r s ) , can E iv e  furt h e r  

inf o rmat i o n  ab out t h e  ord e r  o f  sub st rat e b ind inc and t h e  

e nzyme me c h ani s m . 
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TABLE 4 . 1 

PRODUCT INHIBIT ION PATTERNS FOR SEQlJ12NTIAL B I  B I  r:JECHANISfv1S 

Variable Sub strat e 
A B 

I'1 e chaniso Inhib itory Unsat- Saturated Unsat- Saturat ed 
Product urat ed with B urat ed with A 

Ordered B i  Bi  p NC uc NG NC 

Q Co rnp Cornp NC 

The ore ll- p NC NC C hance 
Q Comp Comp NC NC 

I s o  Ordered p NC uc NC NC B i  B i  
Q NC NC NC uc 

I s o  Theore ll- p NC Comp Cornp Chance 
Q NC NC NC NC 

Rap id l�quil i- p or Q Cornp Comp brium 
R andom Bi Bi  

Rap id :Zquili- p Comp Comp brium 
H andom Bi B i  Q Comp NC 
with Dead Znd 
EBQ complex 

R andom Bi  Bi P or Q NC
1 NC

2 
NC

1 NC2 

Mechanisms are defined by Cleland ( 1 963 ) . 

Abbreviations used are : Comp , c ompetit ive ; UC , uncompet it ive ; 
NC , noncoopet itive ; no inhibit ion . 

1 .  Re c iprocal plot s are theoret ically nonlinear althou�h 
curvature may be difficult to se e . 

2 . Re c iprocal p lot s are linear , but slope and intercept 
replots are hyperbolic funct ions of the product inhibit or 
c oncentrat ion .  



4 . 2  HETHODS 

4 . 2 . 1 Spe ct r ophotometric  A s s ays at pii 9 . 3 

4 . 2 . 1 . 1  A s say o f  aldehyde dehydrocenase 

The st e ady st at e  kine t ic s tudies at pil 9 . 3 were 

c arr i e d  out in 3 3mM sodium pyropho sphat e , and the dat a 

c o l l e c t ed on a B e ckoan A c t a  I I I  re co rdinc spe ctrophot o5et e r  

b y  f o l l owinc; the appearance  o f  RA mi a t  340 nm . The a s s ay 

m ixt ure wa s made up a s  f o l lows : 

1 . 0co3 s o dium pyropho sphat e ( 1 00mM ) 
3 1 . 2cm d i s t i l l e d  wat er 

0 . 5cm3 NAD+ s o lut ion ( S iena Grade AA ) 
3 0 . 1 cm e nzyme s o lu t io n  

0 . 2cm3 aldehyde so lut ion 

to make a f inal vo lume of 3 cm3 . A l l  the re age nt s  bar t h e  

a ldehyd e , were oixed tocether a nd a check f o r  endocenou s 

act ivity was made by monitorinc t h e  absorb anc e chance at 
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340 nm . A f e w  s amp l e s  d id exh ib it e ndocenous act ivity due 

to c o nt aminat ion by alc oho l dehydrocenase whi c h  u t i l i z e d  the 

t rac e s  o f  alcoho l in the  NA D+ u sed . The se  samp l e s  w e r e  not 

used f o r  kinet i c  stud i e s . The Km va lue s for clyc eraldehydc 

were det ermined u s i nc; a c onst ant l':A D+ concent rat ion ( 1 .  7n� )  

whi l e  vary inc the c l y c c ra ldehydc co nc ent ra t io n . The K m 
valu e s f or I·;AD+ \vcre det err.1 ined by vo ry in0 t h e  NAD+ c onc en-

t rat i o n  in the pre sence o f  a cons t a nt conc ent rat ion of 

ac et ald ehyde ( 1 .  7ml·'l ) . 

4 . 2 . 1 . 2 Duffers for pH prof i l e  

Veronal sodium-HC l bu ffers we re prepared b y  add i nG 

hydro chloric ac id ( 0 . 02M ) t o  100cm3 o f  veronal sodium s o lu

t io n  ( 0 .  04!-1 ) unt i l  the r e qu ired pH wa s reached and the 
7: 

s o lut i on was made up t o  a f inal vo lume of 1 20cm� with d i s -

t il l ed wat er . V e ronal sodium-HC l buffers were u s e d  a s  they 

are effect ive in the  ranee pH 7-1 0 .  When adde d  t o  the 

e nz yme a s say the c onc ent rat ion o f  verona l  sod ium vvas  0 . 0 24!1 
and t h e  pH value s were 7 . 1 ,  7 . 6 , 8 . 0 , 8 . 5 , 9 . 0 . 

4 . 2 . 1 . 3  E st era s e  act ivity 

The rat e o f  hydr o ly s i s of p -nitropheny l  ac e t at e wa s 

det ermined spect rophotome t r i c a l ly at 400 nm ( fo llowinc the 

produc t ion of p-n it ropheno l ) . R eact ion mixture s  c ont ained 

0 . 1 !-1 t r i s  buffer ( pH 8 . 0 )  , p -ni t rophenyl . acetate ( 1 mi··1 ) and 



58 

7, 
e nzyme so lut ion . A mo lar ext inct ion c oe ff ic ient o f  1 6  x 1 0.? 

at 400 nm for nit ropheno l wa s used ( Kezdy and B ender , 1 962) . 

4 . 2 . 2 F luorimetry 

4 . 2 . 2 . 1 Instrument at i on 

The fluorimet er d e s c r ib e d  in Se ct ion 3 was aJ. s o  u s e d  

f o r  kine t i c  measurement s . T h e  fluore s c ence of free  NADH 

was monit ored by exc it inG the as say s o lut ion at 345 nm and 

measuring the em i s s io n  at 455 nm ( in the e qu i l ib� ium stud i e s  

t h e  f luore s c ence of the enzym e -NA DH comp l ex wa s monitored ) . 

A l l  exp er iments  were c arried out at 25° C and chanB e s  were 

r e l at e d  t o  the quinine sulphat e st andard . 

4 . 2 . 2 . 2 Linearity o f  NADH f luorescenc e  

A s  NADH f luore scence wa s proport i onal t o  NADH c o n

c e ntrat ion up to  about 10fJ.fVl ( a s  obs erved in NA DH t itrat ions ) · 

a st andard curve could be c o n s t ructed and fluore sc ence 

c hange s c ould be re lat ed to NADH product i on . Above 10f.!r.II NADH 

deviat ions from linear ity oc curred due t o  the ab sorpt ion o f  

t h e  exc it inc; l ight b y  t he NADH solut ion . If the NADH co n

c entrat i o n  was furth e r  increased , a p o int is  reached , above 

1 5 0 f.!  , where t he f luore scence o f  NADH actually de c rease s  

with incre as ins concent rat ion (F ie . 4 . 3 ) . 

4 . 2 . 2 . 3 I nf lue nc e o f  pH on NADII f luore s c ence 

NADII ( 4 . 25 f.!l\i ) was made up in veronal sodium buf f e r s  

o f  vary ing pH and t h e  chance in f luor e s c ence w i t h  r e sp e c t  t o  

a buff er b lank wa s me a sured f or each so lut ion . The re su lt s 

(T ab l e  4 . 2 ) show l it t l e  chanBe in  fluor e s c enc e with pH , thus 

f luore s cence  change s at dif f erent pH values  in  a pH pro f i l e  

may be comp ared dire ct ly . 

TABLE 4 . 2 VAR IAT ION OF NADH FLUORESCENCE \rJITH EH 

I?li F luore scenc e 

9 . 6 2 . 0  

9 . 1 8 1 . 98 

8 . 8 1 . 93 
8 . 4 1 . 92 

8 . 0 1 . 95 

7 - 7 1 . 91 

7 . 24 1 . 92 

6 . 9 1 . 90 
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FIG.  4.3 FLUORESCENCE O F  NADH SOLUTIONS 

1 0  100 1.000 
NADH CON CEN TRAT I ON ( J..! M )  

Excitation wavelength 340 nm Emission wavelength 435 nm NADH solutions contained pH 7.6 phosphate buffer 

10,000 
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4 . 2 . 2 . 4  F luorimetric assay nt pH 9 . 3 
The aisay wa s the same a s  used in the spe ct rophoto

met r i c  assay , however , the pyroph o sphat e buffer s o lut ion 

was f ilt ered through n s int ered c ;l o s s funne l t o  remove any 

larce part ic l e s  as the fluore scence  t echnique is su s c ept ible  

to  l icht scattering effects . 

4 . 2 . 2 . 5 Dist i llat ion o f  prop ionaldehyde 

Prop ionaldehyde wa s d i �tilled under nit roGen from a 

250crn3 three  nec ked flask int o a c o llect ion flask imoersed 

in ic e . Prior to use the collect ion  flask was f i lled with 

wat er and heated to boil ing on a hot p late to reoove any 

ac id on  the clas s which nay act a s  a cataly st in polymer

izat ion of prop ionaldehyde . The s aoe f l a s k  was used for 

storage of the aldehyde . All e quipment was thoroughly dried 

before use and the dist illat ion apparatus when asseob led 

was flushed with dry n itrogen . Silica eel  was placed in 

the cas out l et to  prevent mo i sture enterinc the syst em . 
7-

0nly 50% of the 100cm7 prop ionaldehyde was dist illed s o  

there was n o  dancer of c onc entrat inc any pe roxide s that may 

have been pre sent . The t emperature of dist illat ion could 

not b e  det ermined as t he n itrogen flow cooled the thermome t e r  

but aft er distillat ion , the refract ive index of the prop ion

aldehyde was determined and tl1e value always agreed  with 

the l it erature value of 1 . 3 63 6 at 20° C ( Handbook of Chemistry 

and Phys i c s , 197 1 ) . 

4 . 2 . 2 . 6  Det erminat ion of aldehyde concentrat ion 

Semic arbazide hydrochloride  readily reacts with 
carbonyl compounds to  form semicarbaz one s which have absor

pt ion maxima at about 220 nm ( Burb rid�e et  al . , 1 950) . 

Semicarbaz ide hydrochloride ( 0 . 1 86�) , sodium dihydrogen 

pho sphat e ( 2 . 3 3 7c ) and d i-sodium hydrocen pho sphate ( 4 . 975g )  

were dis so lved and made up t o  250cm3 with wat er , t o  act as 

a buffer with a pH of 7 . 0 .  This re agent so lut ion ( 3cm3 ) 

was added t o  a st andard aldehyde s o lut ion ( 3cm3 ) ,  a sample  

solut ion ( 3 cm3 ) or wat e r  for blank , and made up t o  1 0cm3 

with wat er . The mixture was left for 1 5  minut e s  before 

read ing . For propionaldehyde the semicarb az one derivat ive 

had a maximum at 223 nm , the response be ing l inear in the 

range of aldehyde concentrat ion used ( up t o  1 20 �M) . R e sults  



c ou l d  b e  d e t e r m i n e d  f rom t h e  st andard curve . A qu e o u s  

s o lut i o n s  of ptop i o na ldehyde wh i c h  h ad b e e n s t o r e d  a t  4° C 

f o r  3 w e e k s  were f o u nd t o  G i v e  the s a8 e  r e a d i n �  a s  fre s h ly 

p r e p a r e d  s aop l e s . 
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I t  i s  we l l  known that in aque o u s  s o lut i o n s  a ld e hy d e s  

e x i s t  a s  a m ixtu r e  o f  t h e  f r e e a lde hyde , RCHO , and t h e  

hydrat e ,  RCH ( OH) � ,  t h e  exa c t  rat i o  b e i ng d e t e rm ined b y  t h e  
L 

gem-d i a l  e qu i l ib r ium c on s t ant ( B e l l , 1 966) . B od l ey and 

B l a i r  ( 1 9 71 )  were ab l e  t o  s h o w  t hat human l iv e r  ·aldehyde 

d e hydro � e n a s e  s o l e ly ut i l i z e d  t h e  f r e e  a ldehy d e  as a sub 

s t rat a . The hydrat e o f  a l d e hyde s i n  s o lut i o n , t h e r e f o r e , 

h a s  t h e  e f f e c t  o f  l o we r inG t h e  c o n c e nt rat i o n  o f  a c t u a l  

s ub st rat a pre s ent such t h at t he sub s t rat a c on c e nt rat i o n  i s  

e qu a l  t o  the t ot a l  a ld e hyde c o nc e nt rat ion mu lt ip l ie d  b y  t h e  

f r a c t i o n  o f  t h e  t o t a l  a ld e hyde wh i c h  is  pre s e nt i n  the f r e e  

f o rm . W h i l e  t h e  e xp r e s s i o n  o f  sub st rat e c o nc e nt r at i ons i n  

t e rms o f  f r e e  a l d e hyde i s  m o r e  c o rr e c t , t h e  t o t al a l d e hyde 

c on c e nt rat ion may be used a s  l one as both the k i ne t i c p ara

m e t ers a nd the sub s t ra t a  c o n c e nt rat i o n  are expre s s e d  i n  th i s  

way . D u e  t o  the s imp l i c it y  o f  u s in� the t o t a l  c on c e nt rat i o n  

and t h e  fact that t h e  g em-d ia l e qu i l ibr ium c o n s t ant f o r  s o m e  

a ldehy d e s  a r c  uEknovm , a l l  re s u l t s and k i ne t i c  p aranet e r s  

rep o rt e d  h e r e  have b e en e xpre s s e d  i n  t e rns o f  t o t c. l  a l d e hyde 

c o nc ent r at ion . C are mu s t  be t a k e n , howeve r , wh e n  c o mp ur inc 

d if � e r e n t  sub s t ra t e s  a s  t h e  f r a c t i o n  o f  fre e a ldehyde p r e s e nt 

wi l l  d i f f e r . So , f o r  i n s t a nc e , t h e  apparent }{ o f  a c orn-IT. 
p ound w i t h  a low f r a c t ion o f  f re e  a l d e hyde wou l d  app ear 

h iche r  t han t h e  appo.rcnt K o f  a c o mp ound with a h ic;h f r a c t i o n  El 
of f r e e  a ldehyde e v e n  t houch the ir a ct u al K valu e s  ( i n  t e rms 

m 
o f  f r e e  aldehyde c o n c ent rat i o n) were t h e  s ame . 

4 . 2 . 2 . 7 F luorimet r i c  a s s ay at pH 7 . 6 

The as say wa s c ondu c t ed a s  f o r  pH 9 . 3 w i t h  t h e  u s e  

o f  a p h o sphate buf f e r . T h e  b u f f e r  c on s i st e d o f  0 . 1� N aOH 

( app rox . 1 50cm3 ) add e d  t o  p o t a s s ium d ihydr oce n  pho sphat e 
7.: 

( 2 . 380�) t o  b r ine t h e  pH t o  7 . 6 and made up t o  500cmJ
. The 

buf f e r  wa s f i lt er e d  as f o r  pH 9 . 3 pyropho sphat e buff e r  and 

2 . 1 5 cm3 
o f  phosphat e buf f e r  was add e d  t o  t h e  a s say to oake 

the buf f e r  . 025M in pho sphat e , a l l  t h e  o t h e r  c o n c ent rat i o n s  

were a s  f o r  the s p e c t ropho t o m e t r i c  a s s ay . 
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4 . 2 . 2 . 8 At t empt s  t o  i n it i a t e  t h e  reverse  react ion 
A s t ronc ph o sphat e buf f e r  ( 0 . 75M in pho sphat e )  was 

made up by addinc s od ium hyd r o x i d e  ( 2� )  to a s o lut ion o f  
potas s ium d i hydro c; e n  pho sphat e ( 1 3 . Gc; i n  1 00cm3 ) t o adjust 

t o  pH 7 . 7  and made up with d i s t i l l e d  wat e r  t o  1 50cn3 . The 
st o c k s o lut ions o f  c ar boxy l i c ac ids made up to 10cm3 w i t h  
buf f e r  wer e a c e t i c  ac i d  ( 100mE ) , pr op i o n i c ac id ( 95 mE )  and 
2-bromo-2-phenylacet ic acid ( 1 2:::IJ.! ) . A 5 1 2�J-I-r: Nl\DH s t o c k  
s o lut i o n  wa s prepar e d  fron a S icma prewe i�hed vi2l . T h e  

7. 
assay 1m s : 0 . 1  c rr..7 enz yne C 1 s sc:.y c o nc ent r at i on 0 . L�iJ.f·l ) 

0 . 5co3 NADir ( 85f.Lr· , )  
7. 0 . 3 cn7 c arb oxy l i c  a c id 
3 2 . 1 cm Duf f e r  

The ab s orb o..n c e  o f  I JJ\. DH Rt 340ntJ vm s fo l lo Hed o n  a Unicam 
SP500 sp e c t ropho t oJ:: e t e r  t l w rm o f� t o t c d a t  25° C .  B u f f e r  wa s 
u s e d  in t h e  r e f eren c e c e l l  and a c o nt r o l c e l l  of  c arboxy l i c  
a c i d and Nt Dil wa s u s e d  t o  f o l l o w any non e n z ym i c  c hanc e s  in 
ab s o rb anc e over 3 h o ur s . 

Lj . •  2 .  3 T r e at m e nt o f  D a t a  

The i nit i a l rat e s  of react ion were cenera l ly l in ear 

f o r  at l e a s t  3 minut e s and were c:. lwo..y s  d c t ern ined in dup l i 
c at e .  R e sult s were p l o t t ed n s  re c ip ro c a l  o f  i n i t ial ve l o c it y 
v e r sus re c ipro c a l  o f  sub strat e c on c ent rat i on , l ine s b e ing 
f it t ed to t h e  p o int s init i a l ly by eye t o  c h e c k  f o r  l inearity 
and then f it t e d by l ine ar l e a s t  s qu are s analys i s  t o  an E ad i e  
p lo t  ( E a d i e , 1 942) and a Lineweaver-Burk plot ( Line we ave r 
and Burk , 1 934) o n  an IBM 1 1 30 comput er (Youden , 1 95 1 ) . 
I nt erc ept s and s l op e s  obt a in e d  f ro m  the p r im ary p l o t s  were 
then rep l o t t e d  a g a i n st r e c ipr o c a l  o f  t h e  nonvar i e d  s ub s t rat e 
c o n c entrat i o n . 
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4 . 3  RESULT S 

4 . 3 . 1 St e ady- St at e  K inet i c s  a t  pii 9 . 3  usinc Spe c t .!'ophot o 

me  t ry  
4 . 3 . 1 . 1 Spe c if i c ity o f  a ldehyde dehydrogenase 

She ep l iver a ldehyd e dehydro r_;enase i s  c ap ab le  o f  

o xi d i z inc a wide ran�e of a l d e hyde s inc lud i nc b ot h  a l i phat ic 
and aromat i c  c o�pounds ( see  Tab l e  4 . 3n) . The rat e at wh i c h  

t h e s e  a l d e hyd e s  w e r e  o x i d i z e d  var i e d  wide ly dem6nst rat in� 
that the max im a l ve l o c it y  i s  d ep e ndant on the sub s t rnt e 

s t ructure . 

TABLE 4 . 3a SUBSTRJ\.Ti•, SPECIFIC ITY OF AI,DEHYDE DEHYDTIOGENASE 

M aximal ve l o c ities  f o r  var iou s a ldehy d e s  with s h e ep l iver 

aldehyde dehydro c e n n s e  at pH 9 . 3 

Sub s t rat e 

A c e t aldehyde 

Pro p i o nal dehyde 

Butyraldehyde 
D , L-Glyceraldehyde 

Pyruvic aldehyde 
B e n z a l dehyde 

Concentrat ion 
( rnf·1) 

1 . 67 

1 . 67 

1 . 67 

1 . 67 

1 . 6'7 

1 . 67 

Veloc it;z1 � C �mole s . m1n . 1 ( c�J en zy me so lut ion) - ) 

1 . 04 

0 . 83 

0 . 55 

0 . 86 

0 . 27 

0 . 1 2 

The ve lo c it y  o f  NADH production  wa s f o l l owed spe c t rophot o

metrically i n  an as s ay c ont a i nins Nl\. D+ ( 1 .  67or,1 ) i n  pH 9 . 3 

pyropho sphat e buffer . 

4 . 3 . 1 . 2 E s t e ra s e  act ivity 

Sheep l iver a ld e hyde dehydro c ena se was f ound to b e  

cap a b le of c at a lyz ing t h e  hydr o l y s i s of p-nitrophenyl 

a c e t at e  at pH 8 . 0 . Thouch the e n z yme s o lut i o n  c ont ained 

2-m e r c apt o e t han o l , the rat e o f  r e a c t ion wa s more t han t w i c e that 
found for the hydro lys i s  of p-ni t rophenyl ac e t at e  i n  the pre s en c e  

o f  2-me rc apt o e t hano l at t h e  s am e  c onc ent rat ion ( T ab l e  4 . 3b ) . 



TABIB 4 . 3 b  ESTERA SE ACTIVITY 0� SifEEP LIVER ALDEif'ID:2: 
DEIIYDTIOG ERI\S:S 

Sp ontan e o u s  rat e o f  hydro lys i s  o f  '1 0  nmo l e s/m in p -n i  tropheeyl a c e t a t e 

R at e  of hydro lys i s  i n  t h e  p::-c s en c e  o f  
5 '1 nmo l e s/ rr. i n  2 -mercapt o ethano l  

R at e  o f  hydr o ly s i s  i n  the pre s e n c e  o f  '1 23 nmo l e s/ o i n  e nz yoe s o lut i o n  

4 . 3 . '1 . 3 Init ial v e l o c ity stud i e s  with clyc e raldehyd c  a t  

pH 9 . 3 
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I n i t i a l  ve l o c ity stud i e s  on a l d e hyde dehydro c e n a s e  

w e r e  c arri e d  o u t  in p i  9 . 3 pyropho sphat e bu f f e r  with gly c e r 

a l d e hyde a s  t h e  a l d e �yde sub s t r o t e . G lyc eraldehyde was 

c h o s e n b e c au s e  F reda o nd St opp nn i ( '1 970 ) i n  t h e ir work 

u s inc; b o v in e  l iv e r  a l deh;ydc clc hydro e; e n a s e  f ound t h at t h i s  

sub s t r at e , unl ike a c e t a ldehyd e , c ave l in e ar doub l e  r e c ipro c al 

p l ot s . I t  wa s a l s o  r e p or t e d t hat Glyc e r aldehyde h ad a h igh 

M i chae l i s  c o n s t ant wh i ch , if t ru e  for the sheep l iv e r  e nzyme , 

\·JOu l d  m e an that h i c; h e r  and h e n c e  m o r e  ac curat e ly d e t e rm i n

ab l e  c onc ent rat i o n s  o f  sub s trat e c ou ld b e  u s ed . The sub 

s t rate u s e d  in the e xp e r iment a l  work wa s D , L-G ly c e r alde hyd e , 

b o t h  i s om e r s  o f  wh i c h  are oxid iz e d  by l iver aldehyde de hydro 

c; e n a s e  ( 1-I o l l d o rf e t  a l . , '1 95 9 )  • H o wever , e xp e r iment n l  

p r o b l e m s  were enc ount e r ed w i t h  the c; l y c e raldehyde init i a l  

r at e s  a s  t h e  p o int s on t h e  r e c ipro c n l  p l ot s  were e it h e r  

s c at t ered or n on- l i n e ar . S in c e  e it h e r  t h e  re ac en t s u s e d  o r  

t h e  enzyme s aop l e  m ay have c au s e d  t h e  irreBu l a r i t i e s , t h e s e  

p o s s ib i l i t i e s  we re c h e c ked . T h e  enz ym e  s amp l e  d i d  c o nt a i n  

e ndo cenou s a c t ivity wh ich w a s  reooved by bett e r  s e p arat i o n  

t e chnique s i n  t h e  l at er preparat i o n s  and c o up l e d  w i t h  a 

c h ange in t h e  qua l i t y  o f  NAD+ u s e d  ( f rom S icma G r ad e  AA 

( 90-96% ) to S i co a  G rade I I I  ( 98% ) ) brought ab out a Ere a t  

improvem e nt in the c on s i s t ency o f  t h e  d a t a  and t h e  l in e ar ity 

of t he doub l e  re c ip r o c al p l o t s . So l id g lyc eraldehyde i s  

kno wn t o  e x i s t  m a i n ly a s  a dimer and t o  t ake s ev e r a l  day s 

t o  d epo lyme r i z e in s o lut ion ( B e ck , '1 957 ) . Howe v e r , t h e  

s am e  Km re sult wa s obt a ined \vh e t he r  t h e  gly c e r a l d e hyde 

s o l u t i o n  had b e e n  made up imm e d ia t e ly p r i o r  to u s e  or h ad 

b e e n  l eft s t and inc f o r  nine d ay s  and t hu s  it wa s c on c luded 
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t hat p o lymerizat ion of gly c e r a ld e hyde was not a s igni f i c ant 

factor  in the �inet ic s . The M i chae l is c onstant for  Glycer

aldehyde , the concentrat ion requ ired to  g i v e  half t h e  

max ir:mm react ion ve l o c ity , was found to  be 1 60flH !._ 1 5 flf'l . 
2-Merc apt oethano l  wa s p r e s e n t  in a l l  buf f e r s used during the 

purif icat i o n  proc e dur e i n  order t o  s t ab i l i s e  the enzyme , and 

was , therefore , also pre s e nt in the a s s ay � ixture . H o w e ve r , 

ste ady- s t at e kinet i c s  c arried out after the  comp l e t e  removal 

of 2-�erc apto e thanol  cave the same v�lue of K for NA Dj and m 
g ly c e ra l d e hyde and t h e  s ame m n x i mun v e l o c i t y , de�on s t rat inG 

that the 2-merc apt oethanol had no effect on the enzyme 

c at a ly s e d re ac t io n . 

U s in� hich c o nc entrat i o n s  o f  gly c e r aldehyde ( . 5 oM 

t o  20mt·J ) in  the sane c ondit ion s n s  u s ed for the K de ter-o 
minat i o n s , it wa s f ound that 3t conc entrat i ons of  G ly c e r-

aldehyde above 5 �·� , there was n pp arent sub s t rnt e , c t i v a t i o n  

but in t h e  int e r  .. : e di a t e r<lnce ( 1 r  r-: to  2mf-: ) there app e ar e d  

t o  be sub st rat e inhib it ion . T h e  lat t e r  f e atu r e  w a s  a l s o 

o b s e r v e d  in doub l e r e c ipro c a l  ,lo t s  u s e d  t o  det er� ine 

at the h iGhe st : lyc eraldehyde c o n c e nt rat io n . 

4- . 3 . 1 .  L� l"�f f c ct of pii on I� , f o r  c; l y c e r o  ldehyde r.  
The pH prof i l e  of the ald el�yde d ehydroce:no. s e cc�talysed 

re a c t i o n  d e t ero ined w i t h  veronnl s o d ium-HC l buf f e r s  showed 

th2t a s  t he pii \·m s i nc r e a s e d  f r o :�: pH 7 t o pH 9 t l1 e  Krn for 

clyc eraldchyde de c r e a s e d  by three fold ( 350 flV to  1 30!1N )  

whi l e  i n  t h e  s aiT e rane e , t h e  oaxi•�un v e l o c i t y  incre as e d  by 

only 257 L The c hc.nc;e in pH cau s e d  l it t l e  e ff e ct on the 

maximum ve l o c ity . 

4- . 3 . 1 . 5 Init ial  ve loc ity stud i e s  with NAD+ at pH 9 . 3 

The M i chae l i s  constant for NAD+ wa s d et e rmine d with 

ouch l e s s  d iff iculty t han was exp e r i e n c e d  with glyc eraldehyde . 
T h e  valu e wa s det ermined u s inc acetaldehyde ( 1 . 67�1 ) as the  

aldehyde sub st rat e and t h e  M i chae l i s  constant for NAD+ was 

found t o  be  1 2flM !._ 2flM , a value of the order of t en t i� e s  

l e s s  t han t h e  K f o r  glyceraldehyde . m 

4- . 3 . 1 . 6 D iff icult i e s  in in i t i a l  v e l o c ity stud i e s  

Zven u s inc saturat ing c onc entrat ions of sub strat e , 

the s l o w  rat e of  the e nzyme c at alysed react ion cave only 

very small a b s o rb an c e  changes aft e r  r e a s onab l e  assay time s ; 



FIG.  4.4 DOU BLE RECI PROCAL PLOT OF I N ITIAL VELOCITY WITH 
R ESPECT TO PROPIONALDEHYDE AT FIXED CONCENTRATIONS 
OF NAD+ AT pH 9.3 
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The concentration of propionaldehyde was varied while the NAD+ concentration was held constant at 
the following values; • ,  9.8 JJM; o ,  1 3  �M; x ,  18.5 fJ M; 6., 39 fJM; e ,  78 fJM. 
The enzyme concentration was 1 0  ng/cm3. 
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and for l e s s  than saturat ing concentrat ions o f  f ixed sub

strat a , prec iqe determinat ion of ro t e s  was extreme ly diff i
cult . It was dec ided that rel iable  data ne c e s sary t o  c arry 
out the double  re c iprocal  p lot s of init ial ve loc ity acai nst 

variab l e  substrat e concent rat ion at d ifferent concentrat ions 
of f ixed substrat a ,  c ould not be  obtained by this method . 

For thi s  reason , the more sen sit ive t e chnique o f  
fluore s c ence was adopt ed f o r  fol lo\vinc NADH . product ion . 
G lyc eraldehyde as  a sub strat a was found to have . several 
di sadvant a�e s . I t  wa s d i ff i cult t o  check the purity a s  
the melt inc po int w a s  not d ist in ct and the st ructure of 
glyc eraldehyde was very different from acet a ldehyde , the 
aldehyde sub strat e of the enzyme durinB alc oho l met ab o l i sm . 
F inal ly c;l;yceraldehyde , an a -hydroxy carbonyl compound , was 
report ed to  react with NAD+ at pii 10 ( 13urton and Kaplan , 

1 95 3 ) . 
Prop ionaldehyde was cho sen a s  a more suitab l e  

sub st rat e a s  i t  more c l o s e ly re semb l ed acet aldehyde ; it 
vms not an a. -hydroxyl c arbonyl compound and was easy t o  
purify . For the s e  reasons propionaldehyde wa s used a s  the 
experimental sub strc::tt c in all  further kinet i c s . 

4 .3 . 2 St eady Gt o.te Kinet i c s  a t  pH 9 . 3 u s inc F luorimetry 

4 . 3 . 2 . 1  Init ial ve loc ity studies  with prop iona ldehyde and 
+ NAD as substrate s  

Init ial veloc ity studies  were carried  out with 
prop ionaldehyde a s  the variab le substrnt e in  the presenc e 
of several f ixed conc entrat ions of NAD � Doub l e  rec iproc al 
plot s (F ig . 4 . 4 ) cave a s erie s of  int ersect ing line s ind i
cat ing that both sub strat e s  bound b e fore a product was 
re leased  and henc e that the enzyme mechanism must b e  ordered 
or random ( but not Ping Pong) . Se condary p lo t s of  the s lope s  
and int ercepts  on the ordinat e axe s o f  the s e  p lot s are 
shown in F ig . 4 . 5 . The c onst ant s which may be derived from 
the s e  f igure s  are shown in Table  4 . 4  as suming the reac t i on 
\vas  s e quent ial and e ither prop ionaldehyde or  NAD+ may b ind 
first t o  the enzyme . In the pre sence of h igh prop ionaldehyde 
conc entrat ions ( up t o  2ml'·'l ) the re was no sub strate act iva-
t ion as  seen f or glyc eraldehyde . Us ing high NAD+ c once nt rat ions, 
at const ant propi onaldehyde ..concentrat ion ( 48!J.M), there was only 



s l ight d e v iat i o n  from l in e ar b ehav i our above 200 �M 

in s i�n i f i c ant , i nh ib it ion . 

TABL"E 4 . 4 
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, . snovnne; 

Kil\r:ETIC PARAf·IETER S OF A LDEHY DE DEIIYDROGENA S�� REAC T ION AT pH 9 . 3 
K Kb IC a l a  

A = NAD+ 1 0  . 4�r : 8 . 4 �M 

B = p r o p i o naldehyde 5 . 0 i.tfiJ 

A = p ro p i onaldehyde 5 . OpJ� L� . 0 iJ.f< 
B NA D+ 10 . 4 �I·1 

The k i ne t i c  param e t e r s  were c a l c u l a t ed f rom e qu at ion ( 6 ) 

f o r  s e quent ial me c h a n i s m s  w i t h  the nomenc lature o f  C l e l and 
( 1 963 ) . 

4 . 3 . 2 . 2 I nh ib it i o n  stud i e s  
Inhib i t i o n  b y  NADH wa s f ou n d  t o  b e  c omp e t it ive vli t h  

NAD+ i n  pyropho s p h a t e  b u f f e r  o t  pH 9 . 3 , e; i v inc an inh i b it ion 
c o n s t ant K .  o f  4 . 8�M . As prop i o n a ld e hyde wa s s aturat inc l S  
( 480 fl.I-1 )  it m ay b e  c onc l u d e d  t hat t h e  enzyme me c h an i sm \·.Ta s  not 
r.ap i d  e qu i l ib r ium r andom B i Bi.  f or wh i c h  no inh ib it ion wou ld 
b e  e xp e c t e d at h i�h aldehy d e  c o ncent r at i ons . 

4 . 3 . 3 St e ady St at e K inet i c s at pH 7 . 6 

4 . ) . 3 . 1 I n it i a l  ve l o c it y  s t ud i e s  a t  pH 7 . 6 

St e ady s t at e  exp e r im e nt s w e r e  repe at e d  at pH 7 . 6  s o  
the re s u l t s c o u l d  b e  u s e d  i n  c o n junct ion w i t h  t h e  e qu i l i 
brium s tu di e s  r e s u l t s o f  a c t ive s it e  c on c e nt r a t i o n  and NA DH 

di s s o c i at ion c on s t ant . In add it i o n , s tudy o f  the r e a c t i o n  
at t he l ower p H  me ans that it i s  c l o s e r  t o  phy s io l oe; i c a l  
pH and would p e rh ap s g iv e  r e s u lt s t ha t  oore c l o s e ly r e s emb l e  
the r e a c t i o n  t ak inc; p lac e i n  v ivo . The in i t i a l  v e l o c i t y  
dat a a t  p H  7 . 6 u s in� prop i o na l d e hyde and NA D

+ a s  sub st r at e s  
wa s f ound t o  g i v e  a doub l e  r e c ipro c al p l ot o f  a s e t  o f  
s t r a i ght l in e s  c o nv e rc in� ab o v e  the x axi s  (F i g . 4 . 6) , 
c ons i st e nt with a s e quent i a l  me cha n i sm as w u s  p r op o s e d  f o r  
t h e  enzyme at pH 9 . 3 . S e c ondary p l ot s  o f  t h e  s l op e s  and 
int e r c e p t s are s h o wn in F i g . 4 . 7 and in T ab l e 4 . 5 the k inet i c  
c o n s t ant s b a s e d  o n  a s e qu e nt ial me chan i s m  a r e  p r e s e nt e d . 
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FIG. 4.6 DOU BLE RECI PROCAL PLOT OF I N ITIAL VELOCITY WITH 
RESPECT TO NAD+ AT FIXED CONCENTRATIONS OF 
PROPIONALDEHYDE AT pH 7.6 

- 0-1 

1 
V 

- 0.05  0 o.os 
1 I [ NA D + ]  ( � M-1 ) 

0-1 0-15  

The concentration of NAD+ was varied while the propionaldehyde concentration was held constant at 
the following values: • ,  1 .9 �M; o ,  3.2 .. M; 6. ,  4.8 tJM; • ,  1 9. 1  .. M. The enzyme concen
tration was 9.3 ng/cm3. 



FIG. 4.7 SECONDARY PLOTS OF DATA FROM FIG. 4.6 
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C ons t ant s derived fron t wo separat e experinent s are pre s ent ed 

in t h i s  t ab l e  .and show the exc e l lent acreement betvmen 

r e su l t s .  On p l o t t inc the dat a with the other substrat e  as  

the variable  sub strat e very s imi lar result s were obta ined . 

Tl\.Bm 4 . 5 KII\TSTIC CONSTANTS FO R J\ LDEHYDJ;; DEHYDROGE11A SE IN 
pH 7 . 6 PHOSPHI\TE BUF F E f1  

C al cu l at ions of  t he constant s w e r e  ba sed on t h e  e quat ion 

for a s e quent ial mechani so . The t wo value s for · e ach con

stant repre sent valu e s  obt ained i n  two separat e exper im ent s . 

Sub strat e 

A = NAD + 

D prop ionnldehyde 

A prop ionaldehyde 

B = NAD+ 

K 
a 

2 • 2 ' 2 • 4 !lf·l 

K
b 

1 � 5 , 1 . 2 flr ·: 

2 .  2 '  2 .  4 f.L�1 

K .  1 a  
8 • 0 ' 8 • 0 p}'l 

5 r; 4 O ui··J • / ' • I 

4 . 3 . 3 . 2 R e l at ionship betwe en enzyQe conc entration and 

in it ial ve loc ity 

The enzyme react ion veloc ity u s inz h ich subst rat e 

c on c entrat ions was proport ional t o  the act ive s it e  conc en

t rat ion  of the enzyne ( F i� . 4 . 8 ) with a s l ope of 0 . 083 mo l e s  

NADII . ( Qo l e  act ive s it e s . se c ) -1 �epre scnt inc the cat alyt i c

c entre act ivity or  the turnover numb er . The  l inear 

r e l at ionship ind i c at e s  e �u iva lcnc e of the act ive s it e s  

b e c aus� in the range used , twice the o ct ive s it e  c onc entra

t io n  produced twice  as  much NA Dil in n minut e . 

4 . 3 . 3 . 3 Effect of  pH on Km for prop i onaldehyde 

A two f o ld de cre a s e  in tho I� for prop ionaldehyde 
m 

\va s  found 2,s the pH o f  veronal sodium-IIC l buffers Has 

increased in the ro.nL e pii 6 . 8 to pii 9 . 6 . In the s ame 

ranGe there was a l e s s  than two f o ld incre ase  in V ,  however , 

the oaximum ve l o c ity at pH 7 . 6 in sodium veronal buffer wa s 

l e s s  than a third t h e  v e l o c ity in pho sphat e buff er . 

C omparing the K for propi onaldehyde in pH 7 . 6 pho sphat e n 
buff er and pH 9 . 3 pyropho sphat e buffer the value increased  

from 1 .  2f.!I'·; t o  5 . Of.Lf•i . T h i s  is  in  c onflict with the  re su l t s  

from t h e  prof i l e  us inc veronal s o d iun-HC l buffers . One 



FIG. 4.8 RELATI ONSH I P  BETWEEN I N ITIAL 
VELOCITY AND TH E ENZYME 
CONCENTRATION 
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The enzyme concentration is expressed in terms of the active 
site concentration determined by NADH titration. U nits of 
initial velocity are fluorescence units/minute (where a 2.92 
pM  NADH solution has unit fluorescence) .  
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p o s s ib i l it y  i s  that the veronnl s o d iun-HC l buf f e r  i s  hav ins 

an aff e c t  on the enzyne r e n c t  ion , o s  it h a s  b e e n  sho1.-rn that 

b arb ite. l  i s  c apab l e  of indu c i n;:: incr·c n s e s  in enz;yne o.ct ivi ty 

in one of the ald e hyd e d ehydro cen a s e s  f ound in cene t i c a l ly 

re spons ive rat s ( De it r i ch and S i e w , 1 974) . H o weve r , a f ar 
more l ike ly exp l anat ion is t h at t h e  c han�e in buffers and 
i o n i c  s t rencth , pho sphat e buf f er ( . 025M in pho sphat e ) at 

pH 7 . 6  to pyropho sphat e buf f e r  ( . 033M in pyropho sphat e ) at 

pH 9 . 3 , i s  the c au s e  of the apparent anonaly . 

4 . 3 . 3 . 4 Product inh ib it i on 

Product i nh ib it ion s t ud i e s  ·were carried out t o  h e lp 

e st ab l i sh t h e  ord e r  of sub strnt e  addi t i on t o  aldehyd e 
dehydrocen ase . rADH wa s f ound t o  b e  a conpet i t ive inhibitor 

with re s p e ct t o  NAD+ in the presence of exc e s s  prop ionalde

hyde w i t h  an in� ib it ion const nnt K .  = 1 . 2 + 0 . 2�M . W i t h  l S  -
prop ionaldehyde , NADH cave non- c omp e t it ive inh ib it ion at low 

NAD+ concentr,  t io n  ( 1 6�N ) c; iv inG K .  o f  6 f.LM and K . .  of 5 1J.I·1 l S  l l  
wh i l e  a t  h ich conc entrat ions o f  NA D+ ( 790f.LM ) , NADH had no 

inh ib it o ry effe c t . H ish c o nc entra t io n s  of the  a c id p r o du c t  

p rop i o n i c  ac id wore f o u nd t o  alt er t he p li  o f  the a s s ay 
system but u s inc a st roncer b u f f e r  (O . ?M )  t he prop ionic ac id 

( 3 .  2ITJII'l) wa s found to have no e f f e c t  o n  the enzyme react i on . 

A s  NADH i s  the only product t o  inhib it the enzym i c  react ion , 

not e nouc;h informut ion i s  availab l e  t o  def ine the rne chanis 1:1 

s inc e from T ab l e  1� . 1  the ord e r e d  B i  J3 i  and rap id e qu i l ibr ium 

random B i  Bi p lu s  d e ad end ED q cor.1p l ex both with NAD
+ 

b ind inc f irst and The ore l l-Chance mechanise with aldehyde 

b inding f irst are c on s i stent with the  resu lt s . 

4 . 3 . 3 . 5 Dead end inh ib it ion 

An ac id , 2-bromo -2-phenyl ac e t i c  ac id , was found t o  

b e  a reve r s ible inh ib itor o f  aldehyde dehydroEenase even 

t hough propionic ac id was not . 2-Bromo -2-phenylac et ic a c id 

( 180!J.r·i )  \·Jas found t o  be an unc o1:1pet i t ive inhibit or 1tJith 

re spe c t  to prop i onaldehyde at f ixed HA D conce nt rat ion ( 2001J.I'-1 ) 

\vith an inhib it io n  constant K i i of 1 . 2r.1I,CJ . H01;.Jeve r , a s  the 

inhib it ion const ant is  s o  h i�h the inh ib it ion f ound was 

smal l ,  and so it wa s diff icult t o  d i s t incu i sh th e  unc o mp et 

it ive i nh ibit ion from non-c ompet it ive inhib it ion . Th i s  wa s 

a l s o  t h e  c ase  with NAD
+ 

as the  variab le  sub strat e , the t wo 



f o rr:1s o f  2-bromo - 2-p h e ny l ac et i c  a c id inhib it i on b e inz; 

d if f i cult t o  d i s t insu i sh . 
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T h e  inh ib it i o n  p att e rn su�ce s t s that 2-bromo-2-

p he nyl ac et i c a c id is ac t inc a s  an ac id pro du ct aha l ocue and 

and is c ons i st ent ·,vith an ordered D i  I3 i  me cha n i sm , vih i l e a 

rap i d  e qu i l ib r iuo r andom me chnn i s o  with t h e  En� c oop lex 
wou l d  b e  e xp e c t e d  t o  exhibit no inh i b i t ion at s aturnt inc 

c on c e nt r n t i o n s  of f ixed subst r at e and comp e t i t ive inh ib i t i o n  

u t  un s aturat inc c o nc e nt rat i o n s . 

C h l o�a l hydrat e , a p o t en� inh i b it o r  o f  a ldehyde 

de hydroc; enas c is o.n D. l d e llyde .,.,h i c h  is a loo s t e nt ire ly i n  

it s hydrat e d  f orQ ( D e l l  1 966 ) . � l1 i s  c omp ound c ave l in e a r  
c o np c t i t i v e  inll ib i t i on ( K i s  o f  1 9 ! ti' : )  -v: ith p rop i ona ldc hyd e . 

The vctr i :;.b l c  sub strat a  <:rt f i::cd I'T/'. D+ c on c c n t rnt ion ( 227 ! Lf', ) 

1 ,  1 0-ph e n c  .. r..t _n·o l inc , o. z in c  c h c l r' t inc.; c.c:;c nt , 'ilC'.. s f ound t o  

b e  n c or.;p c t  it i ve inh ibitor o f  l'JA D+ \·Ji t h  on ir:h i  bit i o n  

c on. s t 8 nt o f  75 fLI·1 . T n e  inh ib i ·� i o n  r e s u l t s  o.re su:r,r.:a:!..� i c; c d  

in T c:b l c  4 . G . 

TABLE 4 . G INIIIliT IOH 0�� ; )HSSP J,nr;-:n CYTOP! J\ :J: J IC 1\TJD.:!.:IIY D:S 

D�HYD�OGJ:I'J A 8 8  

The v<::. lu e s \ ! e r e  d e t e rr.: inc d  i n  :l)II 7 . 6 pho sphat e buf f e r . 

Inhib i t o r  V 2 r i o d  sub st rat e Inh ib i t ion 

NADII C oop e t it i v e  

Inh i b it i o n  
c onst an t s  

J( . 
l S  

1 • 2 �-Lf-1 

TT n . . . 
l l  

p r op ion<1. ldehyd e Non-comp e t it ive G 11-f·I 5 tLf·1 

2 -B :romo -2 -
phe nyl ac e t i c ac id 

C h l o r al hydrat e 

o -phe nant hr o l ine 

( l 0 1tl NAD+ ) 

nrop ionalde hyd e N o  inhib it io n 
\ h i- h NAD+ ) 
l'JAD� ( h ich prop ) Unc orr,pet it ive 

p rop i onaldehyde Uncomp e t i t ive 
( h ic;h NAD� 

prop ionaldehyde C o mp e t it ive 
( h ich NAD� 

RAD+ ( hic;h prop) C ompet it ive 

4 . 3 . 3 . 6 At t e op t s t o  in i t i at e  the reve r s e  r e a c t i o n  

570 !-l� 

1 9  

75 

U s inc h ich c onc ent rat i o n  buf f er to r e du c e the e ff e c t  

of h ich c o n c ent rat ions of c arb oxy l i c  ac id s o n  t h e  pH ( a  

change from pH 7 . 7 t o  pH 7 . 6 b e i ng ob s erved)  a t t e mpt s we r e  
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made t o  observe the ut ilizat ion of NADH and carboxylic acids 

by the enzyme . . On following the ab sorbanc e at 340 nm there 

was no difference betwe en t h e  r.;r1 mple cells with carboxy l ic 

acids and the c o ntrol cell  which cont ained NADH and acet ic 

acid but no enzyme , though all valu e s  decreased � 5% over a 

3 hour period . This decrease must have been due t o  non

enzymic destruct ion of NADH or instabil ity in the spectro

phot omet er over the t ime period . It was demonstrated in  this 

way that acetic acid ( 10IJ'lll'1 )  and prop ionic ac id ( 9 .• 5mM ) both 

produ c t s  of enzyme react ion are not substrat e s  for the 

reverse react ion and 2-bromo-2-phenylacetic ac id ( 1 . 2ru1 ) ,  an 

inh ib it or of the enzyme i s  also unable to  init iat e the reverse 

react ion . 

With p-nitrobenz aldehyde it was shown that the 

exp e ct ed stoichiometric amount of NADH was produced from 

solut ions cont aining ac curat ely known we ight s of aldehyde 

in the pre senc e of excess  NAD+ ( 4 .  6rnl'-1) , Tab le 4. 7 .  

TABLE 4 . 7  QUANTI'rATIVE PRODUCTION OF PRODUCT 

Init ial substrate  

( p-nitrobenzaldehyde ) 
Product produced 

4 . 3 . 3 . 7  Effect  of high propionaldehyde concentrat ion 

vlhen a wide range of prop ionaldehyde concentrat ions 

was used it was found that the doub le reciprocal plot s were 

biphas ic ( see F ig . 4 . 9) be ing linear to 50�M and deviat ing 

to  f ast er rat e s  above this value . The maximum ve loc it y  for 

the l inear port ion  of the graph gave a catalyt ic-centre  act iv

ity (V/�) of 0 . 082s-� us ing an act ive site concentrat ion of 

O . OS�M . At very high prop ionaldehyde concent rat ions the 

cat a lyt ic-centre act ivity was 0 . 27 s- 1 • 

4 . 3 . 3 . 8 Effect of  high acetaldehyde concentration 

Acetaldehyde \vas also studied over a w ide c oncentra

t ion.  range . A s  can be seen in F ig . 4 . 8  the double rec ip-

roc a l  p lot deviat ed from l inearity over almos t  the ent ire 

conc ent rat ion range rather than the abrupt change betwe en the 

two phases observed f or propionaldehyde . At low concentrat ions 
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FIG. 4.9 EFFECT OF WI DE RANGE OF ALDEHYDE 
CONCENTRATIONS OFTHE I N ITIAL VELOCITY AT pH 7.6 

(a) PROPIONALDEHYDE 

0 0·4 o. a 1-2 

1 /  [ Propionaldehyd e 1 ( fJ M"1 ) 

Enzyme active site concentration, 0.08 !J M  and NAD+ concentration, 360 !JM. 

(b) ACETALDEHYDE 

80 

1 I [ Acetal dehyde  1 (f..J M-1 ) 
Enzyme active site concentration, 0.08 !JM and NAD+ concentration, 360 pM. 

1 ·4 

1 -6 
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the l ine app ears l inear wit� a K� for acet aldehyde or 0 . 67�K 
and a turnover numb er of 0 . 01 5 o -� Vhen the a c et a ldehyde 

c on c ent rat ion was incre a s ed deviat i ons from l ine arity o c curred 

with a r.HJx imum v e l o c i ty c; ivin� c. t urnover number of o . 2::3 s -1 , 

a v a lu e 1 6  t i;!.e s  that obt ained from the l inear p ort ion of the  

c;rc;_ph . 
4 . 3 . 3 . 9  Sub st r�t e  spe c if ic ity 

A t  pii 7 . 6 t �1e suo s t re-t e s t :r·ucture is o. l :J o  s e e n t o  

h ave 2 n  effect  o n  t h e  m ax imum ve l o c ity . A s  the e nzyue c o n

c e nt �at ion is  kn own , t h e  c at alyt i c  c entre act ivity ( �mole s 

Nl\ DH produ c e d  p e r  s e c  p e r  lll:lo l c s  o f  uct ive s i t e s )  rno.y be 
de t e ro ined �or the var i ou s  substr� t c s  (T2.ble  4 . 8 ) . A t  

Tj�13LE 4 . 8 SU13STHAT_-;:: SPJ.C IF IC ITY AT pH 7 .  G 

The HAD!I product ion wa s f o l lowed f luorime t r i c e. lly in an o..s s ay 
cont aininc 2.ldehyde dehydrocennse ( 0 . 2�M ) , NAD

+ 
( 2mM ) in 

pH 7 . G pho �phot e buf f e r . 

Sub s t r at a  

Prop ionaldehyde 

But;yral dehyde 

B e nz a ldel1yde 

p -n i t rob e nz a lde hyde 

m-n it rob enz a ldehyde 

p -me t ho xyb e nz al d e hyde 

F o rmaldeh;yde 

C onc e nt ra.t ion 

( mt-'1 ) 
0 0511-

5 . 0 
2 
4 . 6 
9 . 8 
2 . 4 

1 20 
0 . 64 
1 . 2  

0 . 4  
0 . 8 

0 . 5 
1 . 0 

1 
1 1  

C at a l yt i c  C e nt r e  
Act lvity 

( s 'I) 
. 0.3 
. 2  

. 1 L� 

. 13 

. 1 3  

. 04 

. 024 

. 02 

. 01 

• OL� 
• OL� 
. 04 
. 04 
. 06 
. 1 1 

c o n c e n t rat ions o f  sub st rat a mu ch creat er than the ir r e sp e c 

t ive K
m

' s a chan�e in c on c ent rat i o n  should have no effect  o n  

t h e  c at alyt i c  rat e  c onstant . I n  c a s e s  whe r e  t h i s  c onst ant 

i n c re a s e s  or d e c r e a s e s  with larcer c o n c e ntrat i o n s , sub st rat a 
act ivat ion or i nhib it ion i s  o c curr i nc . R e su l t s shov1 t hat 

t h e  aldehyde s t ructur e  h a s  an e f f e ct on the c at alyt i c  rat e 

constant of the e nzyme , t he aromat i c  aldehyd e s  re a c t ing 
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s l o w e r  t han t h e  a l ipho:'c i c aldeh;ydes . r::'h i s  e ff e c t vJou l d  

n e an that t l1 e  sub s t r at e or p r o d u c t  fo rn ed w a s  invo l v e d i n  t h e  

rat e l im i t i n3 st ep , a s t e p o f  8 l� o s t  e qu iva l ent rat e o r  that 

there is u c h::�nc; e i n  rat e clet e r:r. inin2; s t e p  o n  c h 2 nc in:._; 

A lde�1yde d c; h;;rdroc;en::-: s e  '.·n'. G o.t f i ::.· s t  t h o uc.;llt t o b e;  

c ap s b l e o :'  u s i n::::; IJA DP+ e.. s o c o e nz .-;n: ! e  s ub s t r 2 t e  s in c e  an 

ab s o rpt i orl incrc; a s e  wc:. s ob s ·.:; rve d \ille n  NA DP-'- c:md pr o p i o a n l d e 
�yde He r e c. dd e d  t o  t h e  c u z yn c: . II o H e v e :!.� ,  t h e  :�b s o rp t :i. o n  

c h c.nc; e  u c.;  s l e s :.:: t h c. n  -·r:. of t �1�.' t e xp e c t e d i f  ::. l l  t �� 2  N!, DP+ 
\-:e s r e du c e d  :· nd t lw c h c.n�e ·:.ra s r e v e r s e d. on t h e  :-t d d i t  i o n  o f'  

HA DPII Et s  n c oJ' ;:-:. c t o r  ( B ..., r'·' ., n .... . 1 1 .  (. ' ... - ., !. n c; xp 1 :' W' -�� i o n  o ::  t h i �  
.!.. 

o f  �ADP ' � e r e  r e du c e d  

b y  a l c o :-:o l  d c l �;yd�:· o � c :1 <-� ::> e u ;; inL; �n op i o n:1 l d e :-:;yd e � :::; t :-� e 
SUt) S t :.'C�t e . I leEC C I L'\ DP+ i �; no t r c o e nzyn:e f o r  c. l d e ll;J' d e  

de l:y dro s e rw s e . 

1 � . 4 D I :3CUSSION 

'I'� ::; l o ·.-1 ;.:;p e c  i 1.' ic i t;y s n o 1:r�1 b;-/ 2he ep 1 i ver n l d e :!:"_:J' cl e 

t o  b e  �..._ J' c :< Jc tc c  c o r,w o n  t o  :-. l l i' h� c l l .J7 cl e  cl c : t�· rl r o �� e d: · :_; e :_: ( .L o r  

� �· �  . .  · ! - :-. l' ·"' e , 
') · ' " C ' ' l l r i ' C� rn J· -

l
·) t- o ·J ( 1 " rJ -1 ' . ) , ., J " ' Cl -1 .- ,.., , [  ' ', · o ·) . . . . .; - - - -.� v �  ,_ .._, . i,. � j � L .. . . (. - l  _.._ _ 1 !  ,: { I • J , .1 . 'v � ( ,  < . ... \... o _) .; ..i_ l) t ' _ .!. �L 

( 1 S·70 ) ) . _"_ lC.o: J j' \� C  cJ e:h ;ydro�en ·_; :::; c �  l t ·· v ,.; 1.:; e G n  l' C l_' O rt c cl t o  ':J e  

c :.� p c::. o l e  o r  u t i l i :::. in�: � -u.t s t r �il .: e -:.: c< s  (l i1" f e • · .::; ; t t <<; f o !�tY· lcJ e � l } d e  

c,nd 3· -pyr i ci i J t C <"'' ld e li�;d e -TT A li'
1

• 'fl l 1 c  \ri. d ,..; ::.· :·t : ' ;� e  o f  :' l cl e h;-,.: clc; 
sub ::; t rc t c s  \·i�d. c �l ' ) i n d  t o  t :: e  cn :-'. :J' r.� c bu t � h e  l · � c L  o :  � �1 �" 
inL i o it i o n  ;:,�_, ::.� t :c·u cb."L::.:c l l�· .s i ri: i l c 1 ·· c o nl' Otmd s :...; u c >  c· ::-; n l c ol: o l s  

and k e t o n e s  sut_;::_� e r; t  o. b incl in:::: ;; i t c  2 p 0 c i f i c r o ::::' t ll o  - CH =  0 
croup but wll i c h  i �:; l ar 2_; e  cmou��h t o  n c c or.:modr: t e  bu l i :y n o l c c u l e �  . .  

:\ 1 t h o uch a l d e :1;yde d e hydr o c enE: s e s  c apcb l e  o f  u !3 ir.::_: 

liJ.. DP+ a s  a c oer.z;yme have b e e n  f ound i�1 f.> o w:; s p e c ie s  ( Jat ob;y , 

1 95 8 ; II ort o n  and B cTl� e t t , 1 975 ) no a c t iv it y  \·.rc. s ob s e rve d 

Hi th tTADP+ i n  t h e  c o..s c; o f  t h G  s h e ep l i ve r e n z::;r rr: e o r  t 1 1 e  
h o r s e  l iv e r  e n z y � e  ( 7 e ldman and W e ine r , 1 972a) . A n2 l o su e s  

o f  I�AD+ have b e en shovm t o  sub ::: t it u t e f o r  NJ' .. D+ ·v,r i t h  t h e  b e e f  

l iver e nz y o e  (2reda end St opp an i ,  1 970 ) n nd pr e s t e Ldy- s t at e  

s t ud i e s  ( s e e  S e c t i o n  5 )  h ave s h o \n1 t hat t he she Gp l iv e r  
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e n z y n e  n ay a l s o  a c t  on NAD a no l o� u c s . A f e a t u r e  wh i c h  u l s o  

e pp e ar s  t o  b e  c o moon t o  n l l  a l d e hyde d e hydr o � e n a s e s  i s  t h e  

i �r e v e r s ib i l ity o f  t h e  e nzyne r e �c t i o n , c nr� o xyl i c  n c i � s  

r e a c t i o n . The i n i t i � l ve l o c i t ;:;/ �� t ud i c s  o.t n�I  9 . 3  

int e ::-- s e c t inc_: d o u'::l l e  r c c i p ro c s l p l o t ;-; s110'.-J t h e  r;: e c h a  · i s r:  -� o 

b e  s e qu e E t i ec l . T h e  l o '.J vc. lu e :--:: f o -r t l l e L i c �w e l i s  c o n � t r·.n t :-:; 

a r e  not u nu s u a l  f o r  P ld e iyde d e � y d � ' o : c n c. s c s  a s  De i t r i c h  e t  

a l . ( 1 9 C 2 )  f ound -� L e  c o n s t o.nt �:-; f o ::-' I 1 :\ J/ a:1d p r op i o nc l d e �l;;•de 

:i.' ::.�on b o v ine l iv e r' to be 1 Cl f t� , etncl. � - � � f !.L ::-e sp e c t ive l;;r ::rt; 
pE 9 . G ar:.d � h e  p i e  brain e n ?. J : ; e �l.o. :::, c o rre sp o nd in� 1-:r,: ' s o f  

7 . 8 f1.I i a nd O . C � ti· i "' t piT 7 . 2 ( Dunc c-: n  e- nd ':-::' ipt o n , 1 97 1 b ) . 

G e :w :!.�z, l l;:y t l l c  \: i n c t i c  c o n s t , nt ;::; :-t :- c  f ound t o  1 l e  l o :, ; c r  t h e n  
f o ::-- a l c o h o l  de hydr o : e n� s a . Ti' o r  

a ld e �yde d e hyd� o � c n � s e  �as K ' s  1l 

j_n �;ti.l n c c  t h e  : w rr; c  l i v e r  
o �' y;_i\ D+ 2 nd il C ·� t e. l d e h�rdc o f  

2 . 9f1.f··: 2 n d  G:::: r L1 1  re s p e c t i v e ly D t  pTT 7 ( ' � (', k f e l d t  e nd Y onct oni , 
1 97C,)  ul1 i l e  t h e  r-� l c o h o l  d e h;y d ro :-; e : t o ;; e  from t h e  s a F' c  o r ic; in 
]l r c TT V "' lu· e s o f /1 7 L ! t , n 550 • t' '  ?LLl ' fl-l''" " nd 2r 0 f ' '·' "" o '� 7-T /, D + � 1..� •-' l. :.. :-:1 <. J . .  • I • r 1. u .. , i. i J ' , ,  r 1 o . ... ) . ( ) ..,,�. . J. _.� l '.L l... ' 

e t hetn o l , a c e t n l d. e :·l;;'d c nnd l':t� mr re � p e c t ivc ly ::t pii 7 . 1 5 
C3a::-::::::-t :1 , 1 96S ) . 

The e s t e r n s e  a c t i v i t y  s h o wn f o r  t b e  s h e e p  l iv e r  

e n z y c e  i s  c o n.s i s t c nt w i t h ob s a rv � t i o n ,, J' r o n  o t h e r  :.: l d c; ��:�� d c  

de h ;]d:.' o ::.; ert :l. s c ;_· . :::;' e ldn�,n rm d  1. ! c i n c -:·· ( '1 97?b ) f' our:d t h o.t t h e  

c ld e �y d e  b indinG s it e . h s  t h e  in� i b it i o n  c o n s t � nt w n s  f ou�d 
to b e  o v e r  1 000 t i ne ::; i_;r e c: t e r  t h ::m t h c.t c o. l c u l o.t e d  .LO:':.' t �1 c  
n lde�yde b ind in: t o  t h e  f r e e  e n zyme f rom t h e  d chydro c c n c s e  

re n c t i o n  d0 t ::. , it \V2 s  su::_:c; e s t c d  t }l n t t h e  d. e hy d r o c c n c :..; e 

n e c h nn i s n \-in s  o rd e ::--c d '.-Ji t h  W\ D+ b in d i nc_:; p r i o r  t o  t h e  2 ld c 

�yfe . F e l doan nnd V c i n e r  went s o  f ar o s  t o  su c c c s t  t h at t h e  

e s t e r a s e  ond d e hydr o c e n a s e  r e a c t i o n s  h a v e  a c o mm o n  t h i o h e n i 

a c e t  a l  i nt e rr1ed i at e  f o rra e d  f ror1  e i t h e r  t h e  o x i dat i o Yl  o f  

G.l d e hyd e o r  t h e  hydro l�r s i s  o f  .; n i  t r o ph e nyl e s t e r  in t h e  
p re s e n c e  o f  Nl' .. DH . 'lhe t h e r  t h e  int e rr:1 e d i 2  .. t e  i s  in :' n e t  c o m r:w n  

m ay b e  s h o Hn wh en the pr e s e n c e  o f  n t h io l cr oup in t h e  

alde hyd e b i ndinc s it e  o f  d c hydro c e n a s e s  i s  d e mo n s t r a t e d . 

T h e  s t e ady s t nt e  k i ne t i c s a t  pH 7 . 6 w i t h  t h e  i n t e r

s e c t ing i n i t i a l  ve lo c ity p at t erns a l s o  ind i c at e  a s e qu e nt in l  
me c h an i s m , and t h e  I i c r o - m o l ar ranee o f  t h e  d e r iv e d  p ar a m e t e r s  
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mean that t h e  enzyme c an operat e a t  very low sub st rat e c on

c entrat ions . From produ ct inh ib i t i o n  studi e s  a d i s s o c i at io n  

c on s t ant of 1 .  2!J.r1 f o r  NADH was obt a ined , e. valv.e  t h e  same 

as t h e  d i s s o c i at i o n  c o ns t ant for NADH f ound in S e c t ion 3 by 

t it rat ion of the free enzyme w it h  NADII . The fact that th i s  

s t e ady s t a t e  d i s s o c i at io n  const cnt n�re e s  with t h e  c on s t ant 

found fror.1 the NADH t itrat ion in the a b s ence of 2ny c.ldehyde 

sub strat e suc� e s t s  t hat durinc the enzy�e re act ion NA D+ do e s  

not b ind a s  the s e c ond substrat a in an ordered mechuni sm . 

The p roduct inh ib it ion p nt t ern s for NJ\.DI-I arc c ons ist ent H i  t h  

a n  ordered B i  B i  ( with NAD+ as l e ad inc sub st rat e )  mechan i sm 

or a rap id e qu i l ibrium randoD B i  D i  with de ad end EB 1 c o mp l ex 

me c haniso . The s e  are the only mec :'lo.ni sms in ivh ich the l a st 

produ ct t o  b e  re l e as e d  ( Q ) , in T ab l e  4 . 1 ,  c ive s inhib it i o n  

p o.t t erns of the typ e  o b s e rved f o r  Nf, DH inh ib it i o n . A s  t h e  

The or e l l -C hanc e  o e ch an i so c ive s t h e  o b s erved inh ib it i o n  

p at t e rn for Nii.DII only f o r  t h e  f ir s t  product re l e a s e d  (P) , a. 

produ ct whi c h  c annot b ind t o  the f re e e nzyoe , t h i s  me chani s m  

c nnot be ope rat i nG and hence a s icnif i c ant amount of n t ern

ary c oop lex r::u s t  be f o rm ed . The f nct that t h e  ac i cl  produ c t s  

d o  n o t  b ind m e ans t h at product inhib it ion c annot d i st i nc;u i sh 

the t i·Jo p o s s ib l e  ne chani s D s . However , the unc omp e t it ive 

inh i b it ion of prop ionaldchyde and NA D+ at saturat ing c on c e n

trat i ons of f ixe d sub st rata with the c omp ound 2-bro�o-2-

pheny l o.c e t i c o.c id i s  c o n s i s t en t,  wi tll an ordere d  Di B i  J..e ch o.n

ism i n  whi c h  the ac id analocue d o e s not r e ac t  and henc e 
t � e r e  c an b e  no reve r s ib l e  s e qu e nc e b e t w e e n  t h e  cna l o �ue and 

the "' ldehyde b ind inc; st ep . ( I t ho s o. l r.c o.dy b o o n  chovm t h o.t 

2-b ::::'o no- 2-phenylac et i c 2 c id f n i l s  t o  init i o t e  the r eve rs e 

react ion \'Jith HADII . )  The inhib it ion p o.tt e r n s  a r e  not con

s i s t ent with a rap id e qu i l ibrium rnndon Bi B i  with dead e nd 

c o mp lex EBQ for which o n e  would exp e c t  c omp e t it ive icl1ib it ion 

with re spe c t  t o  b o t 1 sub strat e s  at low c onc e nt rat ions of f ixed 

sub st rat a and no inhib it ion at all at saturat i nc conc e nt ra

t ion s of f ixed sub strat e . Sven if it wa s p o s s ib l e  t o  form 

both an EBQ and an EAP d e ad end c onp l ex , the r ap id e qu i l ibriuo 

rando� mechnni sm should exh ib i t  coopet it ive inh ib i t ion with 

re sp e ct t o  p :r op io nc;. ld.ehyd c at c. l l  con c entrc.t ions of FA D+ , a 

s it u at ion wh ich do e s not acr e e  with the dat n . I t  i s  o f  

int erest t o  not e  thnt in Sect i o n  3 t h e  d i s s o c i at i o n  c onst ant 
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of NADH from the enzyme c oop l e x  wa s unchanc e d  in the p r e s en c e  
o f  p r op i o n a ld e �yde , sucg e st inc t h a t  the EBQ c o mp l ex i s  not 

f o rr:1 e d . 
The ordered ne c hani sm u i t h  t e rnary c o op l exe s 

p o st u l a t e d  f o r  aldeh;yde dchyd.ro t; c n o s e  i s  s h o ·.-�n in J ic . 4 .10  

v1ith !-L".D+ b ound p r i o r  t o  t h e  o. l dehyde fo l l o w e d  b ;y  t h e  i r  e 

v e r s i b l e  r e l e o. s e  o f  t h e  n c id p r o d u c t  o nd f in a l ly t h e  di s s o c 

iat i o n  o f  NADII . The irr e ve r s ib l e  r e l e a s e  o f  a c i d s  i s  p r o 

p o s e d  b e c au s e  o f  the o v e ra l l irr e v e r s i b i l ity o f  t h e  r e a c t i o n  

a n d  t he f o.i lu:!:.'e of no:!:.'� a l  n c id p rod u c t s t o  i nl:u. ib it . ':L h e  

o rd e r e d  n e c h ani so wit h t h e  o x i d i z e d  n n d  r e du c e d  c o e nz yme s 

b in d i n� t o  the f r e e  e n z ym e  s e e m s  t o  b e  qu it e c ommon o.o o n c  

dehydr o G e nn s e s , f o r  i n s t anc e a l c oh o l  dehydro ce na s e , l a c t at e 

dehydro c e na s e  and m a l i c  d e hydr o c e n n s e  ( S c h w e rt and W in c r , 

1 970 ) . H o r s e l iv e r  a ld e hyde d e hydrocena s e  ( F e l dman and 

W e ine r , 1 972b ) , p ie b r a in a l d e hyde dehydro c e no s e  ( Dun c an and 

T ipt o n , 1 97 1 b ) , b ovine l i ver a l d e �yde dehyd r o g e n a s e  ( F re da 

and S t opp ani , 1 970 ) a l s o  p o st u l at e d  an o rd e :!:.' e d  m e chan i sm 

with NA D+ b ind inc f ir s t  �·Jh i l e  B radbury and J akoby ( 1 971 b )  

found t h at y e a s t  a l dehyde dehydrocenase f o l l o wed an o rde r e d  

r.Je c h a n i s u  i n  \·Jh i c h  t h e  a l dehyde b o und f ir st . T h e  o nly non

o r d e r e d  m e c hani se t o  have b e en p o s t u l at ed i s  f o r  hucan l iv e r , 

whe r e  p r odu c t  and d e ad e nd i nh i b it i o n  r e su l t s r e qu ir e d  that 

a ro.ndor:1 m c c hc n i s m  be p r op o s e d  ( ;J idhu n.nd B l n ir ,  1 975b ) . 

U s e  o f  t h e  K inc-A l t nnn me thod f o r  d e r i v inc st e ady

s t at e  e quat i ons ( K inc and A lt o a n , 1 95G)  enab l e s the kinet i c  

e quo.t i o ::1  f o r  t h e  p o.thuay in F ie; .  4 . 1 0 t o  b e  c a l c u l o.t e d . 

V 
= 1 + V 

whe r e  V 
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A s  there are so many individual rat e  constant s  con

cerned with each kine t i c  parameter t h e  st eady- st a t e k i n e t i c s  

d o  not p r o v i d e  e nouch inform a t i o n  t o  b e  ab l e  to  determine 

each rate c o nst ant . H o we ve r  k = k1 /E/ and s ince the act iv e  
! a -

site  concentrat ion i s  known , k 1  = 5 x 104 M-1 s-1 and a s  

k_1 � K i a · k1 ,  t h e n  k_ 1 = 0 . 4s- 1 . Study of t h e  r e v e r s e  

r e a c t io n  o f  t h e  e n zyme u su al ly a l l ows furth e r r e a c t i o n  p ara 

m e t e r s  t o  b e  obt aine d , howe v e r , s in c e  the r e � c t i o n  o f  
a ld e hyd e d e hydro � e n a s e  i s  irre v e r s ib l e  t h e s e  add i t i o na l 
param e t e r s  cannot b e  o b t a in e d  � nd henc e f e we r in� i v i du c J. 

rat e c o n s t a n t s c an b e  re s o lved . Pre st e ady- s t at e k ine t ic s i s  

r e qu ire d t o  de t ermine furt h e r  ::· ct e c on s t n nt s . 

The c at a lyt i c - c e ntre a c t iv ity of sheep l iver alde

hyde dehydro genase i s  0 . 083 s-1 ( f r o m  F ie . 4 . 8 ) wh i ch i s  a ve ry 

l O \·/ rat e a nd r.1ay have imp ort ant i np l ic a t i o ns in t h e  i n  v i vo 

s i tuat ion as f ar a s  r e moval of a l dehyd e s  p re se nt in t h e  l ive r  
e.re  concerned . _.'l. lcohol dehydroc;cna se has  a cat a lyt i c c e nt r e 

ac t iv ity o f  3s-1 f o r  the u t i l i z at i o n  o f  ethanol ( Ghore and 

Gutfreund , 1 970 ) , a rat e whi ch i s a fact o r of 30 that found 

for  aldehyde dehydrocenase . Rec ent ly Eckfeldt and Y onet an i 

( 1 976) rep ort ed that the F 1 i sozyne of  horse l iver aldehyde 

dehydrocenase had a s i t e  turnover number of 0 . 3 o- 1 , a �at e 

which i s  o f  the same order as  "L h 1.1 t  f ound f o r  t h e  sheep l iver 

enzyme . 

T h e  re a s o n  f o r  the d e v ia t i o n  o f  the double  rec iprocal  

p l o t  t hi3h aldehyd e concentrat ions could b e  due t o  a numb e r  

of  factors . Two enzym e s  w i t h  d i ffer ent K and V va lue s may m 
e;ive rise to  plots  of this form ; t h e r e rn n y  be interact ions 

betwe en subunit s ;  o r  a random o r d e r  o f  add it i on of  substrat e s  

may b e  operat inc a t  h iBh a ldehyde concentrat ions . Apparent 

substrat e  act ivat ion has b e en not ed previously by various 

workers . Duncan and T ipton ( 1 97 1 b )  found that propionalde

hyde and acetaldehyde gave b iphas ic double  rec iproc al plots  

but o nly one phase was found for  other aldehydes  studied . 

Similar behaviour for acetaldehyde has been report ed  for 

other aldehyde dehydro3enases (Horton and Barnett , 1 975 ; 

Tottmar et al . ,  1 973 ; Erwin and De itrich , 1 966) . 

With  ree;ard t o  the pos s ib il ity o f  t wo e nzymes  act ing 

on  the same substrate , an attempt was made to  f it two value s 

o f  V and Km t o  the experimental  curve . K� and v1 were 



est imat e d  from t h e  l inear p o rt ion of t he plot  a t  low sub 

strat a c o nc ent rat i ons , referrinc t o  p o stulat ed enzyme ( 1 ) . 
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The as sumpt ion that postulat ed enzy�e ( 2 ) c ont r ibu t ed l it t l e  

t o  t h e  veloc ity a t  l o w  sub st rat a c o n c e ntrat ions was reasonable  

as t he K ' s were wide ly different o nd the max imum velo c it i e s  n 
much mor e  s imi lar . F rom the total  m a x imum v e l o c ity of the  

syst em , the  oaximum ve loc ity of  enzyme ( 2 ) c ou ld b e  e s t imat ed 

as ( VTOTAL - v 1 ) and K� a s  t he conc ent rat ion wh ich cave h a l f  
VTOTAL ( a  reasonab l e  approximat ion if v2 > v 1 , whi l e  the  

value may b e  ref ined if  this  doea  not hold) . The ve lo c it y  of 

the react ion with both enzyne s  was f ound by add ing the 

indiv idual ve lo c i t i e s  of each e nzyme f ound by sub s t itut i nG 

the derived paramet ers in t h e  M i choe l i s-Ment e n  e quat ion 

v = v1 + v2 = 

l\ 1 
+ /TI7 

m -

The est imat ed paramet ers ( e sp e c i a l ly K2 ) could b e  ref ined by r.J 
comp ar i s on of the  re sult s with  t h e  exp erimen t a l  d t� . 

F or prop ionaldehyde it w n s  found that t he exp e r i

ment al data could b e  f it t ed t o  a two e nzyme sy s t em , enzyme ( 1 )  

with a K 0  of 1 . 1 fll'-l and V 1 o f  1 . 1 7 nrn o l e s  NADII p e r  m inut e CJ nd 
enzym e ( 2 ) \'Jith a K of 3 . 5mr-1 ( 3000 t iriles K 1 ) a nd a mox:imwn m m 
ve loc ity o f  3 . 21 n1.1o l e s  NADII p rodu c e d p e r  m i nu t e  ( F ie; . 4 . 1 1 ) .  

IIowever , in 2tt e�pt inc t o  f it t h e  � c e t � ld ehydc exp eri�ont al 

dota t o  tvJO e n z ym e s  0(: = 0 . 67 f.Llt , ?:2 
= 2ml'1 , V ,  = . 22 nrno l . min- 1, 

1 
ra m 1 

v2 = 3 . 6 nffio l . min- ) , it wa s f ound that t wo enzym e s  act inc 

on aceta ldehyde would c ive a much more abrupt tran s i t i o n  

betwe en t he two phases  as  t h e  va lue s  for K &nd V are so  0 
· d ifferent ( s e e  F ie . 4 . 1 1 ) . O f  cours e , there c ou ld b e t h e  

po s s ib i l ity that there are more than t wo enzyme s act i nc o n  

acet a ldehyde but t h i s  would r e quire that t h e  add it i o na l  

enzyme s  d o  not ac t on p rop ionaldehyd e or  at l e a st act with 

the s ame c onst ant s a s  previous enzyme s . The doub l e  re c iprocal  

p lot s for NAD+ show n o  act i vat ion at h igh conc e nt rat ion and 

only one apu arent value for K for NA D+ . The NA llii t it rat ion � m 
of cytop lasmic  a ldehyde d ehydrocen s e  demon s t rat e s  the 

equ iva l e nc e  of the NADH b indinc s it e s  at the c on c ent::-a.t ions  

used and s o  it  app e ars t hat there i s  no change i n  the e o 

enzyme p araoet ers . 
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FIG. 4.1 1 ATTEM PT TO FIT THE BI PHASIC DOU BLE 
RECI PROCAL PLOTS FOR ALDEHYDES TO A TWO 
ENZYME SYSTEM 

(a) PROPIONALDEHYDE 

20 

1 5  

0 

V 10 

0 

1 

V 

0 0 ·4 0· 8 1 2  

1 I [ Propi onald ehyd e ] ( 1-J M- 1 ) 
Fitting of data to a two enzyme system in which enzyme ( 1 )  has parameters Km = 1 . 1  flM and V1 = 1 . 1 7  nmoles 
NADH/min while for enzyme (2) Km = 3.5 mM and V2 = 3.21 nmoles NADH/min. The circles represent calculated 
points using the parameters above wh ile the solid l ine is the experimental data of Fig. 4.9(a ) .  

(b) ACETALDEHYDE 

0 0·4 0· 8 1 -2 

1 I [ A c etal d eh yd e ]  ( 1-J M-1 ) 
Circles represent calculated points while the solid l ine represents experimental data of Fig. 4.9(b).  

Enzyme ( 1 )  ( Km = 0.67 pM, V 1 = 0.22 nmol.  min· 1 ) 

Enzyme (2) ( Km = 2 mM, V2 = 3.6 nmol . min- 1 ) 



I n  the pur i f i c at io n o f  cyt op l asmi c she ep l i v e r  

a ld ehyde d e hydD o ce na s e only o n e  a c t iv it y b and wa s ob s e rve d  

8 7  

o n  p o lyacry l am ide e e l s  and on ly one b and , with a n  i s o e l e ct r i c  

p o i nt a t  pH 5 . 25 , was found wh e n  t h e  e n z yme wa s added t o  a 
g l as s c o lumn i s o e l e c t r i c  f o c u s in c;  8 pp arat u s in t h e  pii ranee 

4 . 5  to 5 . 5  ( Crov! , 1 975 ) . The r e p o rt s o f  mu l t ip l e  e nz yr' e 

f orm s in p r eparat i on s of a ldehyde d e hyd ro cen a s e from 

d i f f e rent s ourc e s  has b e en d i s cu s s e d pr ev iou s ly ( S ect ion 2 ) , 

howe ver t he ma j o r i t y were s ep a r a t e d  by c o lumn chromat o c r aphy 

dur ing t h e  g e n e r a l  e nzyme pur i f i c at i o n . On ly F e l dman and 

W e i ne r  ( 1 972a)  in i s o l at ing t h e  en zyn e from ho r s e  l ive r h ave 

s e p arat ed i s o zym e s  f r o J a s inc l e  c hr orn nt o cr aph i c p e ak . T h e  
s e p arat i o n  was aff e c t e d b y  i s o e l e c t r i c  f o cu s inc , but t h e  

k i n e t i c  prop ert i e s  o f  t h e  i s o z ym o s  we re found t o  b e  id ent i c a l  

( \-l e i n e r  e t  a l . , 1 97L� ) . T h e s e  l at t e r  workers f ound that i s o 

e l e c t r i c  fo cu s inc o n  p o lyacry l vm i de e e l s  on t h e  c rude e n zyme 

s amp l e s  dur inc t h e  pur i f i c at i o n  showed f ive cyt op l a sni c and 

t wo m it o chondria l i s o z ym e s  in n l l , cmd o f  the cyt op l a sm i c  

f o rm s a l l  s t a ined h e a v i ly i n  n n  n c t i v i t y  st a in w i t h  a c e t a lde 

hyd e and p -n itrob e nz a l dehyde b u t  o n ly one s t a i n e d  h e av i ly 

f o r  prop i on o ldchydo o.nd but ;:n · o l dc; ; , :;rd e . I n  rRt J. i v c :r. , t h e  

s a n e  worke r s  f ound a t  l e a s t  1 7  f o rns o f c l d e hy d e  d e�ydro c e nn s e  

in t h e  c yt o s o l  and a t  l e a s t  3 foros in t h e  m it o c ho ndr i a . 
T h e s e  l at t e r  ro su l t s  c o ntrad i c t  T o t tmar et a l . ( 1 97'-� ) ·.-.rho 

c o u l d  f ind no enzyoe a c t ivit y p r e s e nt in the rat l iver 
c yt o s o l . Though the r ep ort s o f  a lde hyd e de hydro 3ena s e  i s o 

z y� e s are c o nfu s inc , t h ere do e s  app e ar t o  b e  s e v e ral forns 
f ound f o r  mo s t sp e c i e s , t hr e e  f o r m s  are known f o r  the s h e ep 

l iv e r  e nz yme , but no e v idenc e has b e e n  found for mul t ip l e  

e nzyme f o rn s i n  t h e  p u r i f ied c 2mp l e s  o r  cytop l a sm i c s he e p  

l iv e r  aldehyde dehydr o c;enas e t hough the p o s s ib l e  e x i s t e nc e 

of s uch f o rms shou ld n o t  b e  o v e r l o o k e d . 

Ano t her p o s s ib i l ity f o r  the ob s erv ed p lot s i s  int e r

act ion b etwe en subun it s of t he enzyr:1 e m o l e cu l e , s u c h  that the 

act ive s it e s  are no longer inde e ndc nt . Thouch the H i l l  p l o t  

�as de rived for the  fract ional s a turat io n of b ind ing s i t e s , 

t h e  use of kinet i c  dat a in t e rn s of v has a l s o  b e en app l i e d  

t o  t h e  p l ot 0 A crap h o f � ac; in st Yo c  /B/ is l inear H i  t h  
v -V -

a s l op e o f  1 only whe n  th e a c t ive s it e s  are indepe ndent . 
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C orni sh-B owden and Koshland J� . ( 1 975 ) e xh ib it e d the s h ap e s  

of  curve s f o r  �arious forms o f  subunit int eract ion where a 

slope of greater  t han , or le s s  thnn one indic at e s  po s it ive 

o r  necat ive cooperat ivity re sp e c t ive ly . I f  the propions ldehyde 

or acet aldehyde dat e. is plotted  o.s a Hill  p lot the si1o.p e of 

the sraph i s  curved but the s l ope is always l e s s than 1 

(F ig . 4 . 1 2 )  indicat inc that if a subunit effect i s  occurring 

it  is  a necat ive coop erat ive e ffec t , in which t h e  subsequent 

substrat e s  are bound less  t iGht ly nnd hence the sub strat e 

c onc entrat ion ranee over which the enzyme would operate i s  
creat ly increased . C oop erat ive effects  have b e e n  found by 

Sheppard et n l . ( 1 970 ) for mice  l i ver aldehyde dehydroc;enase 

in which o ne strain h a s  a po s it ive c o op e rat ive effect ( n = 2 )  

wh ile the  o t her h o. s  no coo e r a  t i v e  e f f e c t  111 i L h  .r e upe ct t o  

ac etaldehyde . The fact that f o r  the she ep liver enzyme at 

V : v 
e qua l to 1 ( that i s  when v = �) t h e  s lope of  the H i l l  

p lot i s  c lose  t o  1 in  the case  of both ald ehyde substrat e s  

denonstrat e s  that the effect is  not symme tr ica l and henc e 

there are e ither more th� n two s it e s  internct in� ( f or exa mpl�  

a four s it e  system in  which on ly t h e  b ind inc of the  second 

sub st rat e i s  necnt ive ly coopernt ive ) o r  t here i s  no cooperat

ivity at a l l  and the  observed effect i s  due to some other 

fact or . 

Another int erest inG pos sib il ity is that the hydrat ed 

form of the aldehyde mny be  produc in2; an' effect on the enzyme 

react ion at high t o t a l  aldehyde conc entrat ions by inhibit ion . 

It has been  shown that where an inhibitor is in constant 

proport ion to the var i able  sub strat e , as is the case  of hy

drat ed aldehyde and the free aldehyde sub strat e , then down

\vard deviat i on o f  doub le rec iprocal plots  o c curs at h ie;h 

sub strat e c onc ent rat ion when t he inhib ition is hyp erbolic  

competit ive inhib it ion (Cleland et  al . ,  1 973 ) . Howeve r , 

hyperbolic  inhib it ion would invo lve the hydrated  aldehyde 

be ine able to b ind t o  a complex , which se ems unl ike ly . A lso  

benzaldehyde , a compound which is  virtual ly nll in the  free  

a ldehyde form , should then have no inhib it ion and henc e have 

a h igher apparent V ,  where in fact spe c if icity studies  show 

that the cat alyt ic-c entre act iv ity is much less  than some 

s ignif icant ly hydrated aldehydes , such a.s propionaldehyd.e . 

This pos s ib i l ity can , therefore , be dis counted . 



FIG.  4.1 2 H I LL PLOT OF PRO I O NALDEHYDE AND 
ACETALDEHYDE OAT A OF FIG. 4.9 
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Curve A is data from reaction involving propionaldehyde while curve B is  
for acetaldehyde. 
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The rap id e qu i l ibr ium a s s ump t i o n  wa s app l ie d t o  t h e  

init i a l  rat e exp e riment s s inc e e qu at i o ns f o r  the s t e ady s t at e  

random m e c h ani s o  are not ava i l ab l e . H o w e v e r  S e c; e l ( 1 975 ) 
has s h o wn t hat random B i  D i  sy s t e o s wh i ch are not at e qu i l i 

br ium and in wh i c h  o n e  rout e t o  t h e  t e rn ary c o np l ex i s  

s ic;n if i c ant ly m o r e  f nvou r ab l e  than t h e  o t h e r , c; iv e  r i s e  t o  
a var i e t y  o f  no nhyp e rb o l i c  ve l o c it y curve s . Und e r c e rt a i n  

c o nd it i o ns a doub l e r e c ipr o c a l  p l o t  �ay curve ct o wnward s a s  

it appro a c h e s t h e  � a x i s , t o  re s e mb l e  t he e xp e r icent a l  dat a 

at h ich a ldehyd e c onc e nt rat i o n s . T h e  a ld ehyde sub s t rut c m a y  
t h e r e f o r e  have the ab i l ity t o  b i nd t o  the f e e enzyme at h ich 

aldehyde c on c e nt r n t i o n s  produ c inc a 0 i c.;n i f i c ant s e c ond p at h

\vo.y in the r e o ct ion  s cher.JG  v1hich  i s  in ope rat i vc o r  ins i [�n if 

icant ut l ow e r  c onc entrat ion s . I t  i s  int c r c s t i n �  t�� t th ouc� 

F e ldoo.n and W c i n e r  ( 1 972b) have p o s t u l c t c d  . n  o rd e r e d  S i  D i  

r.1 e chcm i s m  f o r  t h e  r c rl c t  i o n  o f  t l J c  i r  ! w H: o c; e n e o u ;_; ho r :: rc l i v e r  

a l de h;yd e d el::.rd...:: o c e no. s e  t hey f o und t lwt h i c.;h c o n c e nt r a t io n s  

o f  p rop i o n a ld c}.lYcl e ( 20rri·I ) inh i h i t c d t h e  e st 8 rn s c  0 c t iv it y . 

T h i s  mu s t  � c a n  t�nt et that c o n c e nt rat i o n  prop i o n n ld e hyd e 

\-.re s b ind inc t o  t h e  f r e e  enzym e , n. ;;  no c o e nzy 1:: e u<J. s pre s e nt , 
and p e rh np s sucG e s t s  t ha t a t  h i ch a ld e hyd e c o n c o n t r c t i on s a 

rand o m  o e cl 2n i sn i s  po s s ib l e  f or t h e  h o r s e  l iv e r  enzym e . 

Th ouGh s e v e r a l  d i f f e rent e xp ln n o. t i o n s  have b e e n 

prop o s e d  f o r  t h e  app ar ent sub s t ra t e  a c t ivat i o n , they are 

s i m i l ar in thct t h ey a l l  i nvo lv e b ind in� s it e s  for wh ich the 

a lde hyd e  h n s  a l o w  af f in ity . The d i ff e r enc e i s  a oatter o f  

whe t h e r  t h e s e  s it e s are o n  a d i f f er e nt e n z y m e , t h e  s a n e  

en zyme , or the sa�e locat ion on the e n z ym e , a s  t h e  s it e w i t h  

a h i c h  a l de hyde af f in ity . As  t o  wh ich exp lan at i on i s  th e most  

likely , it would s e e m that t h e  op e r a t i o n  of a p art i a lly ran

doo me ch an i s m at h igh alde hyde concentrat ions would be the 

mo st probab l e  but the possib i l ity of mult ip l e i s o zyme s  c annot 

be discount ed . However , t hou�h propionoldehyde doe s  p r o du c e  

b iphasic  p l ot s , b e c au s e  t h e  t rans it i o n  i s  s o  a b rup t the two 

p ort ions are v irtu al ly indep e ndent and e spec ially in the 

lower conc entrat ion  re�ion kinetic studies  may b e  c nrr i e d  out 

without worry o f  int e rf e re n c e  from the o t h e r  r e c i o n  and hence 

an understandinG of t h e  c au se o f  t h e  b ip�as i c  p l o t  i s  not 

essential if t h e  substrat e c on c e ntrat i o n s  are l o w . 
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SECTION 5 

PRESTEADY-STATE KINETICS 

5 . 1  INTRODUCTION 

In the st eady-stat e experiments the overall rat e of 

react ion is studied and informat ion is inf erred indirectly 

about the enzyme intermediate s  which are involved . However , 

if the react ion is followed during the short period of the 

first turnover of the enzyme- sub strate react ion , before 

the react ion has reached a st eady- state (that is presteady

stat e ) ,  then more detailed informat ion about the enzyme 

mechanism may be obtained.  The advantage of a preste ady

stat e kinetic study lies in the fact that it is oft en 

pos s ib l e  to study st eps other than the rat e det ermining 

step . If the enzyme is in suffic iently high concentrat ion , 

the react ion int ermediat e s  may be  ob servable under suitable 

exp erimental c ondit ions and direct measurement of the ir 

rat e s  of formation and decomposit ion may be made . An instru

ment which may be used for the prest eady-stat e  kinetic 

study is  the stopped-flow spectrophotometer f irst described 

by G ib son and M i lne s ( 1 964 ) . The react ion is  init iated 
within t imes a s  short as 1 -2 milliseconds by f orced mixing 

of the reactant s , after which change s in the phy s ical 

propert ies  of the solution ( such as  absorbance or f luore s

cenc e )  may be monitored . The t echnique and instrumentat ion 

have been reviewed by Gibson ( 1 969 ) . 

F or the presteady- state  phase of an enzyme catalysed 

react ion ( which is  some t ime s described as the burst ) the 

general equat ions de scrib ing the who le t ime c ourse of the 

transient appe arance of product ( enzyme bound and fre e )  are 

complex and cannot be eas ily used for the evaluat ion of 

data ( for instanc e see Darvey , 1 968) . Since the number of 

exponent ial t erms in the trans ient phase is e qual to  the 

numb er of enzyme containing int ermediates in the mechanism , 

not c ount ing the free enzyme (Maguire et al . , 1 974) , the 

observed behaviour can in principle  be  very c omplicat ed .  

However , a number of factors may s implify the actual s itu

ation . No info rmation may be gained about steps o c curring 
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after the rate det erm ining s t ep in the steady- stat e  and 

nothing will be obs erved unt i l  the st ep with the f irst 

phys ical change o c curs , although the preceding steps may 

affect this change . Also the amplitude of the exponent ial 

t erms will f inally determine whether steps will  be ob served 

or not . So while theoret ically the analysi s  of the pre

steady-stat e phase may be  rather complex , the actual pre steady

state phas e  produ c ed may be much more s imple . Laidler and 

Bunt ing ( 1 973 ) have described the derivat ion of · equat ions 

de s crib ing the presteady- stat e phase and the approximat ions 

involved to produce  t erms which may be usefully applied t o  
experiment al dat a .  

Several dehydrogenases have been ext ens ively studied 

by stopp ed-flow techniques .  Iwatsubo and Pant aloni ( 1 967)  

carried out the f irst rapid kinet ic measurement s on L

glutamat e dehydrogenase , which showed a rap id pre steady

state phas e , with a rate  cons t ant of 250s-1 , corre sponding 

t o  the reduct ion of the coenzyme bound to the enzyme f o l lowe d  

by a slow steady-stat e  phase which was s imilar i n  it s rat e 

t o  the one measured under clas s ical st eady- state condit ions . 

Heck et al . ( 1 968) us ing stopped-flow methods found that 

for lact at e dehydrogenase at pH 8 . 0  the reduct ion of the 

f irst mo le equivalent of NAD+ per mole of enzyme s it e s  is 

much more rapid than the steady-state  rat e of NADH product ion 

and that dissoc iat ion of the enzyme-NADH comp lex is  rat e

det ermining for the steady-st ate oxidat ion of lactat e .  

Probably the most int ensively inve st igat ed dehydrogenase  

has  been alcohol dehydrogenase .  Theore ll et  al . ( 1 967 ) 

f irst studied this enzyme by stopped-flow methods using 

f luorescence  enhancement of NADH on binding to  follow the 

assoc iat ion of NADH with the enzyme . A lthough b inding of 

NADH was p o stulat ed as  a two step pro c e s s  this was lat er 

refuted ( Geraci and G ibson , 1 967 ) . Study of the trans ient 

kinet ics o f  alcohol dehydrogenase using chromophoric alde

hydes ( Bernhard et al . , 1 970) showed an init ial burst due 

t o  oxidat ion of NADH and reduct ion of the aldehyde . When 
the react ion was followed in the opp o s it e  direct ion ( Brooks 

and Shore , 1 971 ) an init ial burst was again observed and 

by demonstrat ing an isotope effect of 6 . 2 between ethanol 



and deuterated ethano l  it was p o s s ible to relate  the 

observed burst rate  constant to the actual hydride trans

fer step . 
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To try and determine more about the mechanism of 

act ion of aldehyde dehydrogenase and to compare the mechan

ism and rates of react ion with that of other dehydrogenase s , 

it was dec ided t o  study the enzyme under prest eady-st at e  

condit i ons . 



FIG.  5.1 STOPPED-FLOW A PPARATUS 
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Schematic representation of the stopped-flow apparatus (from Gutfreund ( 1972) ) . I n  the 
fluorescence mode the l ight output to the photomultiplier tube is at right angles to the 
light source. 
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C onsecut ive React ions 

The solut ion to  a reac t ion s cheme consist ing of two 

c onsecut ive reversib le f irst-order react ions has been dis

cussed in detail by Fro st and Pearson ( 1 961 ) .  

( mechanism ( 1 ) )  

The three solutions for the decay constant A are 

where p = ( k1 + 
and q = ( p2 

A 1 = 0 

1.. 2 = � ( p + q ) 

�.. , = � ( p q)  

k_1 + k2 + k_2) 

4( k1 . k2 + k_1 . k-2 + k1 . k_2) )� 

( 1 ) 
( 2) 

It will be  not ed that A2 + A 3 = p = k1 + k_1 + k2 + k_2 
( 3 ) 

A 2 • A 3 � k1 . k2 + k_1 . k-2 + k1 . k-2 
( 4) 

If at t ime z ero all the molecule s are in the form E1 , 
that is  E1 = E1° and E2 = E3 = 0 at t ime zero , then the 

c oncent rati ons of E1 , E2 and E3 are given by the expre s s ions : 

E1 = E o (
k1k-2 + 1 A 2 A3 

+ 

E2 = E u c
k1k-2 1 + 
A2 A3 

E3 E u k1k2 
= (- + 1 ).2). 3  

k1 (A 2 - k2 - k_2 ) 
A 2(A 2 - A 3) 

k1 ( k2 + k_2 - A 3 )  
,c A2 - A ') 

. 

k1 ( k_2 - A2 ) - A2t 

A2( A 3) 
. e 

A2 

k1k2 - A2t 
A.2( A3) 

. e 
A2 -

e
_ A.2t 

- ).. t 
e 

3 
) 

k1 ( A2 - k_2) 
+ >- 3) A 3 ( A.2 -

k1k2 
A,c >-2 - >-3) 

. 

( 5 )  

->. 3 t 
• e ) 

( 6) 

e _ ).3 t ) 

( 7 ) 
These general equat ions have been ut ilized for various 

s ituat ions in the fast react ion exp eriments ; 

( 1 ) In the biphas i c  NADH d isp lacement experiment s E3 i s  

the free enzyme and E 1 and E2 are enzyme-coenzyme complexe s , 

all of which are pre sent at t ime zero . S ince t he NADH 
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displacement is irreversible under the exp erimental condit ions , 
k_2 is equal to  z ero . 
( 2) In the NADH assoc iation experiment s k_2 is a pseudo 
f irst-order rate constant depe ndent on NADH concentrat ion 
and at t ime z ero all the enzyme is in the form E3 ( though 
e quations ( 5 ) , ( 6) and ( 7 )  are all in terms of E1 ° the 
symmetry of mechanism ( 1 )  allows these equations to be 
expressed in terms of E3v if required) . 
( 3 ) In the burst experiment s the proposed mechanism 

k1iNAD�Z NAD+ k2fAl1( NAD+ k3 ENADH k4 E k_1 
E k_2 EAld --s .... l_o_w-�)E 

displacement 
• • • ( scheme 1 )  

in which the enzyme is preincubated with excess NAD+ and 
+ hence all in the ENAD form and as the step k4 is small 

may be ignored . Scheme ( 1 )  under these conditions is the 
same  as mechanism ( 1 )  with k_2 ( of mechanism ( 1 ) ) equal to 
z ero . At t ime zero all the enzyme is in the form E1 and 
hence the equations for the concentrations of E1 , E2 , and E 3 
at any time t ,  ( equations ( 5 ) , ( 6) and ( 7 )) may be used . 

NETHODS 

5 . 2 . 1  Stopped-flow Apparatus 

Stopped-flow experiment s were carried out using a 
Durrum-Gibson D1 10  Stopped-F low Spectrophotometer ( Durrum 
Instrument Corp . , Palo Alto , California , U . S .A . ) and a 
H ewlett-Packard model 141B storage oscilloscope . Fluore scence 
measurement s were taken with the photomult iplier at a 90u 
angle to the incident light with the apparatus set in the 
transmission mode (Fig .  5 . 1 ) . The stopped-flow spectrophoto
meter allows rapid mixing of reactant solut ions . The reac
t ants are placed in s eparate syringes and an air-actuated 
p lunger pushes the two solutions through a mixing jet into 
the observation chamber . When the stopping syringe hits the 
trigger , the f low stops and the o sc illoscope is activated 
allowing changes in the observat ion chamber to be monitored . 
The mixing t ime is about 2 milliseconds and 0 . 1 5 cm3 of each 
reactant solution is used in each run . The length of the 
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obs ervation chamber is 1 . 7cm . The trace produced on the 
storage oscill9scope was photographed using a single reflex 
A sahi Pentax SP500 camera with FP4 panchromat ic film . After 
developing , the negatives were pro jected onto graph paper , 
by use  of an enlarger , such that the grids on each matched . 
The curves were then traced to  provide a record on graph 
paper from which measurements could be made . 

For nucleotide fluorescence measurements the excita
t ion  monochromator was set on 340nm , with a tungst en light 
source and a 9 nm bond width , and the fluorescence was 
observed , at 90° to the excit ing light , through Wratten 47B 
and 2B filters sandwiched between glass disc s  made from 
emission spectrograph plates . These filters together have 
a maximum transmission at 435nm . 

Protein f luorescence was studied by excit ing the 
enzyme solut ion at 290nm and measuring the fluorescence at 
90° transmitted through a \vratten 1 8A filter ( maximum 
transmission at 335nm) . 

5 . 2 . 2 . Standardizat ion of F luorescence Signal 

As  fluore scence has no inherent calibrat ion system , 
before the beginning of an experiment a known amount of  NADH 
was added and the increase in fluorescence was noted . The 
proc edure was as follows : the photomult iplier voltage was 
set to 950V and the oscilloscope was zeroed with no input 
s ignal , then phosphate buffer was forced into the observa
t ion chamber and the oscilloscope was rez eroed on this 
signal using the stopped-flow offset control .  A standard 
NADH solut ion ( in the same buffer) was added to  one syringe , 
and mixed with buffer from the other syringe in the stopped 
flow to produce a fluorescence change . Experiment al f luor
escence changes could then be relat ed to this standard . 
It was found c onvenient to  use NADH in preweighed ( . 2mg) 
vials obtained from Sigma , and made up to  give a final 
conc entration of about 5�1 .  

5 . 2 .  Buffers and Reagents  

The standard buffer used was the pH 7 . 6  phosphat e 
buffer used in the steady-state  experiments  ( Section 4 ) . By 
diluting the stock buffer ( 50cm3 ) with water ( 20cm3 ) the same 
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c oncentration as used in the steady-state  assays was obtained . 
B efore use the buffer solutions were degassed , by attach
ment to a water pump for 20 minutes . This procedure was 
nec e ssary t o  eliminate air bubbles  since it was found that 
their presence in the observat ion chamber of the stopped-flow 
instrument caused f luctuations and base line drift in the 
oscilloscope trace . All reagent s used were made up in the 
degassed buffer solut ion . The concentrations of all reagent s 
are quoted as the c oncentration in the observation chamber 
after mixing unless  otherwise stated ( that is one half the 
c oncentrat ion of the reagents in the syringes ) . The effect 
of  pH on the displacement of NADH was studied with pyrophos
phate buffers (0 . 05M in pyrophosphate in the stopped-flow) 
which were brought to  the required pH with concentrat ed 
hydrochloric acid . NAD+ ( Sigma Grade I I I )  was used without 
purificat ion unless otherwise stat ed . L1 -

2H7 propion
aldehyde ( CH3cH2CDO ) was prepared by the Nef reaction 
( Le itch , 1 955 )  on L� , 1  - 2H7 nitropropane . 

5 . 2 . 4  NAD+ Purificat ion 

The purificat ion procedure follows that of Whitaker 
et al .  ( 1 974) . NAD+ ( 0 . 25g) , Sigma Grade III , was dissolved 
in �ter ( 3 cm3 ) and neutralized to  pH 6 . 4  with sodium 
c arbonate ( 2M ) . This solution was added to a DEAE Sephadex 
A-25-120 column ( 2cm x 10cm) , the column washed thoroughly 
with water and then the NAD+ was eluted from the column 
with 0 . 1M HCl .  Monitoring of the absorbance of the eluant 
at 260nm , with a continuous flow Uvicord U . V .  monitor , showed 
a large band followed by two smaller bands . The peak 
fractions of the large band were bulked and neutralized to  
pH  6 . 5  with sodium carbonat e ( 2M ) . The concentration of  
NAD+ , assuming an ext inction c oeffic ient of  1 . 8 x 104 M-1 cm-1 
was about 30�1 for the peak fract ion . On dilut ion of the 
bulked solutions to obtain the required NAD+ concentrat ion 
the ionic strength and buffering capacity of the sodium 
c arbonate became small . The solut ions were used e ither on 
the day of preparation or the following day . 



5 . 2 . 5  Esterase Activity 

The rate ' of hydrolysis of p-nitrophenyl acetate  by 
aldehyde dehydrogenase was det ermined in the stopped-flow 
by following the increase in absorbance at 400nm , due t o  
the product ion of the p-nitropheno lat e ion ( c = 16  x 103 
M-1 cm-1 , Feldman and We iner , 1 972b ) . The p-nitrophenyl 
acetate was dissolved in acetone and then diluted with 
pH 7 . 6  buffer to a concentrat ion of 50�M when mixed in the 
stopped-flow ( f inal acetone concentrat ion , 0 . 8% v/v) with 
aldehyde dehydrogenase solution ( 4 . 2�M mixed) containing 
NADH ( 9 .  6!llVi ) , which is report ed to  st imulate  the esterase 
act ivity (Feldman and We iner , 1 972b) . The enzyme solut ion 
contained 2-mercaptoethanol ( 280�M ) , pre sent in buffers 
throughout the purificat ion scheme , which may react with 
p-nitrophenyl acetat e .  The contribut ion of the nonenzymic 
p-nitrophenyl acetate  hydrolys is to  the observed absorbanc e 
change for the enzyme solution was measured by running a 
blank , which cont ained 2-mercaptoethanol ( 280�M) but no 
enzyme . 

5 . 2 . 6  Enzyme Concentration 

The enzyme concentrat ion was always expressed in 
t erms of the act ive site concentrat ion det ermined from 
t itrat ion of the enzyme with NADH ( Sect ion 3 ) . 

Displacement Experiment s 

When E-NADH complex in one syringe is mixed with X ,  
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a l igand capable  of  binding to  the same enzyme sit e  as NADH , 
from another syringe then some NADH will be displaced from 
the enzyme . 

E - NADH 

E + X 

k ofL E ' k  + 
on 

kx ) EX 

NADH Mechanism ( 2) 

If the concentrations of X are such that kx/x/ is 
much  great er than koff and also much great er than k0n LNADH7 
then NADH will be completely displaced and the fluorescence 
change produced by the conversion of the E - NADH complex 
to  t he less fluorescent free NADH specie s may be interpreted 
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in terms of the ra�e  constant koff . To ensure that the 
c ondit ions req�iring kxi!l to  be  large are upheld , the 
experiment was conducted at various concentrat ions of X ,  all 
o f  which should proceed at the same rat e .  

5 . 2 . 8  Treatment o f  Displacement Data 

After the displacement reaction was recorded on the 
osc illoscope , the instrument was retriggered to obtain the 
infinity reading of the fluorescence at the end of the 
displacement . From the record produced on graph paper of 
the oscilloscope trac e , the difference between the voltage 
at each t ime interval and the voltage at the end of the 
displacement ( infinity reading) was measured.  It was usually 
more convenient to  measure the difference with a ruler 
graduated in millimetres as no subtractions were then necessary 
allowing the values to  be plotted direct ly .  The value in 
volt s could be calculated by s imple conversion of grid 
sizes  if required . 

and C 

then 

For a simple f irst order process  of A producing B 

A k ) B + C 

-d/A/ = k{!J 
dt 

d{!J 
-- = -k . dt f.A/ 

Mechanism ( 3 ) 

and on integrat ion ln[FJ = -kt + c 
with the init ial conditions that L[7 = L!Z at t ime t = 0 

0 

then 

or 

ln lYo = kt 
!El 

ln !F7 = -kt + ln{!J 0 

log /El = · c2.3�3) t + log lElo ( 8) 

From equat ion ( 8) a plot of log L!7 vs t will give a straight 
line of s lope -k/2 . 303 from which the first order rate 
constant k may be obtained . 

However , in all cases b iphasic plot s were observed 
for the displacement of NADH and the treatment of the data 
had to be adapted in the following way . The data was plotted 



FIG. 5.2 GRAPHICAL DERIVATION OF RATE CONSTANTS FROM A 
81 PHASIC PLOT 
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I f  the logarithm of the difference between the fluorescence at time t and the fluorescence at ti;,e 
i nfinity (that is l::. F) is plotted against time t, then the rate constant of the slow process may be obtained 
from the slope of the extrapolated l ine (rate constant = -2.303 x slope) . 

T I M E  
By plotting the logarithm of the actual difference between the experimental l::. F values and the extra
polated values of .t.F (that is.6..6.F ) against time, then from the slope of such a plot the rate constant for 
the fast process niay be obtained. The amplitudes of the fast and slow processes are the extrapolated 
values for .t..t.F and .6. F respectively, at time zero. 



as for a s ingle first order process , and a straight line 
drawn through tne later point s , to  obtain the slow rate , 
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was extrapolated back to  t ime zero . The differenc e  between 
this extrapolated  line and the actual experimental po int s 
was then replott ed at each t ime interval . The rate constant 
for the fast pro c e s s  was derived from the slope of this line 
(Blackwell et al . , 1 973 ) . This process  is only useful if 
there is a large enough linear portion to extrapolate  
accurat e ly ,  a condition which will not be  met if  the rate 
constants of the two processes  are s imilar (Fig . 5 . 2 ) . 

Treatment of Burst Data 

To obtain the burst rate constant from the pre-steady
state  trac es  the following procedure was used . The steady
state rate was extrapolated back to  zero time and the 
difference s  betwe en the fluorescence at any t ime and the 
extrapolated fluorescence value at that same t ime was 
recorded . From a plot of the logarithm of this difference 
against t ime the burst rate c onstant could be  determined 
( Laidler , 1 973 ) . 

Derivation of Dependence of kobs on Aldehyde Concentrat ion 

When NAD+ is premixed with enzyme before reaction 
with an aldehyde then the sequence involves only a single 
substrate addition and may be  represented as 

EA \ EAB EQ �·J echanism ( 4 )  

where A ,  B ,  Q are NAD+ , aldehyde and NADH respect ively and 
where the rate of dissociat ion of NADH is very slow and may 
b e  ignored ( Shore and Gutfreund , 1 970 ) . Since the aldehyde 
c oncentrat ion is much greater than � - NAD+7 then the alde
hyde addition become s  pseudo-f irst-order .  Assuming the 
fluorescence  increase is observed in the step with the rate 
c onstant k3 and the concentrat ion of EAB is low then 

df!:A�7 = O dt 

= 

= k2/JI1£Ef1 - ( � + k...2 ) /_EA[( 

k2@[}Jg (k3 + k_� 
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But the total enzyme concentration is equal t o  the sum of  the 
enzyme spe c ies 

On Integration 

ln (� - LEQl) = 

where the observed first order rate constant for the produc
t ion of EQ is 

In reciprocal form 

( 9) 

This equat ion indicat e s  that the intercept of a double 
reciprocal plot should provide � and the concentration of 
B which produces half the maximu� burst rate is 

1 that is when - = 0 ,  kobs 
( 10 )  

I t  is interesting t o  note  that study o f  the solut ions 
of the consecutive f irst-order react ions ( mechanism ( '1 ) , 
equations ( 3 )  and ( 4) ) shows that using the nomenclature of  
mechanism ( 3 ) 

),2 + ),3 = k2@ + k_2 + k3 
A2 A3 = k2 . k3 ./B7 

On  substitution for >.2 ( which is assumed fast and of small 
amplitude ) 

.:L =  
), 3 

( 1 1 )  



which resembles the equat ion ( 9) derived from the steady
state treatment and produces  a double reciproc al relation
ship as long as k3 + k_2 is much greater than A 3 • 

Burst Amplitude 

According to  Laidler ( 1 973 ) the burst amplitude of  
s cheme ( 1 ) , where k4 is an  irreversible NADH displacement 
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step , at zero free NADH concentrat ion is given by the f ollowing 
equation ( nomenclature of s cheme ( 1 ) )  

Burst amplitude, Ea= @o k2L_Ald7( k3 + k4) + ( k3 + k_2) k4
) 2 ( 12 ) 

as long as the condition k2k3LAld7 greater than ( k4) 2  i s  
satisfied . 
Which means that 

!Po � ( B ) a 
So a p lot of Cri)� against zri£7 should have a value for 

( slope/intercept ) equal to 
( kt + k_2) k4 
k2 k3 + k4) 

( 1 3 ) 

which is  the expression for the Michalis constant for the 
aldehyde for the mechanism in scheme ( 1 )  ( see discussion) . 

5 . 2 . 10 Computer  Simulations 

Computer s imulations were carried out using the 
11Cont inuous System I"lodelling Program" ( CSt1P73 ) designed to  
facilit at e  the digital simulation of continuous proces s e s  on 
the Burroughs B6700 computer . The modelling programme 
accept s as  input a list of different ial equat ions defining 
the model , parameter definitions and control stat ement s  
\vhich it translat es  into a :E'ORTRAN programme. This programme 
solves the differential equat ions as a funct ion of t ime at 
spec ified integration intervals ( see  discussion) . The burst 
was simulated using scheme ( 1 )  as the mode l .  The programme 
produced concentrat ions of all intermediates , products , 
substrat e s  and in addit ion a term consisting of the sum of 
5 . 6  t imes  the conc entration of  ENADH plus the concentrat ion 
of NADH , that is an approximat ion to  the observed burst 



F IG .  5 . 3 OBSERVATION OF BIPHASIC DISPLACEMENT FROM DEIITDRO
GENASES BY NUCLEO'J:IDE .B'LUORESCENC.E AND ABSORBANCE 

( a) ALDEHYDE DEHYDROGENASE 

Photograph A 
Nucleot ide fluorescence 

The react ion mixture contained 
enzyme ( 0 . 25mg/cm3 ) and NADH 
( 4 . 2!J.!Vl) mixed with NAD+ ( 4- . 3m!VI ). 
Vert ical scale , 0 . 2V/div ; 
horizontal scale , 2 s/div . 

( b) ALCOHOL DEHYDROGENASE 

Photograph C 
Nucleotide fluorescence 
Vertical scale , 0 . 5V/div ; 
horiz ontal scale , 0 . 1  s/div . 

Photograph B 
Absorbance at 340nm 

The react ion mixture cqntained 
enzyme ( 5 f.LH ) and NADH ( 3 .  4-!J.i"l ) 
mixed with NAD+ ( 10mM ) . Vert i
cal scale , 0 . 001  absorbancy/div ; 
horizontal scale , 1 s/div . 

Phot ograph D 
Absorbance at 340nm 
Vert ical scale , 0 . 005 absorbancy/ 
div ; horizont al scale , 0 . 05 
s/di v .  

The react ion mixture , in photographs C and D, contained alcohol 
dehydrogenase ( 5 !J.M )  and NADH ( 5!J.f1 ) mixed with NAD+ ( 3 . 3mM )  and 
pyrazole ( 5llll'-l ) . 
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amplitude . The simulat ion was run long enough to  obtain 
a maximum value for the concentration of the intermediate 
ENADH and the burst rat e constant was then obtained manually 
using the same graphical technique used for the experimental 
dat a .  

5 . 3  RESULTS 

5 .3 . 1 Displacement Experiment s 
5 . 3 . 1 . 1  Displacement of NADH 

Displacement of NADH from aldehyde dehydrogenase with 
exce ss NAD+ gave biphasic fluore scence plot s , a fast change 
followed by a slower change for the conversion of the highly 
f luorescent enzyme-NADH complex to  the less fluorescent free 
NADH (Fig .  5 . 3  ) .  To  ensure that this was not an artefact 
of the fluorescence measurement the displacement was 
repeated using the absorbance mode . It was found that 
there was a small absorbance difference on displacement 
which was also biphasic (Fig . 5 . 3 ) .  To check the l inearity 
of the stopped-flow instrument , in case the biphasic nature 
of the plots  was an instrumental feature , a study was made 
of the react ion between �-chymotrypsin and proflavin . This 
reaction has been report ed by Fersht and Requena ( 1971 ) to  
be a single phase process .  a. -Chymotrypsin ( 10 . 4f.lH) and 
proflavin ( 1 10f.lM ) , both in pH 7 . 3  phosphate buffer ( 0 . 05M 
in phosphat e ) , were mixed in the stopped-flow apparatus and 
the change in absorbance at 465nm was followed . The trace 
produced was a s ingle exponent ial which gave a first order 
rat e constant of 3 .4s-1 , in good agreement with the lit era
ture value . A s  a single exponent ial is produced in this 
case , it appears that the biphas ic nature of aldehyde dehy
drogenase displacement is in fact a real phenomenon .  

Results from the displacement o f  NADH from aldehyde 
dehydrogenase by NAD+ , followed by fluorescence , showed a 
fast reaction with a rate constant of 0 . 85s-1 � 0 . 20 s-1 
followed by a slower reaction with a rate constant of 
0 . 22s-1 � 0 . 05 s-1 • NAD+ concentrations of 0 . 52rnl'-'1 to  10rnM 
all gave results in this range and a graphical analysis 
is shown in F ig .  5 . 4 The amplitude of the 
fluorescence change for the fast process was 50% t o  70% of 
the t otal change . Similar re sults were found when purified 



lL 
<l 

u. 
<l 
<l 

-

(!) 
0 
.....J 

• 

10 

0- 8 

0-2 

FIG. 5.4 TYPICAL GRAPHICAL DERIVATION OF RATE 
CONSTANTS FROM THE DISPLACEMENT 
EXPER IMENT 

• 

• 
• 

• 
• 

(a) SLOW PROCESS 

•, Rate constant = 0. 1 7  s· 1 
.......... .

.......... . 
........... 

........... . 
........... . .......... .... 

O
L_ ______ �2 -------74-------z6------�8 

0-2 

0 

0 

\ 
0 

\ 
0 

\ 
0 

\ 
0 

\ 

1 
T I ME ( s }  

TIM E  (s } 

(b) FAST PROCESS 

Rate constant = 1 . 1 s·1 

2 



'1 08 
NAD+ was used as the displacing agent . Table 5 . '1  shows other 
disp lacing agent s which were used to displace NADH and it 
can be seen that they almost all involved two processes  
with rate c onstants in  the same range as  those found for 
NAD+ . The only exception was 3-pyridinealdehyde-NAD+ which 

-'1 had a very low rate c onstant of 0 . 05 s  for the s low proces s .  
In an attempt t o  observe the effect of any possible 

t ernary comp lexes a mixture of enzyme ( 2 . 2f.Ll'-1 ) , NAlt ( 2 . 8f.LM )  
and propionaldehyde ( 9 . 6��)  from one syringe was displaced 
with '1 , '10-phenanthrol ine ( 0 . 28rnM) . The re sult ing trace was 
biphasic with rate constants of '1 . '1 s-'1 and 0 . 3 s-1 , similar 
t o  the rate constants in the absence of propionaldehyde . A 

similar experiment us ing 2-brorno-2-phenylacetic acid ( 0 . 3ilWI ) , 
a product analogue , and again displacing with '1 , 10-phenan
throline ( 0 . 28mM) produced rate constants of 1 . 0s-1 and 0 . 25 s-1• 
The fact that both propionaldehyde and 2-bromo-2-phenylacetic 
ac id have no effect on the rate constants suggests that 
ne ither forms a significant ternary complex with the binary 
enzyme-NADH complex and hence ternary complex formation cannot 
be u sed to further elucidate the enzyme behaviour . 

TABLE 5 . '1  DISPLACEMENT RATE CONSTANTS FOR THE 
ENZYME-NADH COMPLEX 

Displacing Agent 

NAD+ ( 0 . 52mr1-1 0mM) 
1 , 1 0-phenathrol ine 
( 0 . 045mM-0 . 71mM )  
deamino-NAD+ 
( .  6rnM-1 .  6mM) 
ADP-ribose 
( . 36mM-1 . 8mM )  

3-pyridinealdehyde-NAD+ 
( 1 . 9mM )  

Rate Constant 
for the 

Fast Pro cess 
0 . 85 s-1 + 0 . 20 

-1 1 . 0s 

-1 1 . 1 s  

5 . 3 . 1 . 2  Displacement of NADH Analogue 

Rate C onstant 
for the 

Slow Process  
0 . 22s-1 .2:_ 0 . 05 

0 . 25 s-1 

0 . 24s-1 

As no NADH analogues were available they were prepared 
from NAD+ analogues .  By reacting limited amount s of alde
hyde and NAD+ analogues  with the enzyme , si�nificant amount s 
of the enzyme-NADH analogue binary complex could be  produced 
and subsequent ly displaced by NAD+ in a typical displacement 



'109 

+ e xp eriment . The remaining NAD analogue should be in such 
small amount s as to not interfere in the displacement . The 
s cheme was t e sted by react ing NAD+ ( 8� )  and propionaldehyde 
( 5  . 4�i ) with enzyme ( '1 .  7f.1IVl ) . After allowing the system to 
react  for a few minutes  the mixture was added to  one syringe 
of the stopped f low instrument and the NADH formed displaced 
by mixing with NAD+ ( 4. 3rni'-'1) from the other syringe . The 
displacement was biphasic with a rate  constant for the fast 
phase of 0 . 6s-1  and a rate constant of 0 . 1 5 s-1 for the s low 
phase , in  good agreement with the values found for NADH 
displa�ement . When the experiment was repeated using 
deamino-NAD+ ( 8f.i!Vl ) , propionaldehyde ( 5 .41J.!Vl ) and enzyme ( 1 . 7f.1M ) 
using NAD+ ( 4 . 3mrv1 ) as the displacing agent it was found that 
only a slow process  with a rat e constant of 0 . 1 6s-1 could be 
observed , even using a sweep time of 5 milliseconds per 
division.  

Effect of pH on the Displacement of NADH 

The pH dependence of the displacement was det ermined 
using a range of pyrophosphate buffers . The NAD+ displacing 
agent was made up in pyrophosphat e buffer and placed in one 
syringe while the other syringe contained 1 cm3 enzyme and 
1 . 5 cm3 NADH in pH 7 . 6  phosphate buffer and 7 . 5cm3 of water , 
so that this second solut ion had little buffering capac ity . 
Table 5 . 2 shows that a react ion mixture of NAD+ ( 2 . 2mrv1) ,  
enzyme 0f.l.M)  and NADH ( 5f.1M) showed little variation in dis
placement rat e with pH , though in pyrophosphate buffer the 
slow process  had a smaller rate constant than in phosphate 
buffer.  

TABLE 5 . 2 
E£!.1 

EFFECT OF pH ON NADH DISPLACEMENT 

Fast Rate  Constant Slow Rate  C onstant 
6 . 3  0 . 79 
9 . 0  0 . 6 ,  0 . 64 
9 . 9 0 . 68 ,  0 . 50 
7 . 6  phosphate2 0 . 85 � 0 . 2 
1 pH  value after mixing , determined 

mixture and measuring its pH . 
2 Standard phosphate buffer . 

0 . 073 
0 . 053 , 0 . 055  
0 . 061 , 0 . 053 
0 . 22 + 0 . 05 

by collecting the reacted 
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5 . 3 . 1 . 4 Limit s to  the Use of the Guggenheim Plot 

The Guggenhe im method for evaluat ing rate coefficients 
o f  first order react ions doe s  not require a knowledge of the 
init ial or final concentrations of the react ing species  
( Guggenheim , 1 926) . If time t 1 , t2 , t3 etc . and t 1 + h ,  

t 2 + tJ. , t3 + !J. are selected where tJ. is a constant increment 
( usually two or three  t ime s as  great as the half-life period 
of the reaction , for accuracy ) and ri and ri are readings 
o f  a suitable physical property at ti and ti + !J. , re spec-
t ively , then log ( ri - ri ) = constant - kt i/2 . 303 , and a 
p lot of log ( ri - ri ) vs ti give s a slope of -k/2 . 303 . 

The Guggenheim method was used in an attempt to  over
c ome a problem of drift inG infinities which occurred in some 
earlier runs . However ,  on analysis , the Guggenheim plot s of 
the displacement experiment were linear . When Nli.D+ disp laced 
NADH in an experiment with a stable infinity value , the trace 
was found by the usual analysis to  be biphasic with rate 
c onstants of 1 . 0s-1 and 0 . 21 s-1 while a Guggenhe im plot on 
the same data , using tJ. = 3s , gave a linear plot with a rate  
c onstant of  0 . 54s-1 , intermediate between the two values  
derived from the biphas ic plot . Similar results were obtained 
u sing deamino-NAD+ as the displacing agent , producing rate 
c onstants of 1 . 1 s-1 and 0 . 27s-1 from the biphasic plots and 
0 . 67s-1 from a Guggenheim plot . It is therefore obvious 
that care must be taken to ensure that a react ion is a t rue 
s ingle first order p rocess before analysing data in t erms 
of a Guggenheim plot ( see Frost and Pearson , 1 961 ) . 

5 . 3 . 1 . 5 Note on NADH Displac ement from A lcohol Dehydro
genase 

As the displacement of NADH from aldehyde dehydrogenase 
was found t o  be biphasic it was decided to observe the 
disp lacement from horse liver alcohol dehydrogenase . Shore 
and Gutfreund ( 1 970 ) reported that the NADH displacement 
from horse liver alcoho l  dehydrogenase was a single  expon
e nt ial with a rate c onstant of 2 . 8s-1 to 3 . 4s-1 • 

When NAD+ ( 4 . 3rn!Vl )  was used to  displace NADH ( 4 . 2f.J.M) 
from alcohol dehydrogenase ( 3 f.J.M)  in pH 7 . 6  phosphate buffer , 
with pyrazole  in the NAD+ syringe ( since NAD+ contains traces  
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o f  alcohol , which may produce a slow steady-stat e  reaction) 
and using the same f ilters as for the previous displacement s , 
a b iphasic nuc leot ide f luorescence trace was observed . The 
rate constant for the fast process  was 1 1 s-1 to 1 7 s-1 and the 

-1 -1 fY)/_ slow process  3 s to  4s with about 3v� of the total fluor-
escence change associat ed with the fast , process ( the 
prop ort ion of the fast process  is much les s than found for 
aldehyde dehydrogenase ) . When the displac ement was repeated 
in the absorbance mode at 355nm ( wave length used by Shore 
and Gutfreund ( 1 972) ) f or the ir displacement experiment s  
with this enzyme and corresponding t o  the maximum difference 
in absorption between free and bound NADH ( Shore , 1 969) ) ,  
similar rate constants of about 20s-1 and 3 .4 to  4 . 3 s-1 were 
obtained demonstrating that the biphasic nature of the 
displacement was not just a feature of fluorescence .  It will 
be noted that the slow rate constant obtained is s imilar to  
the rate constant of  the single  exponential of Shore and 
Gutfreund ( 1 970) . They also reported a value of about Ss-1 
( det ermined by Guggenheim plot ) when 50rnM sodium chloride 
was added ,  with a corresponding increase in the catalyt ic
cent re act ivity from 3 . 0s-1 to 5 . 0s-1 • However when the 
displacement was repeat ed with 50mM NaC l  added , the process  
was again b iphasic with rate constants of 1 5-20s-1 and 
5-6s-1 • Thus sodium chloride increases  the rate of  the slow 
process  to about the same extent as the catalytic-centre 
act ivity and increases  the amplitude of the fast phase to  
approximate ly 5�� of  the total change . Thus the increase in 
c atalytic-centre activity observed by Theorell et al . ( 1 955 ) 
when sodium chloride is added can be explained by an increase 
in the rate of the s low process . 

5 . 3 .1 . 6  Concentration Jum:p 

Aldehyde dehydrogenase and NADH in one syringe were 
mixed with an equal volume of buffer from the other syringe 
and the return of the system t o  equilibrium was followed by 
nuc leot ide fluorescence . A decrease in fluorescence was 
observed due to  the dissociat ion of the enzyme-NADH comp lex.  
Biphasic plots were again obt ained . A typical experiment 
invo lving aldehyde dehydrogenase ( 3f.lM) and NADH ( 4 . 8j.!l"l) 
produced rate constants for the fast and s low processe s  of 
3 . 0s -1 and 0 . 7s-1 respective ly .  



F IG .  5 . 5 NADH ANAlOGUE DISPLACEMENT AND NADH ASSOCIA'l' ION TO 
ALDEHYDE DEHYDROGENASE 

Photograph A 
Deamino-NADH Displacement 

Nucleotide fluorescence . The 
react ion mixture contained pre
mixed cytoplasmic aldehyde 
dehydrogenase ( 1 .  7�vJ ) , deamino
NAD+ ( 8�M)  and propionaldehyde 
( 5 . 2�M) mixed with displacing 
agent NAD+ (4 . 3mM ) . Vert ical 
scale , 0 . 1V/div ; horizontal 
scale , 2 s/div . 

Photograph B 

Mit ochondrial NADH Displace
ment ( see sect ion 6) 

Nucleotide fluore scence . The 
reaction mixture cont ained 
mitochondrial aldebyde dehy
drogenase and NADH ( 5 . 2�M) 
displaced with NAD+ ( 2 . 9�q ) . 
Vert ical scale , 0 . 2V/div ; 
horizontal scale , 5 s/div . 

Photograph C Photograph D 
Concentrat ion Jump NADH Assoc iation 

Nucleot ide fluorescence . The 
react ion mixture contained 
cytoplasmic enzyme ( 0 . 4mg/cm3 ) 
and NADH ( 4 . 8�M)  displaced with 
pH 7 . 6  phosphate buffer . 
Vertical scale , 0 . 2V/div ; 
horizont al scale , 0 . 5  s/div. 

Nucleotide fluorescence . The 
react ion mixture cont ained 
cytoplasmic enzyme ( 0 . 9�M) 
and NADH ( 8 �Ivi) . Vert ical 
scale , 0 . 2V/div ; horizontal 
scale , 0 . 2 s/div . 
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Association of Enzyme and NADH 

When ald'ehyde dehydrogenase was mixed with a larger 
concentrat ion of NADH in the stopped-flow apparatus , an 
increase in fluorescence was observed (Fig . 5 . 5  ) due to the 
association of the enzyme and NADH to form a more fluore scent 
species . Analysis  of the traces showed that the association 
was biphasic , a feature which had already been noted for 
NADH dissociat ion and the concentrat ion jump experiment s .  
Though the NADH concentrations used were often outside the 
linear fluorescence range , it was thought that linearity 
within the fluorescence change may still be assumed as the 
change was only a small fract ion of the total NADH fluorescence . 
As  with the displacement experiment the accuracy of the 
rate constant for the fast process depended on the reliability 
of the extrapolat ion of the slower process . When the NADH 
concentrat ion was varied from 8�M to  64�M , there was litt le 
change in the slow process  while larger changes were seen 
for the faster process  (Fig .  5 . 6 ) .  When the associat ion 
was repeat ed in pH 6 . 0  phosphate buffer similar results  were 
obt ained . 
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FIG. 5.6 NADH ASSOCIATION TO ALDEHYDE DEHYDROGENASE 
FOLLOWED BY NUCLEOTIDE FLUORESCENCE 
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The plots show the NADH dependence of the two processes observed on NADH associating with the 
enzyme. The final solution contained enzyme ( 0.9 pM) and various NADH concentrations. 
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5 . 3 . 2  Burst Analys is 

5 . 3 . 2 . 1  Observat ion of the Pre steady-State Phase 

The mixing of aldehyde dehydrogenase with NAD+ and 

p rop i onaldehyde in the stopped-flow spectrophot ometer pro

duced a rapid transient absorbance change when followed 

at 340nm . This t ransient was followed by a l inear increase 

in  absorbance repre sent ing the steady-stat e product io n  of  

NADH . On following the react ion in the  f luorescence mode 

the same two phases  were observed ( F ig . 5 . 7 ) . A comparison 

of the rates of appearance of the t rans ient and subsequent 

s t e ady-state rat e of product ion of NADH was made , by mixing 

the same solut ion of enzyme with saturat ing concentrat ions 

of  NAD+ and prop ionaldehyde , and f o l lowing the reaction by 

change s in the nuc leot ide f luorescence ,  absorbanc e and 

transmittance ( the latter two at 328nm) . C are 

was ne eded in separating the pre st eady-stat e and steady

stat e  phase s in the ab sorbance mode because o f the small  

change in the mol ar ext inct ion coeff ic ient of the  NADH b ound 

t o  the enzyme and free NADH . It was neces sary to  retrigger 

the o s c illo scope several t imes aft er the complet ion of  the 

f irst t race to obtain reasonable e st imates  of the steady

stat e  rat e .  However , the separat ion was much e as ier in the 

f luorescence mode where there is a pronounc ed enhancement 

of  f luorescence when NADH i s  bound t o  the enzyme , relat ive 

t o  free NADH . R e sult s showed that the slow change , e qu iva

lent t o  the steady-stat e  rat e , was identic al for all mode s 

and s imilarly the rat e of product ion of  the fast trans ient 

was f ir st- order in each case and ana lysis gave rate con

stants of  1 1 . 7s-1 , 1 2 . 2s-1 , 1 0 . 9s-1 from the data obtained 
in  the fluorescence , absorb ance and transmittance modes 

re spect ively . 

5 . 3 . 2 . 2  Effect of NAD+ C oncentrat ion on the Burst 

When aldehyde dehydrogenase was mixed with a solut ion 

containing saturat ing prop ionaldehyde and various concen
t rat ions of purif ied NAD+ , it was found that at low concen

t rat ions the rat e constant of the presteady-stat e phase 

( burst ) was propo rt ional to the NAD+ c oncentrat ion , with  a 



F IG .  5 . 7  OBSERVAT ION OF A BURST IN NUCLEOTIDE FLUORESCENCE 

FOR THE REACT ION OF ALDEHYDE DEHYDROGENASE 

Phot ograph A 

Burst with Propionaldehyde as the Substrat e 

The react ion mixture cont ained enzyme ( 1 . 8�M ) 

and NAD+ ( 420�M)  mixed with propionaldehyde 

( 5 mM) . V e rt ical scale , 0 . 1V/div ; horizontal 

scale , 50 ms/div . 

Photograph B 

Burst with Acet aldehyde as the Subst rat e 

The react ion mixture cont ained enzyme ( 1 . 8�M) 

and NAD+ ( 390�M)  mixed with acetaldehyde 

( 1 8�1) . Vert ical scale , 0 . 5V/div ; horiz ontal 

scale , 20 ms/div . 
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s lope o f  2 . 3  x 10+ 5 I'1- 1 s-1 , but at high c oncentrat ions 

r eache s a maximum value ( F ig . 5 . 8  ) .  NAD+ which had not 

b een  purified was f ound to give exact ly the same values as 

the  purified NAD+ . At low NAD+ c oncentrat ions there was a 

not iceable  lag phase in the f luorescence burst , which has 

b e e n  shown by comput er s imulat ion to result from NAD+ 

having t o  b ind t o  the enzyme before the react ion can take 

p l ac e .  

Effect of Propionaldehyde Concent rat ion on the 

Burst 

The effect of m ixing various concent rat ions of 

prop ionaldehyde with a solut ion of aldehyde dehydrogenase 

and saturat ing NAD+ is shown in F ig .  5 . 9 , where the data 

i s  p lotted as  
1/k obs 

against the inverse of  the propionaldehyde c oncentrat ion , 

ko b s be ing the observed rat e constant of t he presteady
st at e  phase . From F ig .  5 . 9  the s lope is 4 . 5  x 10-6 I'-1 s ,  

the half saturat ing concentrat ion of prop ionaldehyde is  

50�M and the transient rate  c onst ant at inf init e sub strat e  

concentrat ion i s  1 1 s-1 , The variat ion o f  the transient 

rat e constant was also studied with deut erat ed propionalde

hyd e  L1-2H7 propionaldehyde ( CH3cH2CDO ) , and result s showed 

a s imilar hyperbolic plot with a c omparable half-saturat ing 

conc entrat ion of 57�M and a rate  c onst ant at infinite 

prop ionaldehyde conc entrat ion of 8 . 3 s-1 • A small kinetic  

isot ope effect of 1 . 3 was observed , however , at much higher 

propionaldehyde concentrat ions ( 1 mM to 20mM ) no isotope 

effe ct was disc ernible . 

Varying concentrat ions of aldehyde dehydrogenase 

( 0 . 47�M t o  3 . 8�M )  when pre incubated with NAD+ ( 337�IvJ)  and 

mix e d  with prop ionaldehyde ( 41 0�l'j ) gave a burst rate c on

stant which was independent of the enzyme c oncentrat ion . 

5 . 3 . 2 . 4  Effect  of pH o n  the Burst 

Using saturat ing concentrat ions of b oth  substrat e s  

( 300!Jl"l )  the burst rat e c onstant was measured in . 05r1 

pyropho sphate buffers of  varying pH . The steady-stat e  rat e 
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FIG. 5 .8 DEPEN DENCE OF OBSERVED BU RST RATE 

CO NSTANT ON N A D +  CONCENTRATION 
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Reaction mixture in stopped-flow apparatus contained NAD+, propionaldeh¥de (4 1 5  JJ M ) ,  
enzyme (3 JJM ) .  The open circles are a replot of  the data at  low NAD concentration, 
where the [NAD+] is  one tenth of that shown on the scale. The slope of this l i ne is 
2.3 x 1 05 M·1 s·1 . 
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c ould also b e  measured at the s ame time by u sing a long 

s we ep t ime , s �nce the instrument had been calibrat ed with 

known conc entrations of NADH . Re sult s in Table 5 .  3 show 

that the burst rat e c onstant increases about 8 fold in the 

range pH 6 . 3  to pH 9 . 8 .  The cat alyt ic-c entre act ivity 

increased only three fold over the same pH range which i s  

c ons ist ent with the steady-state pH dat a .  

When benzaldehyde was u s e d  as a sub strate i n  the 

p lace of prop ionaldehyde ( Tab le 5 . 4 ) the burst . rat e con

s tant was much smaller at low pH but increased with pH , 

t o  approach the value for prop ionaldehyde at pH 9 . 8 .  

Table 5 . 3  Effe ct of pH on the Burst 

R e act ion mixture s cont ained AlDH ( 5 . 2!J.M ) and NAD ( 350!J.fvi ) 

in one syringe , and propionaldehyde ( 280!J.M ) and the approp

r i at e  0 . 05M pyrophosphat e buffer in another 

F inal pH Burst rat e const ant Catalyt ic centre act ivity1 

9 . 8  20 . 5 s-1 - 39s  -1 

9 . 3  15 . 8s -1 . 33s-1 

8 . 3  9 . 9s- 1 . 29s-1 

7 - 3  6 . 2 s-1 . 1 6s- 1 

6 . 3  2 . 6s- 1 . 14s -1 

1 C atalyt ic centre act ivity determined with • 52!J.f1 enzyme . 

T ab le 5 . 4 Effect of pH with Benzaldehyde as substrat e 

A lDH ( 5 . 8!J.M )  and NAD ( 542!J.M) were mixed with Benzaldehyde 

( 2 . 3mM ) in pyropho sphat e buffer of varying pH 

F inal 

9 . 8  

9- 3 

8 . 3  

7 - 3 

6 . 3  

5 . 3 . 2 . 5  NAD+ 

pH 

Analogue s 

Burst rate constant 

1 7 . 5 s-1 

8 . 1  
2 . 8  
2 . 4-

1 . 7  

A burst was dete ct ed us ing propionaldehyde and 

deamino-NAD+ as substrat e s  in the e nzymic react ion . A study , 



FIG. 5.9 DOUBLE RECIPROCAL DEPENDE NCE OF THE OBSERVED BURST 
RATE CONSTANT ON PROPIONALDEHYDE CONCENTRATION 
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The reaction mixture contained premixed enzyme (4.8 �M) and NAD+ (240 I-'M).  The slope of the l ine is 4.54 x 1 0·6 
s· 1 and the concentration of propionaldehyde at one half the maximum rate constant is 50 I-'M. 
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+ s i m i lar t o  F ig .  5 . 8  for  NAD , of the effect of mixing 

varying concentrat ions of prop ionaldehyde with a premixed 

s olut ion of aldehyde dehydrogenase ( 1 �M )  and deamino-NAD+ 

( 95 0 �M )  gave a maximum rat e const ant of 26s-'1 (�6s-1 ) and 

a h alf- saturat ing propionaldehyde concentrat ion of 230�M . 

By premix ing the deamino-NAD+ most of the enzyme will be  in 

a b inary complex with the coenzyme and hence the burst rat e 

constant only depends on the aldehyde b inding and sub s e quent 

s t ep s .  The maximum rat e const ant is about twice that 

o b t a ined for  NAD+ but the half-saturat ing propio
.
naldehyde 

concentrat ion is als o  higher by about four fold .  It 

therefore appears that the de amino-NAD+ do e s  not allow the 

pro p ionaldehyde to  b ind as t ight ly as doe s  NAD+ , but having 

b ound the aldehyde the reaction proceeds faster .  Studies 

with [1 - 2H7 propionaldehyde showed a similar small isotope effect 

( 1 . 3 ) with deamino-NAD+ as the coenzyme , a s  had been found 

f o r  NAD+ , and the st eady-stat e  rate showed no i sotope effect . 

When deamino-NAD+ ( 0 . 6mivJ and 1 . 35rnf'1 ) was mixed with 

a pre incubated solut ion of enzyme ( '1 . 8�M ) and propionaldehyde 

( 0 .  9rnl'-'l ) the observed rate const ant for the burst v1ere 2 .  6s -'1 

d 6 - 1 . an s r e spect lvely . On the basis of re sult s observed 

whe n  enzyme-deamino-NAD+ complex were mixed with the same 

prop ionaldehyde conc entrat ion ( 0 . 9mM )  it would be expected 

that saturat ing concentrat ions of dearnino-NAD+ would produce 

a rate constant of 20s-1 • Th is result app ears to demon

strate that deamino-NAD+ has l e s s  affinity for the enzyme 

t han NAD+ . 

When acetylpyridine adenine dinucleot ide ( 2 . 7mM ) was 

pre incubat ed with ehzyme ( 1 . 0�M ) and mixed with propionalde

hyde there was no observable burst . The react ion e ither 

o c curring within the mixing t ime of the st opped-flow , which 

is extreme ly unlike ly as the react ion of the propionaldehyde 
with the other b inary c omplexe s is slow , o r  there is no 

burst at all .  

5 . 3 . 2 . 6  Inhibit ion o f  the Burst 

A series of comp ounds were test ed for the ir effect 

on the transient rat e const ant . However acetone ( 8 . 6mM ) , 

methylethy lketone ( 6 . 9mM ) ,  methylacetate  ( 6 . 7mM ) , ethyl-
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ace t ate  ( 5 . 7mM) had no effect on the rat e const ant when 
premixed with propionaldehyde ( 90�M)  and m ixed with AlDH 

( 1 . 8 �M )  and NAD+ ( 4 1 3 �fv1 ) . cr. -B romophenylace t ic acid ( 1 . 6rnM )  

s light ly inhib ited the transient rate constant when added 

with unsaturat ing propionaldehyde ( 5 1 �M )  and mixed with 

enzyme ( 3 �M )  and NAD ( 1 80�M)  by reduc ing the observed rate 

c onstant from 6 . 5 s-1  t o  5 . 4s-1 • 

Effect of A c etaldehyde on the Burst 

It was found that when ac etaldehyde was mixed with a 

pre incubated mixture of aldehyde dehydrogenase and NAD+ , a 

hyperbo lic re lat ionship existed between the burst rat e 

c onstant and the acetaldehyde concentrat ion ( F ig .  5 . 1 � 

s im ilar to  that found for prop ionaldehyde . However the 

max imum burst rate c onstant is found to be 23s-1 , which i s  

about doubl e  that f o r  prop ionaldehyde , and the half-saturat 

ing acetaldehyde concentrat ion i s  2 . 3mM , a factor of 50 

t im e s  the value for propionaldehyde . 

When the relat ionship between acet aldehyde and 

8 ,  2 -
2H7 acetaldehyde was studied it was found that at low 

a c e taldehyde concentrat ions ( le s s  than 1 mM)  there was a 

k inet ic i s ot ope 

(� b�k�b s ) 

effect of 2 . 6 ,  which was reduced to unity at saturat ing 

c o ncentrat ions . A double rec iprocal plot of the burst rat e  

c o nstant and acet aldehyde concentrat ions gave the same 

m ax imum rate constant ( 23s-1 ) for each isot ope but the 

half-saturat ing concentrat ions were 2mM and 6 . 5�1 for the 

acetaldehyde and .[f ,  2 - 2H7 ac etaldehyde re spe ct ively . 

5 . 3 . 2 . 8  Other Sub strates  

The  chromophore trans-4-N , N-dimethylaminoc innamalde

hyde , de s cribed by Dunn and Hut chison ( 1 973 ) , has been f ound 

t o  react rapidly with aldehyde dehydrogenase and NAD+ . When 

the trans-4-N ,  N-dimethylaminoc innamaldehyde ( 36�IVJ )  was m ixed 
with enzyme ( 4 . 5�M )  and NAD+ ( 560�M )  there was found to b e  

a decrease i n  ab sorbanc e at 400nm due t o  format ion of the 

a c id with a rat e constant of 8 s-1 which is comparable with 



FIG.  5.1 0  K I N ETIC I SOTOPE EFFECT ON THE 

O BSERVED BURST RATE CONSTANT WITH 
ACETALDEHYDE 
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The reaction mixture contained premixed enzyme ( 1 .8 .. M)  and . NAD+ (390 pM) .  
Results for acetaldehyde are shown as closed circles and deuterated acetaldehyde ( CDJCDO ) 

as open circles. 
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t he nuc le o t ide ab sorbanc e increase at 340nm of '1 3 . 9s- '1 for 

t he same react ion condit ions . It doe s  appear that the same 

s t ep of the react ion sequence was be ing ob served in each 

c as e .  The enzyme also oxidiz ed the chromophore , 

4- ( 2 ' - imidazolylaz o ) benzaldehyde ( prepared by the method 

of B ernhard et al . ( 1 970 ) )  to the corresponding acid with 

an absorbance de crease at 4'1 0nm. The rate constant obt ained 

when the aldehyde ( 6 . 5�M)  was mixed with enzyme and NAD+ 

( concent rat ions as above ) \·Jas about 4s-"� . 

O ther aldehydes which produced a pre steady-st at e 

phase are shown in Table 5 . 5 .  

Table 5 . 5 Various Aldehyde s which Produce a 

Pre steady-St at e  Phase a t  pH 7 . 6  
A ldehyde 

Furfuraldehyde 

F ormaldehyde 

p -Methoxybenzaldehyde 

p-Methylbenzaldehyde 

Benz aldehyde 

p -N itrobenz aldehyde 

Conce ntrat ion 

'1 1  • '1 mJvj 
0 . 39M 
0 . 039!'1 

67�M-'1rnM 
3 . 7mM 

2mi·1-5mi•'J 
50�N-500�M 

5 . 3 . 2 . 9  Burst Amp l itude 

Burst rate constant 

( s-1 ) 
3 . 0  
3 . 0  
3 . 2  
'1 . 0  

2 . 5  
3 . 0 

No ob servable burst 

When the burst amp litudes for the mixing of varlous 

c o ncentrat ions of propionaldehyde ( over the range '17-280�M ) 
with enzyme-NAD+ were plotted accordin� to  equat ion ( 1 3 ) 
it was found that while the error in the amplitudes was 

quit e large the point s appeared to obey the relat ionship 

and a M ichae lis constant of 3 . 2�M was found . This is to  be  

c ompared with the M ichae lis c onstant from the steady-st at e  

o f  '1 . '1 �  indicat ing the value i s  o f  the right orde r .  

However whe n  mM concentrat ions were used the amplitude s  were 
great er than predicted . When acetaldehyde ampl itudes were 
plotted ( acetaldehyde concentrat ion range 90�I"i-20ml'1) the 

low acet aldehyde concentrat ions appeared l inear with a 

M ichae l is c onstant of 52�M , a value which cannot be  compared 

with the st eady-stat e as thos e  lines were nonlinear , 

_ t 



whi l e  at higher conc entrat ions the curved deviat ed to 

higher ampl itude s than predict ed . 

5 . 3 . 2 . 1 0 E sterase A ct ivity 
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Stopped-flow study of the esterase act ivity showed 

a burst with a rat e constant of 10s-1 followed by a slow 

l inear product ion of p-nitrophenolate  with a rat e of 0 . 64�M s-1
• 

The cat alyt ic-centre act ivity of the slow phase . was 0 . 1 5 s-1 • 

The ampl itude of the burst was only 1 0%  of that expected 

for  the enz yme conc e ntrat ion u sed . However the p-nitro-
phenyl acetate may not have b e en saturat ing in which case 

the burst amplitude and rat e c onstant will be le s s  than 

the maximum . 

When p-nitrophenylacet ate  was mixed with 2-mercapto

ethano l there was no burst , only a slow product ion of the 
-1 

p-nitrophenolat e ion of 0 . 01 �M s • It therefore appears 

that the observed e st erase act ivity is  due to  the enzyme , 

and not to  the merc aptoethano l pre sent in the enzyme so lu

t ions , and it is of part icular interest that the observed 

r at e s  of react ion are s imilar to the rates found for 

dehydrogenase act ivity ( even though NADH is not d irectly 

involved in the e st erase react ion) . 

5 . 3 . 2 . 1 1 Protein F luore scenc e 

When a range of NAD+ concentrat ions were m ixed with 

enzyme in  the stopped flow and the prot ein fluore scence 

studied it was found that a p lot of kobs against NAD+ 

concentrat ion was l inear with a slope of 1 . 8 x 105 r'!-1 s-1 

( F ig . 5 . 1 1 ) .  Though protein f luore scence quenching may 

e xh ib it a non-l inear relat ionship with the increase in the 

fract ion o f  coenzyme-b inding sites o c cupied ( H olbrook , 1 972) , 

a c orrect i on not made 

apparent NAD+ b inding 

i s  in c l o s e  agree ment 

in this work , the value for the 

) 
+ 5  -1 � rat e constant ( k1 of 1 .  8 x 10 M s 

with the value of 2 . 3 x 1 0+ 5 Iv'J-1 s-1 

f ound from nuc leot ide f luore scence experiment s .  The int er
c ept ( k_1 ) is of the order of 2s-1 which would give a K ia 
of about 1 1 �!-'i which is  in good agreement with the ste ady-
stat e  re sult . 



FIG.  5.1 1 NAD + ASSOCIATION TO ALDEHYDE 
DEHYDROG E N AS E  FOLLOWED BY PROTEI N 
FLUORESCENCE 
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The reaction mixture consisted of enzyme (2 p M )  and various concentrations of purified 
NAo+. The slope is 1 .8 x 1 05 M· 1 s- 1 . 



On mixing enzyme with NAD+ and prop ionaldehyde the 

prot ein fluor�s c ence change was f ound to be  the same as 

for the m1x1ng of enzyme and NAD+ . That is , the major 
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change was the quenching of prot e in fluore scence on NAD+ 

b inding . \vhen premixed NAD+ ( 1rnM) and enzyme ( 1 .  9f.lrvl) were 

m ixed with propionaldehyde ( 772f..!.M )  an incre ase in pro t e in 

f luorescenc e was observed with a rat e constant about the 

same as that obt ained from nucleot ide fluorescence . A s  

NAD+ quenches t h e  prote in fluore s cence more than NADH , the 

c onvers ion of NAD+ t o  NADH on the enzyme produces an increase 

in t he prot ein f luore scenc e .  

The quenching of prote in fluorescence on b inding of 

NADH ( 641-f.l.'-1 ) to  the enzyme \vas also studied but the trace s  

were not single exponent ials , appe aring b iphas ic with rates  

c onst ant s of  about 14s- 1 and 2 . 5 s-1 • The reason for this 

c ould be two b inding steps and , or , non-l inearity of the 

quenching of pro t e in f luore sc ence  by NADH . 

5 . 3 . 2 . 1 2 Comput er Simulat ions of the Burst 

It was of int ere st t o  determine whether the rat e 

constant s which were used in the model produced a burst 

s im ilar to the experimental result s .  Since the s imul at ed 

mode l , scheme ( 1 ) , is  formed by numerical analy s is not 

invo lving approximat ions ( other than arithmet ical) it i s  a 

good t e st of the derived equat ions . 

Table 5 . 6 Rate Constant s for Scheme ( 1 )  

U sed in Burst Simulat ion 

= 1 1 s-1 

-1 
= 0 . 2s 

= 2 X 105 

Since dist inct valu e s  have not been obtained for k2 and k_2 
the valu e s  are e st imated and although NADH dissociat ion i s  

thought t o  b e  biphasic , for s impl ic ity i t  was c ons idered a s  

one step . 

Only the spec ie s  ENADH and NADH were considered t o  b e  

f luore scent in the s imulat ion , with a f luorescence  rat io o f  
I 



5 . 6  : 1 respect ive ly . 

When the react ion at low NAD+ concentrat ions and 

saturat ing prop ionaldehyde c oncentrat ion was 

s imulat ed it was found that the slope of a plot of k b 0 s 
against NAD+ concentrat ion was the rate const ant for NAD+ 
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b inding used in the simulat ion , showing that it is probable 

that the plot involving the experimental data also produ c e s  

t h e  NAD+ binding rat e const ant , k1 • An int erest ing feature 
of the s imulat ed p lots was that at low conc entrat ions of 

NAD+ a lag phase was pre sent in the burst , a phenomenon 

which was observed in the experimental dat a , suggesting that 

at the s e  concentrat ions build up of  ENAD+ i s  s low.  This 

means that the burst trace c annot b e  extrapo lat ed b ack t o  

t ime z ero a s  this would give an overest imat ion of the burst 

amp l itude . 

N aturally s imulat ion of varying prop ionaldehyde 

c oncentrat ions gave data s imilar t o  the exp erimental dat a  

a s  the s e  were the major experiment s used t o  e st imat e the 

rat e constants . However s imulat ion of a s ingl e  turnover 

experiment was interest ing . The condit ions s imulated were 

premixed enzyme ( 6 . 7f.i.l>1 )  and NAD+ ( 500f.i.I'I ) react ing with 

prop ionaldehyde ( 1 . 1 f.i.I1 ) and the burst trac e produced was an 

expone nt i al increase followed by a decrease , whi ch could be  

rat ionalized in  t erms of  format ion of ENADH and then dis

p lacement of NADH by NAD+ . From the s imulat ion a burst rat e 

constant of 1 . 9s- 1 and de c ay rat e constant of 0 . '18s-1 were 

produce d .  The s e  results may be comp ared with the experi

ment al data under the same condit ions which produced rat e 

constant s of 2 . 1 s-'1 and 0 . 28 s-'1 resp e c t ively , showing 

excellent agreement . 



1 29 

5 . 4  DISCUSSION 

5 . 4 . 1  Displace ment 

There appear t o  be three po s s ible explanat ions of the 

b iphasic nature of  the NADH displac ement . 

( 1 )  Two isozyme s  of aldehyde dehydrogenase are present which 

have different rat e s  of NADH di splacement . 

(2) A s ingle enzyme is  pre sent p o s s e ssing two different 
c las s e s of NADH b inding s ite s , and hence two different 

NADH displacement rat e s . The se s it e s  may be indep endent 

or the displac ement of NADH from one may affect the 

disp lacement from the other . 

( 3 ) All the binding sites on a single enzyme are ident ical , 

but the NADH may be displaced in two steps . A first 

step involving e ither a change in conformat ion of NADH 

in the binding s it e , or a conformat ional change of the 

enzyme-NADH c omplex , which is f o llowed in each case by 

the actual displacement of the NADH . 

The NADH t itrat ions ( Se ct ion 3 )  showed that the binding 

s it e s  of aldehyde dehydrogenase appeared t o  be independent 

and e quivalent over a wide range of NADH concentrat ions . The 

fact that the displacement experiment produced b iphasic plot s , 

under condit ions of enzyme and NADH conc entrat ion similar t o  

tho s e  pertaining to the NADH t itrat ion , means that explana

t ion  ( 2) may be discount ed . F or the same reason , and further

more because of  the inab ility to  produc e any evidence for the 

pre sence of isozyme s ( Se ct ion 4 . 4) , explanat ion ( 1 )  may be 

s im ilarly discounted . Thus on the bas is of experimental 

ob s ervat ions eA�lanat ion ( 3 )  is  the mo st like ly reason for 

the b iphasic decrease in fluorescence in the displacement 

of  NADH from aldehyde dehydrogenase .  

Us ing the mode l proposed in explanat ion ( 3 ) , the 

disp lacement reaction may be repre sented as follows : 

) E + NADH (Mechanism 5 )  

The displacement react ion represented by mechanism 

( 5 )  i s  ident ic al to mechanism ( 1 ) for two consecut ive f irst 

order react ions ( with k_1 
= 0) and will in general be b iphasic 

with me asured first -order decay c onstant s A2 and A 3 ( see 



1 30 

e quat ions ( 1 )  and ( 2) ) .  The amplitudes of the two phases  
will  depend on �he value s of  k1 , k_1 and k2 and on the init ial 

c oncentrat ions of the spec i e s  present . These  ampl itudes for 

various experimental condit ions were obt ained by c omput er 

s imulat ion of me chanism ( 5 ) . The init ial concentrations of 

t he enzyme species were derived by first det ermining the 

t o t al conc entration of enzyme -NADH complexe s and free enzyme 

and NADH from the known dissociation constant and then the 

individual c oncentrat ion valu e s  for E�ADH and ENADH were 
obt ained from the re lative magnitude of the rate constant s 

k1 and k_1 t o  be used in the s imulat ion . The programme 
produced concentrat ions of all the enzyme spe c i e s  and NADH , 

and in addit ion suppl ied a graphical represent at ion of the 

l ogarithm of the change in f luorescence with t ime ( the change 

o f  the sum of the concentrat ions of E�ADH and ENADH ) which 

showed the amplitude s of the fast and slow proc e s se s .  

Sinc e the replot of the NADH t it rat ion curves is  

l inear ( Se ct ion 3 )  t hen the cons ist ency o f  the NADH t itrat ion 

d at a  with me chanism ( 5 )  require s that e ither 

( a) One of the enzyme-NADH complexe s is pre sent in neglig

i b ly small concentrat ions throughout the NADH t itration , or 

( b ) Only two of the three fluoresc ing spe c ie s  pre sent 

( E�ADH ENADH ' NADH ) have different fluore scence propert ies . 
' 
Considering explanat ion ( a) , if the ENADH c omp lex i s  

p re sent i n  much larger concentrations than E�ADH at equilibrium , 

then , as may have been  expect ed , and confirmed by comput er 

s imulat ion , only a s ingle pro c e s s  is  obs erved , with a charac

t eristic decay constant equal to k2 , the rat e constant for 

NADH re lease . On the other hand , if E�ADH is the complex 

pre sent in much larger concent rat ions at equilibrium then 

k_1 must be larger than k1 • A s  shown by equat ion ( 3 ) the 
sum of the decay constant s , which is  about 1 . 2s-1 ( 0 . 22 + 0 . 85 ), 

should be the sum of the individual rat e constant s and hence 
-1 the  maximum pos s ib l e  value for k_1 would be  about 1 . 2s 

while k1 and k2 would have t o  b e  much smaller ( of the order 
o f  0 . 1 s-1 ) .  However when such small k1 and k2 value s are 

u s e d  the c al culat ed decay const ant for the slow process , 
A 3 , is much smaller than the experiment ally observed value . 

F o r  smaller values of k_1 , k1 must be made corre sponding 

smaller and although larger k2 value s may now be used , 



'1 3 1 

e quat ions ( 3 )  and (4 )  must still be  sat isfied with respect 

to  the experime�t ally observed dec ay constant s ( t hat is 

A2 + A 3 is  about 1 . 2 and A 2 • A3 is about 0 . 1 9) . It will 

be apprec iat ed that when k2 is large , say of the order . 9s- '1 

then k1 must be of the order of . 2s-'1 ( t o  sat isfy equat ion 

( 4) ) which means that k_1 is small ( t o  sat isfy equat ion ( 3 ) ) 

and hence E�ADH is no longer the major species . It is 
therefore not pos sible  to cho o se paramet ers that s imult aneously 

meet the thermodynamic requirement that the equil �brium 

concentrat ion of E�ADH is much great er than ENADH and which 
also  give reasonable estimat e s  of the experimental de cay 

constant s , A2 and A 3 • 

Thus , no matter whether E�ADH or ENADH is  as sumed t o  

be the comp lex present in very small amount s ,  explanat ion ( a) 

doe s  not accommodat e the experimental observat ions . 

Exp lanat ion ( b ) allows the possib ility that e ither 
( i )  ENADH and NADH 

or ( ii)  * ENADH and NADH 
or ( iii)  E�ADH and ENADH 
have virtually the same fluore scence propert ie s .  With respect  

t o  t he NADH t itrat ion , the dissoc iat ion const ant derived for 

a c onsecut ive proce ss  would be : 
/E/LNADH7 

KD 
= 

/E�ADH-7 + LENADH-7 
The change in fluore scence , � F , between the sample and the 

b l ank in the t itrat ion would then be proport ional in 

case ( i ) t o  LE�ADH-7 
c ase ( ii )  t o  LENADH-7 
case ( iii ) t o  L(E:ADH + ENADHl7 
The s e  three different c ases would all give an apparent single 
t it rat ion curve . Since the de cay constant s of mechanism ( '1 )  
for consecutive react ions are not dependent on the spe c ie s  

be ing observed ( equat ions ( 1 )  and ( 2 ) )  then the three p o s s i

b i l it ie s  c ould not b e  dist inguished by decay c onstant s alone . 
However , the amplitude and the s ign of the decay doe s  depend 

on the observed spec ies  and so  amplitude studies , involving 
comput er s imulat ion , may be used to dist inguish the three 

case s .  
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When s imulat ions were carried out over the widest  

po s s ib l e  allowable  range o f  the paramet ers k1 , k_1 and k2 
c ons ist ent with the rat e c onstant s f ound from the experiment s , 

it is  f ound that the de cay of E�ADH ' that is  case ( i) , 
proceeds as a s ingle exponent ial or else disp lays a pronounced 

lag phase . Both types of  b ehaviour are incons ist ent with 

the b iphas ic trace s  found exp eriment ally . 

From the se same simulat ions it was found that f o r  

suit abl e  cho i c e s  of the parameters k1 , k_1 and k2 the de cay 
of ENADH with t ime , case ( ii ) , gave b iphas ic p l ot s , with 

rat e c onstant s and relat ive amplitudes which agree we ll  with 

the exp erimental displacement dat a .  However ,  when as s o ciation 

experiment s  were simulated it was found that the concentra
t ion o f  ENADH pas sed through a maximum . As  c an be  seen from 

F ig . 5 . 5  the f luorescence actually increased throuEhout the 

associat ion reac t ion and hence on the bas is of these simu

lat ions c ase ( ii )  may also be exc luded . 

Att empt s were then made to  obtain the b e st estimat e s  
o f  k1 , k_1 and k2 , assuming case ( iii)  in which E�ADH and 
ENADH have the s ame fluore scence enhancement relat ive t o  free 

NADH . F irst ly the relat ive value s of  k1 , k_1 and k2 were 

systemat ically varied to find those value s for which the 

c alculat e d  decay const ant s ( e quat ions l 1 ) and ( 2) )  a�re ed 

within experiment al error to  t he experiment ally det ermined 

rat e  constant s f o r  the displac ement reaction ( 0 . 85s-1 and 

0 . 22s-1 ) .  The se value s were then used in comput er simul a

t ions t o  det ermine the relative ampl itudes of the fast and 

s low pro c esses  and compare the se with the experiment al 

amplitude s to  further restrict the p o s s ibilit ie s . 

It was f ound that the following c omb inat ron of rate 

c onstant s produced the best f it t o  the data : 

0 . 2 ' 
0 . 05 ---0�·�8--�) E + NADH 

in which the c oncentrat ion o f  the spe c ie s , ENADH ' is re la

t ively high and the fast proc e ss can be  visual ised in t erms 

o f  the dissociat ion o f  NADH f rom this specie s , while the 
s ignificant step in the slower  pro c e s s  is interco nversion o f  

e nzyme-NADH comp lexe s .  Obvio u s ly there is  some !att itude 
in the values  of the rat e const ants owing to experimental 
error in the original experimental data and to a cert ain 
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amount o f  insens it ivity t o  small changes in the value s .  

The apparent d issoc iat ion constant for NADH may be 
. 

expre ssed in t erms of the rat e const ant for the individual 

step s :  

1 
k_1

) 
+ ---

k1 

Since values  for KD ( 1 . 2�M , from Section 3 ) , k1 , k_1 and 
k2 have been derived , an est imat e of the rate  constant k_2 , 

the binding of NADH t o  the enzyme , may be calculat e d .  This 

value is found to be 5 x 105 M- 1 s-1 • It is  int ere st ing t o  

u s e  the se value s to  predict the rat e constant s f o r  the 

c oncentrat ion jump exp eriment . The calculated c onstant s for 

the report ed experiment ( see result s )  are 2 . 6s-1 and 0 . 24s-1 

whi ch are in f airly good agreement with the experiment al 

values of 3 s-1 and 0 . 7s-1 • 

In c ons idering the assoc iat ion experiment s it is found 

that one of the decay c onstant s is  dependent on NADH while 

the other is independent (F ig . 5 . 6 ) .  This is consistent 

with the postulate  of two st ep b inding , since if parallel  

b inding on  different NADH binding sit e s  was occurring both 

the processes  would be dependent on NADH . Us ing the same 

constant s as f or the concentrat ion jump it is p o s s ible t o  

c alculate the de cay c onstants expected for the two pro c e s se s . 

Under the same condit ions as F ig .  5 . 6 , at 10�M NADH the 

t wo processe s would be 5 . 8s-1 and 0 . 25 s-1 while at 20�M NADH 

they would b e  1 0 . 8s-1 and 0 . 25 s-1 • It will be not ed that 

qua litat ively the dec ay const ant s give results in good agree

ment with the experiment al dat a , that is a fast NADH 

dep endent pro c e s s  and a slow NADH independent proce s s .  The 

calculated results  show a lower value for the slow pro c e s s  

and a greater  NADH dependence f o r  the fast proc ess , however , 

the experimental errors are very large , as demonstrat ed by 

the scatter in the p o int s of F ig . 5 . 6 . The assoc iat ion 

dat a is then in general agreement with the disp lacement data 

but diff iculty in det ermining accurate associat ion decay 

constant s means that the data doe s  not s ignificant ly aid the 
ref inement of the rate c onstant s . 

The insens it ivity of the observed displacement rate 
c onstant s for aldehyde dehydrogenase to changes in displac ing 
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agent show that t h e  rat e c onstant s are truely associated 

with the release of NADH . The only except ion was 3-pyridine-
+ . 

aldehyde-NAD which was int erest ing as it was found that 

this coenzyme analogue did not act as a co enzyme with 

prop ionaldehyde in the steady-st at e react ion , but rather ,  

act ed as an aldehyde substrat e with NAD+ . This analogue may 

not then be  expe cted to act as a suitable displac ing agent . 

In c ontrast to  NADH , when de amino-NADH was displaced from 

the enzyme only a s ingle phase proce s s  was ob served at a 

rat e similar to  the slow pro c e ss of NADH . This lack of a 

sec ond phase could be  int erpreted in s everal ways . There 

may be an absence of the fact or produc ing the addit ional 

phase in NADH displacement or the extremely unlikely p o ss i

b il ity that the pro cess  is too  fast t o  be observed ( requiring 

a very large increase over the NADH rat e ) . However , from 

the work on computer  simulat i ons to  det ermine amplitude s o f  

b iphasic displacement proce sse s it is  found that i f  the rate 

c onstant for the int erconvers ion of enzyme complexe s , k1 , i s  

e qual t o  o r  great er than, k2 , the rate constant o f  the dis s o c i

ation step , then only a singl e  phase will  be  observed .  So 

this addit ional poss ibility for the observat ion of a singl e  

pro c e s s  should be considered . 

The effect of pH on the displacement of NADH was shown 

t o  b e  negl igible and that ne ither the fast nor the slow rate 

constant appeared to  be  dependent on pH . The asso ciat ion 

exp eriment also showed no variat ion in the rat e s  with pH . 

This would argue against the postulat ion of a proton release 

st ep as one o f  the t wo proc e s s e s , as has been suggested for 

malate dehydrogenase ( Cz erlinski and Schre ck , 1 964b ) . 

Perhaps the mo st signif icant aspect of the NADH 

d i sp lacement is the f act that the slow phase of 0 . 22s-1 is 

so  s imilar to the cat alytic-centre act ivity found for prop

ionaldehyde and acetaldehyde in the steady-stat e  of 0 . 25 s-1 

and 0 . 27s-1 re spect ively at very high aldehyde concentrat ions 

( Se c t ion 4) . It is even close  to  the catalyt ic centre act ivity 

f o r  the linear port ion of the Lineweaver-Burk plot of 0 . 08s- 1 • 

This relat ion t o  the c atalyt ic-centre act ivity demonstrate s  

that the displacement of NADH contribute s  signif icant ly t o  

the l imitation o f  the enzyme cat alyt ic velocity . Further 

c onfirmation of this re lat ionship has been pre sent ed by 
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Eckfeldt and Y onetani ( 1 976) who ob s erved that horse l iver 

aldehyde dehyd�og enase p o s s e s sed an NADH d i sp lacement rate 

of 0 . 7s-1 , a value close t o  the c atalyt ic-c entre act ivity 

of 0 . 3 s-1 , for ac etaldehyde . Eckfe ldt and Yonetani ( 1 976) 

have only report e d  a s ingle phase displacement of NADH , 

however the study was followed in absorbance  where the changes  

are small so any biphasic nature may not have been apparent . 

S ince a t wo st ep proce s s  on NADH displacement has been 

observed for both sheep l iver aldehyde dehydro ge�ase and 

horse l iver alcoho l dehydrogenase ,  a two step displacement , 

and perhaps  assoc iat ion of NADH may be  a more common feature 

of dehydrogenase s  than has been suspected . C z erlinski and 

Schreck ( 1 964a) showed that NADH b inds to rabb it muscle M4 
lactat e  dehydrogenase in two dist inct steps . A two phase 

proce s s  was also f ound by the same authors for malate dehy

drogenase , which was rat ionalized in t erms of a s low b inding 

of NADH t o  the enzyme followed by protonat ion of the b inary 

complex ( Cz erlinski and Schre ck , 1 964b ) . Gerac i and Gibson 

( 1 967) refuted the postulat ion of Theorell et al . ( 1 967 ) 

that NADH assoc iat ion to alcoho l  dehydrogenase was a two step 

process , sugge st ing that the lag phase observed was a mixing 

art ifact . Certainly the re sult s for aldehyde dehydrogenase 

exhibit no lag phase , but rather a fast pro c e s s  followed by 

a slower proce ss . W h i l e  �c p�cv �uus Dlphas ic displacement 

data has been report ed for horse liver alcoho l dehydrogenase , 

t he pre sence of a conformat ional change , or some s imilar 

s tep has oft en b e en postulat ed to explain the difference 

b etween the cat alyt ic-centre act ivity and the NADH dissoc iat ion 
rat e .  This ' st ep ' i s  reputed t o  have a rat e c onstant o f  

1 1 s-1 ( Shore and Gutfreund , 1 970) . This st ep c ou ld be  

r elat ed t o  the faster  pro c e s s  in  the b iphas ic NADH displac e 

ment from alcoho l dehydrogenase  reported in t h i s  work. 

A s  a ldehyde dehydrogenase and alcohol dehydrogenase 

exhibit two step b inding of NADH and X-ray crystallographic 

studies have shown striking s imilarit ies  among the coenzyme 

b inding domains of dehydrogenases  (Ohlsson et a l . , 1 974) it 

i s  possible  that this is a general feature of dehydrogenases 

but the ob servat ion o f  the phenomenon may be obscured by the 

relative s iz e s  of the rate constant s of the two proce s se s .  
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5 . 4 . 2 Burst 

The observat ion of a burst in the kinetics  of alde

hyde dehydrogenase indicat e s  that the first appearanc e of 

enzyme-int ermediat es containing NADH occurs before the rat e 

det ermining step in the enzymic react ion . This is  cons is

t ent with the disp lacement experiment s which indicate that 

NADH re lease contribut es significant ly to  the l imiting 

step . The pre steady- stat e burst rat e const ant of 1 1 s- 1 for 

aldehyde dehydrogenase act ing on NAD+ and prop ionaldehyde 

has been observed in ab sorbanc e ,  nuc leot ide fluore scence  

and prot e in fluorescenc e .  The  lack of  a signif icant isotope 

effect ( greater than 1 . 4)  on the burst rat e c onstant when 

u sing {1 - 2H7 prop ionaldehyde in place of prop ionaldehyde 

demonstrat ed that the hydride transfer cannot c ontribut e 

s ignificant ly to the burst , therefore the dat a has been 

examined in terms of the follo wing react ion sequence : 

slow � E displacemen 

( scheme 1 )  
+ 

where it is  assumed that E��� and E���� are rap idly int er-
c onvert ed and the conc entrat ion of 

ENADH 
A c id 

is low so that no burst due t o  this complex is  seen.  The 

comp lex + 
ENAD 

A ld 

in the scheme could be  replac ed by 

ENADH 
A c id 

if the concentrat ions of ENADH 
A c id 

was small and 

was not signif icant . 

The pre sence of three kinetic intermediat e s  in 

s cheme ( 1 )  would be expected t o  give a triphas ic exponent ial 
rise  to  the st eady st at e  (Maguire et al . , 1 974) . However , 
as  only a s ingle exponential was observed this indicat e s  

t hat two of t h e  steps i n  the above scheme were too  fast 
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and , or , of t o o  small an amplitude to be observed . It is 

re c o gnized that the mechanism repre sent s an oversimp l if i

cat ion and that other st eps could have been inc luded . 
However , the inclusion of addit ional steps would have made 

the interpret at ion of the result s very diff icult . These 

l im it at ions must be recogniz ed when confront ing data which 

is inconsistent with the propo sed mechanism . 

From F ig .  5 . 8  the rat e constant for the NAD+ b inding , 
k1 , is  2 . 3 x 1 05 M-1 s -1 which agre e s  \>Jell with the value 

obt ained from prot e in fluorescenc e of 1 . 8  x 1 05 M-1 s-1 • From 

the dissociat ion constant found in the steady-state ( Sect ion 

4) K ia = 8f.l!'1 , then the dissociation rate c onstant , k_1 , can 

be calculated as 1 . 6s-1 which is s imilar to  the int ercept 

of F ig .  5 . 1 1 , where kobs = k1LNAD+7 + k_1 • The same inter

cept is  not found from F ig .  5 . 8 , for nucleot ide f luore scenc e 

b e c ause  the enzyme and enzyme-NAD+ b inary complex are not 

nec e ssarily in e quil ibrium , as is the case in the prot e in 

fluore s cenc e exp eriment . A value for k1 derived from the 

steady-state analysis ( Section 4) was 5 x 1 04 rJJ-1 s-1 which 

is  l ower than that found by stopped-flow experiment s .  However , 

if the kcat value obt ained at very high prop ionaldehyde 

conc entrat ions is used in est imat ing k1 , a value of 
1 . 2 x 1 05 [vi-1 s-1 is obt ained , which is in much betteT' ae;:re e 
me nt . The quenching o f  prot ein fluorescenc e b y  NAD+ 

sugg e st s  the p o s sibility of a conformational change on 

b inding ( see Sect ion 3 ) . A s  has been sugg e sted for lactat e  

dehydrogenase (Everse e t  al . ,  1 972 ) ,  such a conformat ional 

change may be a prerequisit e  for the binding of aldehyde s  

and thu s  may be a n  exp lanat ion for the compul sory order of 

b inding in aldehyde dehydro genase . 

In cons idering the relat ive rat e of b inding of alde
hyde t o  the enzyme-NAD+ comp lex compared to the burst rate there 

are three possib l e  hypothes e s : ( 1 )  addit ion of aldehyde is 

much s lower than the following step ( k2lAld7 much le s s  than 

k3 ) ;  ( 2 ) addition of aldehyde is  comparable t o  the following 

step ( k2LAld7 = k3 ) ;  ( 3 )  addit ion of aldehyde is much 
faster than the following step ( k2/rld7 much great er than 
k3 ) .  If  the first hypothe s is was true the relat ionship 

b etween the observed burst rate  constant and the aldehyde 

concent ration would be linear and even if at high conc entra

t ions hypothe s is ( 2 ) was approached the relat ionship would 
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b iphasic plot would result , unless k_2 was much larger 
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than k2LAld7 i n  which case probably only a s ingle phase 

would be observe d , since the other phase would be very f ast 

and the amplitude small ( e quat ion ( 3 ) ) . A l so t o  reach a 

maximum burst at high aldehyde conc entrat ions k2/Ald7 would 

become large and hypothe sis  ( 2 ) may no longer apply . The 

third hypothesis predicts a double reciproc al re lationship 

between kobs and the aldehyde concentratio n  ( equat ion ( 1 1 ) ) , 

a re lat ionship shown by the experimental data . It would 

therefore appear that the rat e det ermining step in the 

burst react ion s equence is k3 ( which of course is  a comp o s ite  
rat e c o nstant ) . F itt ing the data us ing equat ion ( 1 1 )  a 

-1 value o f  k3 equal to 1 1 s  is  obtained from the intercept 

and 

k = ( slope ) k2 - k3 ' 
-2 intercept 

that is k_2 = ( 50 x 10-6) k2 - 1 1 . A lthough individual valu e s  

for k2 and k_2 cannot be obtained , t h e  smalle st valu e s  the 

rat e constants may have are 2 . 2 x 105 fvl-1 s -1 and 0 .  Os -1 for 

k2 and k_2 respect ively and the highest values  would be  

related t o  a diffusion contro lled rat e for k2 • In comparing 

the dat a with the steady-st at e predict ions of the same 

mechanism in whi c �  

Km (prop ionaldehyde ) 

( derived by method of  King and Altman ( 1 956 )  and C le land 

( 1 963 ) ) , it is found that o n  substituting the value s for k3 
and ( k3 + k_2 ) . ( k2 ) -1 , a value for k4 of 0 . 24s-1 is derived .  

This value is similar t o  the s low NADH displacement rat e 

c onstant and the c atalyt ic-centre act ivity , hence the pre

steady-s t ate  and st eady-stat e data appear to  be c onsist ent . 

F rom  the pre steady-stat e  behaviour of propionaldehyde 

and NAD+ some of the rat e constant s of scheme ( 1 )  may be  

e st imat e d .  

k1 2 X 1 05 -1 -1 = �1 s 

k_1 
= 1 . 6s-1 

k_ 2 
= ( 50 X 1 0-6) • k2 - 1 1  

k3 
= 1 1 s-1 
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While abs o lut e values for the prop ionaldehyde b inding and 

dis soc iat ion r.at e c onstant s ( k2 and k_2 ) are not known , the 

relationship b etween k2 and k_2 is known . As the react ion 

of aldehyde dehydrogenase is irreversib le , pre steady-stat e  

studies i n  the reverse direct ion cannot b e  undertaken t o  

help eluc idat e further step s in the mechanism . 

The kobs pH prof ile showed that the step involved 

in the burst was pH dependent with the greatest  rate  con

stant s o ccurring at high pH ' s ,  a trend that was . shown even 

more dramatically by benz a l dehyde . E ither the removal of a 

proton is  directly involved in this step or indirect ly 

through the ionizat ion of an adjacent group . 

Studies with enzyme-deamino-NAD+ complexe s and 

varying prop ionaldehyde conc entrat ions showed a maximum 
-1 -6) rat e const ant , k3 , o f  26s and k _2 = ( 230 x 10  • k2 -

C omparison with the re sult s for NAD+ show that k3 , the 

rat e const ant , cannot be the only value to change with 

burst 

26 .  

burst 

variat ion in the coenzyme ( s ince the two express ions cannot 

be  solved in t erms of ident ic al k2 and k_2) .  Hence the 

c oenzyme must in some way be affect ing the rat e of as soc iat ion 

or dissoc iation of a ldehyde from the enzyme-coenzyme complex . 

When acet aldehyde was used as the aldehyde substrate 

in the burst  studies it was found that the maximum burst 

rat e const ant was greater than for propionaldehyde and had 

no kinetic isotope effect . H owever , at lower acetaldehyde 

concentrat ions there was an i sotope effect of 2 . 6 . With 

respect to the me chanism sugge st ed for prop ionaldehyde , 

this would mean that there was no isotope effect on  k3 but 

there was an isotope effect on ( k3 + k_2) . ( k2) -1 , that i s  

k2 and k_2 are affect ed sugge st ing a kinetic isotope eff e ct 
on the assoc iat ion and dis soc iat ion of acetaldehyde from the 

enzyme . Unlike the deuterated propionaldehyde , the deut er

at ed acetaldehyde used in the isotope experiment s was fully 
deuterated ( CD3CDO ) . However any secondary isotop e  eff e c t s  

that this may produce would only account f o r  a kH!kn rat io 

of about 1 . 3  ( Laidler and Bunt ing , 1 973 ) and so c ould not 
produce the observed isotope effect . Similarly the fract ion 

of unhydrated aldehyde in sodium phosphate buffer ( pH 7 . 0 , 

� = 0 . 1 )  at 25° C is 0 . 48 for acet aldehyde and 0 . 40 for 

deuterated acetaldehyde (Eckf e ldt and Yonetani , 1 976) and 
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s ince the unhydrated aldehyde is the probab le substrat e  

( Bodley and Bl�ir , 1 97 1 ) an apparent kH;kD rat io o f  1 . 2 

would re sult which also cannot explain the observed re sult . 

It is p o s s ible that some sort of covalent b inding of 

the aldehyde on att achment to the enzyme is  occurring or 

removal of the hydride ion may have already proceeded to 

some ext ent in the Michaelis c omplex . 

W ith regard t o  the mechanism in scheme ( 1 )  it is  

p o s s ib le that the hydride transfer step is  invo lved in the 

steps  de signat ed k2 and k_2 , a sugge st ion which did not need 

to be  considered in the case of propionaldehyde s ince there 

was no significant isotope effect on any of the st eps and 

hence it was not p o s s ible to  know with which step the 

hydride transfer rat e was associated . For acetaldehyde it 

is  p o ssible that aldehyde binding and transfer of the hydride 

o ccurs in a concert ed s e quence so that the react ion quickly 

proc eeds to E���� - The observed burst rat e is the same no 

mat t er whether it is followed in absorbance ,  nucleot ide 

f l  t . f l  I f  ENADH 
. ' d uore scence  or pro e 1n uore scence . A c id 1s  regarae 

as a s ignif icant intermediat e and yet doe s  not produce an 

obs erved spectral change then e ither the intermediat e has 

no abs orbance or fluoresc ence properties , or the amplitude 

of these change s  are so small as not to be observed . It  

seems unlike ly that an int ermediate containing such a 

strongly absorb ing , fluoresc ing and protein f luorescenc e  

quenching group a s  NADH does not show any of these charact

erist ics , so it is probably more likely that the int ermediat e 

doe s  ab sorb and f luoresce . 

If this i s  the case then such a comp lex would b e  

observed unles s  its concentrat ion was very small , that i s  

k_2 was very l arge . However , from the prop o sed mechanism 

we have a re strict ion f�om _:he dat a that k_2 = ( 2 . 3  x 1 0-3 ) k2 - 23 
which requires  that k2LA 1£/ be gre ater than k_2 
except at low c oncentrat ions of aldehyde , producing .a 

signif icant conc entrat ion of E���� and hence a b iphasic  

trac e would be expected with the c ontribut ion of the faster 

phase becoming greater as  the aldehyde concentrat ion 

increased.  This means that even if the fast phase was 

comp leted in the mixing t ime of the instrument the ampl itude 

of t he s lower phase should decrease with incre asing aldehyde 
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c oncentrat ion ( se e  equat ion ( 7 )  ) • From this discussion it 

doe s  not seem p o ssible to explain the isotope effect at low 

aldehyde concent rat ions in terms of a f luorescent E���� 
spe c i e s  and it would seem unlikely , but pos sible , that 

Ef��� i s  not fluorescent suggest ing that the s cheme would 

have t o  contain addit ional steps in order to exp lain the 

isotope effect . However , it is not obvious whether additional 

steps would be able to  accommodat e both the isotope effect 

and the other ob served results , that is a s ingle. exponent ial 

burst and the hyp erbolic aldehyde dependenc e . Some method 
of  observing single trans ient int ermediat e s , for instance 

study of proton release ( Shore et al . , 1 974) or blocking of 

segment s of the p athway by inhibitors , if p o s s ible , would 

elicit more informat ion. 

R ecent ly E ckfe ldt and Yonet ani ( 1 976)  studied the 

pre steady-state kinetics of  horse l iver aldehyde dehydro 

genase with acetaldehyde by following the burst at 350nm 

ut iliz ing a small change in ab sorbanc e between free and 

bound NADH , similar to that f ound for sheep l iver aldehyde 

dehydro genase ( Se ct ion 3 ) . They found a kinetic isotope 

effect with acet aldehyde and deut erat ed acetaldehyde 

( CH3CDO ) and because of the l ow value , 2 . 8 , 

concluded that k3 was a hydride transfer step , 

and that k_2 was of the same order of magnitn.de as k3 • 
However , from a double rec iprocal plot of kobs and aldehyde 

concent rat ion the isotope e f fect on k3 was found to be  

1 . 9  + 1 . 5 while t he isotope e ffect on the slope , which i s  

C k3 ; k_2 ) . ( k3k2 ) -1 , was 2 . 8  � 0 . 1 .  While the se re sult s 

were int erpret ed in terms o f  k3 being the hydride transf e r  

step t h e  f act that the isotope effect onthe isolated hydride 

transfer step , k3 , is much l e s s  than on the more comp lex 

s lope t erm except at the very high end of the k3 error 

scale when in fact it should be much greater as it was 

stat ed that k3 and k_2 were o f  the same magnitude and b ecause 

the magnitude of the isotope effect is  much less than the 
ratio o f  about 7 expected if  k3 was s olely the hydride 

t ransfer step sugge st that the interpretat ion may not b e  

c orrect . The same re sult s wou ld better fit the s ituat ion 

f ound for sheep l iver aldehyde dehydrogenase where the hydride 

transf er step is not observed directly but aff e c t s  the s t ep s  
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de s ignated k2 and k_2 in s cheme ( 1 ) . This agree s  with the 

thought that cpemical steps in cat alysis are usually not 

the major rate det ermining one s ( C leland , 1 975 ) and in fact 

alc ohol dehydrogenase is one of the few dehydrogenases  t o  

show a n  isotop e  effect ( 6 . 0 ) in the burst ( Shore and 

Gutfreund , 1 972 ) .  

It is int ere st ing that a similar maximum burst rate 

const ant with acetaldehyde for the enzyme from horse liver 

and she ep liver is found ( 33s-1 and 23s-1 resp ect ively) and 

the apparent s imilarity of enzyme act ion may we ll be ext ended 

to  other specie s . 

At this p o int it is worthwhile to c ons ider the 

esterase result s .  p-Nitrophenylacetate b inds to the enzyme 

( acylat ion of the nitrophenyl ester)  and then hydrolys i s  

produ c e s  the chromophore , p -nitrophenolat e ion , and an 

acetyl-enzyme complex which then proceeds by deacylat ion to 

form acetate  and free enzyme . The burst observed indicat e s  

that the acetyl- enzyme complex i s  quickly formed and the 

rat e determining step is the deacylat ion , which is in 

contrast to the result s of Fe ldman and Vle iner ( 1 972b )  who 

from s t eady-stat e comparison with dehydrogenase act ivity 

sugge s t ed that the acylat ion was rat e limit ing . The int erest 

in the acetyl-enzyme comp le x  is due t o  the fact that when 

NADH is  bound t o  the c omplex as we ll  it should resemble the 

acetyl int ermediat e  from the dehydrogenase reaction with 

acetaldehyde and hence the deacylat ion rat e s  should be the 

same f or both the e st erase and the dehydrogenase react ions . 

It is therefore interest ing that the catalyt ic-centre 

act ivity for the e sterase react ion is about 0 . 1 5 s-1 s ince a 

step of the same order of magnitude as the NADH dissociat ion 

st ep is required to exp lain the different c at alyt ic-centre 

act ivit ies  for various aldehydes in the dehydro genase 

react ion . This  step may be the deacylat ion step . 

In comparing the st eady-stat e  results with the pre

st eady-state re sult s the mos t  interest ing is the behaviour 

of the burst at aldehyde concentrat ions which g ive the 

apparent substrat e act ivat ion in the steady-stat e .  Analy s i s  

o f  the burst rate c onst ant s show no deviat ions from the 

exp e ct e d  behaviour for propionaldehyde and the same is  true 

for ace t aldehyde ( F ig .  5 . 9 and F ig . 5 . 10 )  over wide 
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concent rat ion ranges  so  the steady- stat e  effect does not 
reflect  it self in the burst rat e c onstant , as it may have 

been exp e cted t o . However , when the amplitudes of the burst 

are analysed it is found that at high aldehyde concentrat ions 

the ampl itude is  greater than would be predicted and it is 

p o s s ib l e  that this  behaviour may be associated with the 

non-linear st eady-state . It would appear from the value s 

for the NADH displacement from the enzyme , of  . 22s-1 , that 

this st ep is sole ly rat e det ermining at high aldehyde 

c oncentrat ions ( fo r  both prop ionaldehyde and acetaldehyde , 

see  sect ion 4) and at lower c oncentrat ions some addit ional 

step has a signif icant effect on the overall rat e of 

react ion . Eckfe ldt and Y onet ani ( 1 976) also p o stulat ed such 

a step , for horse liver aldehyde dehydro genase , t o  exp lain 

t he diff erence betwe en NADH dissoc iat ion rate and the 

c atalyt ic-centre act ivity.  This addit ional st ep must b e  

aft er t h e  burst producing step , which i s  over 5 s-1  at 50�� 

propionaldehyde , but before the NADH dissoc iat ion step . 

The step may we ll  be  deacylat ion , as sugge sted from the 

e sterase react ion . 

In  summary it has been shown that s cheme ( 1 )  is a good 

approximat ion t o  the kinet ic behaviour in the pre steady

state us ing NAD+ and propionaldehyde as  sub strate s  but that 

it do es not explain s ome fac e t s  of the steady-state 

behaviour . However for acetaldehyde even the burst kinetics  

c annot b e  explained fully by s cheme ( 1 )  and a more comp lex 

mechanism has to  be c onsidered . 



SECTION 6 

COMPARISON OF MITOCHONDR IAL AND CYTOPLASMIC 

ALDEHYDE DEHYDROGENASES 

6 . 1  INTRODUCTION 

144 

While it has been generally recognized that aldehyde 

dehydrogenase is the maj or enzyme in the oxidat i�n of acetal

dehyde produced from the met ab olism of ethanol ( R ichert and 

W e sterfie ld , 1 95 7 )  there has been some confusion in the 

l it erature over the localizat ion of the enzyme act ivity . The 

most extensive ly studied aldehyde dehydrogenase has been 

t hat from rat l ive r .  Dietrich ( 1 966) reported t hat 8�6 of 

t he tot al l iver aldehyde oxidiz ing capacity was locat ed in 

the cytoplasm , however , Tot tmar et al . ( 1 973 ) f ound aldehyde 

dehydrogenase act ivity in the mito chondria and the microsomes 

but virtually none in the cyt oplasm . This act ivity was 

attribut ed t o  a s ingle enzyme exist ing sole ly in the mito

chondria and another distributed between the mitochondria 

and the microsome s .  The se f indings were support e d  by H orton 

and Barret t  ( 1 975 ) who found a s imilar enzyme distribut ion , 

80% in the mitochondria and 20% in the microsome s .  However 

M ar j anen ( 1 972 ) reported that 80% of the t otal enzyme act ivity 

found was in the mitochondrial fract ion , 20% in the cyt o 

p lasm , but no act ivity was ob served in the micro some s .  While 

much of this inf ormat ion is  cont radictory and may depend on 

the effic iency of the cellular fract ionation pro c edures ,  it 

would appe ar that for rat liver aldehyde dehydrogenase mo st 

of the enzyme act ivity is found in the mitochondria . This 

view is  supported by the in vivo studie s of Eriksson et a l . 

( 1 975 ) . 

In this laboratory a study of the intrace l lular 

l o c alizat ion of she ep liver aldehyde dehydrogena s e  has been 

c arried out and it was observed that 37% of the enzyme 

act ivity was in the cytoplasm , 34% in the mitochondria ,  1 0% 

in the microsome s and 1 9%  in the 500 x g  centrifuge sediment , 

which consi st e d  of who le cells  and nuclei  ( Crow e t  al . , 

1 974) . Enzymes of known sub c e l lular distribut ion were used 

as  markers t o  det ect  any pos s ib l e  cro s s-contaminat ion o f  the 
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sub c e l lular fract ions . The enzymes from b oth the cyt op lasmic 

and mitochondrial fract ions have been purif ied and their 

propert ies inve st igat ed .  The most s ignificant difference 

in kinet ic propert ie s between the two enzymes was the 

difference in the l'vlichaelis c onstant for NAD+ at pH 9 .  3 using 

acetaldehyde as a substrate , Km ' s of 1 2f..LM and 77!J.r.1 be ing 

obs erved for the cyt oplasmic and mit ochondrial enzyme s 

respectively . A s  found for aldehyde dehydrogenase from other 

sourc es ( l'vlaxwell , 1 962 ) the sheep l iver enzyme s v.1ere both 

aff e cted by steroidal hormone s , however , while progesterone 

lowered the activity and diethylst ilbestro l  raised it in both 

case s  the quant itat ive effect was much great er for the cyt o 

p l a smic enzym e . Differences in sub strate specific ity bet ween 

the cytoplasmic and mitochondrial enzyme s were also observed . 

K it son ( 1 975 ) showed that the cytoplasmic enzyme was much 

more sensit ive to the thiol reagent disulf iram than the mito

chondrial enzyme in that 0 . 01mM disulfiram reduced the init ial 

act ivity of the former to 5% of the control while the latter 

was only reduced to  96% . Similar differences  in sensit ivity 

to d isulfiram have been shown by the horse l iver aldehyde 

dehydrogenase isozyme s  F 1 and F2 , which are of cytoplasmic 

and mitochondrial origin respect ively (Eckfeldt et al . ,  

1 97 6 ) . Although some of the kinet ic propert ies of the t wo 

sheep liver enzymes were different , the physical propert ie s 

were very similar . The molecular we ight s were almost 

ident ical , as det ermined by gel f i ltrat ion ( 21 2 , 000 and 

205 , 000 for the cytoplasmic and m it ochondrial enzymes  

respectively) and the  subunit mol e cular we ight s as  det ermined 

by s odium dodecylsulphat e-polyacryl amide ge l electrophor e s i s  

were 5 3 , 100 � 2 , 000 i n  e ach case ( Crow , 1 975) . 

To aid in the understanding of the funct ion of the 

two s imilar but dist inct enzyme s in separat e intrace l lu l ar 

c ompartment s , it \vas  of interest t o  compare more of the 

kinet ic propert i e s  of the two enzyme s .  In this regard some 

of t he kinet ic experiment s carried out on the cyt oplasmic 

enzyme were repe ated using the mit ochondrial enzyme . 
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FIG. 6.1 ATTEMPT AT NADH TITRATION FOR 
MITOCHONDRIAL ALDEHYDE 
DEHYDROGENASE 

(a) NADH TITRATION 

1 - 0 

0-5 

0 2 4 6 8 
[TOTAL NADH ] {!JM ) 

� F is the difference in fluorescence between the enzyme and buffer 
solutions. 

(b) RE PLOT OF NADAH TITRATION DATA 
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� Fmax was taken as 2.5 fluorescence units 
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The mit ochondrial sheep liver aldehyde dehydrogenase 

was supplied by Dr . T . rvl .  Kit s on and the methods and reagent s  

used f o r  the exp erinent s invo lving the mit o cho ndrial enzyme 

were ident ical t o  tho se previously de scribed f o r  the c o rres

ponding cytoplasmic enzyme experiment s .  Pho sphate buffer , 

pH 7 . 6 ,  was used throughout . 

6 .3 RESULTS 

6 . 3 . 1  E qu il ibrium Studie s  

A n  att empt was made t o  t itrat e the mito chondrial 

enzyme with NADH , in an ident ical manner to  the cyt oplasmic 

enzyme , in order to determine the catalytic-centre act ivity . 

However , as shown in Fig . 6 . 1 ( a) , there was an init ial sharp 

rise in f luore s c ence on addit ion of the first aliquots o f  

NADH but cont inued addit ion o f  NADH produced smaller increase s 

in f luorescence , unt il a maximum value was reached . The 

result of this behaviour was that the replot was not linear 
(F ig . 6 . 1 ( b) ) and any extrap o lat ed enzyme c oncentrat ion would 

appear t o  be negat ive , a s ituat ion which was obviously not 

physical ly meaningful . 

6 . 3 . 2  Steady-State Studie s 

The effect of  a wide range of acetaldehyde c oncentra

t ions on the init ial ve loc ity of the mitochondrial enzyme was 

studied ( F ig .  6 . 2 ) . The double reciprocal p l ot was linear 

up t o  1 0 f.LM ac etaldehyde and a Michae l i s  constant o f  0 .  2fl�1 

was derived .  However at h igher acetaldehyde c o nc entrat ions 

the l ine deviat e s  from linearity t owards higher init ial 

velocit ie s .  It  was found t hat at 20oo1 acetaldehyde the 

init ial velocity was nine t ime s that predicted by extrap o l ation 

of the l inear port ion of the graph to a supp o s e d  maximum 

velocity . In fact the overall shape of the p lo t  is ve!Y 
s imilar t o  that found for the cytoplasmic enzyme ( Se ct ion  
4 . 3 . 3 . 8 )  although the  plot i s  linear over a wider range at 
l ow acetaldehyde c oncentrat ions . 

6 . 3 . 3  Pre st e ady-State  Studie s 

D isplacement of NADH ( 5 f.LM )  from the mit o chondrial 



1 48 

aldehyde dehydrogenase by various displac ing agent s was 

observed t o  be . a b iphas ic proc ess ( T able 6 . 1 ) .  It would 

appe ar from the cons istency of the se result s that saturat ing 

TABLE 6 . 1  

Displac ing Agent 

NAD+ ( 1 JTIIVI )  

NAD+ ( 2 . 9rnM )  

A DP-rib o s e  ( 1 .  7mf1 ) 

NADH DISPLACENENT FROH f-1ITOCHONDR IAL 

ALDEHYDE DEHYDROGENASE 

Rate Constant for 
the Fast Proc e s s  

0 . 54s-1 

0 . 7 s -1 

0 . 57s-1 

R at e  Constant for 
the Slow Pro c e s s  

0 . 09s-1 

0 . 08s- 1 

0 . 09s-1 

c oncentrat ions of NAD+ and ADP-ribose were used . When the s e  

result s are compared with thos e  of the cyt oplasmic enzyme 

( Se ct ion 5 . 3 . 1 . 1 ) which has rate  c onstant s of 0 . 85 s-1 and 

0 . 22s-1 the striking s imilarit ies are immediat e ly apparent . 

However t he proport ion of f luorescence change attribut ab le 

t o  the s low proce s s  was about 6�6 , significant ly great er 

than the 30-50% seen f or the cytoplasmic enzyme (F ig .  5 . 5 ) . 

When the mit o chondrial enzyme , premixed with NAD+ 

( 2 . 7mivl ) was mixed with prop ionaldehyde ( 780�M )  the burst 

obs erved in nucleot ide fluore scence had a rat e constant of 

about 1 0 s-1 • However it  was noted that the size  of the 

f luorescence change in the burst for this enzyme solut ion 

was about one sixth of the change observed for NADH disp lace

ment from an enzyme solut ion of the same c oncentrat ion . This 

suggested that the c onc entrat ion of the enzyme spec ie s  b e ing 

observed in the burst was much less than the t ot al enzyme 

concentrat ion, and that other nonfluorescent enzyme spe c ie s  

must b e  i n  appre ciab l e  concentrat ion. Support ing evidence 

for this s tatement was the f act that a range of prop ionalde

hyde conc e nt rat ions ( 0 . 4mM to 20mM ) all produced about the 

s ame obs e rved rate c onstant of 1 2s-1 � 3 ( with large s c at t er 

due t o  the small burst siz e )  but the amplitude of the 

f luore scence change in the burst increased by over a factor 

o f  three . When the maximum burst rat e  c onstant s with 

p ropionaldehyde for the mit o chondrial and cytoplasmic enzyme s 

are compared , 12s-1 and 1 1 s-1 respect ively , great s imilarity 

in the t wo e nzymes is apparent . 
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On f o l lowing NAD+ b inding to the enzyme by quenching 

of p rot e in f luore scence it was found that the ob served rat e 
const ant varied with the NAD+ concentrat ion ( T ab l e  6 . 2 ) . 

TABLE 6 . 2  NAD+ BINDING TO THE I•1ITOCHONDR IAL ENZYI'1E 

FOLLOvlED BY QUENCHING OF PROTEIN 

FLUORESCENCE 

,LNAD+J Ob served Rate C onst ant 
( f.ll'l )  ( s-1 ) 

25 7 . 4 

50  9 . 5  

1 50 7 . 4 
250  9 . 1  

500 12 . 5  

1 000 23 

While t he scatter in value s from Tab l e  6 . 2 is  

obvious , it  is possible t o  e st imate a value for  the  NAD+ 

b inding rat e c onstant , k1 , as 2 x 1 04 I'1-1 s-1 and k_1 as  4s-1 • 

The s e  results may be  comp ared with the cytoplasmic enzyme 

valu e s  of 1 . 8 x 1 05 I1-1 s-1 and 2 s-1 for k1 and k_1 re spec

t ively from prot e in fluore scence . lt should b e  remembered 

however that in the case of the cyt op lasmic enzyme corrob orat ive 

evidence was available from nucleot ide fluorescenc e so the 

results  \.Yere more re liab l e . H owever if a comparison is made 

of the b inding rates  it is seen that the rate c onstant for 

the cyt oplasmic enzyme is a factor of ten faster while the 

dis s o c iat ion r at e  constant s are fairly similar , only differing 

by a factor of two .  The diffe rence in NAD+ b inding rat e 

const ant s is  p e rhaps not unexpe cted since the r1ichaelis  

const ant of NAD+ for the  mitochondrial enzyme i s  s ix t imes 

that o f  the cytoplasmic enzyme ( Crow et al . , 1 974) . The 
Michae l i s  const ant for the four intermediat e reaction scheme s 

shown in F ig .  4 . 1 0  is 

K -
k3k4k5 

a - k
1 (k_3k5 + k

4k5 + k3k5 + k3k4) 
and hence any change s in k1 would be  expect ed t o  b e  ref lected 
in the value o f  Ka . 
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FIG. 6.2 DOU BLE RECIPROCAL PLOT O F  I N ITIAL VELOCITY AGAINST 
ACETALDEHYDE CONCENTRATION FOR THE MITOCHONDRIAL 
ALDEHYDE DEHYDROGENASE 
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The concentration of NAD+ was held at 1 .35 mM. Km for acetaldehyde (at low concentrations) is 0.2 tJM and Vmax 
at these concentrations is 0.07 fluorescence units per minute, while at 20 mM the initial velocity is 0.66 fluorescence 
units per minute. ( Excitation 345 nm, emission 455 nm). 
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6 . 4  DISCUSSION 

The nonlinear nature of the NADH t itrat ion plot s 

1 5 1  

would suggest that NADH b inding s i t e s  of the mit ochondrial 

enzyme are not e quivalent . E ither there are mult iple c l as se s  

of NADH binding s it e s  or there i s  a s ingle b inding s it e  but 

a two step binding process . As discussed in Sect ion 5 . 4 . 1  

a two st ep pro c e s s  for NADH binding in which the f luor e s cence 

of e ach of the enzyme-coenzyme c omplexes are different would 

also l e ad t o  nonlinear NADH titrat ion plot s . While in 

i so lat ion there i s  no comp elling reason to  favour either 

p o s s ib il ity , the fact that the steady-stat e and pre st eady

stat e result s are so s imilar to the result s for the cytoplas

mic enzyme make s it perhap s more probable that a two s t ep 

b inding process  i s  taking p lace in which the two enzyme

coenzyme complexe s have different f luorescent propert ie s . 

The disp lacement experiment for the m itochondrial enzyme 

produced two rat e constants of the same order of magnitude 

as tho se obtained for the cytoplasmic enzyme . The rate 

c onstant for the s lower process  of 0 . 08s-1 is  somewhat l e s s  

( compared with 0 . 22s-1 ) while that f o r  the faster one i s  

about the same in  both case s . I t  wou ld therefore app e ar 

that t he catalyt ic-centre act ivity of the m it ochondrial 

enzyme should be  le s s  than for the cytoplasmic enzyme , as 

the mitochondrial enzyme react ion velocity c annot be  gre at e r  

than t h e  NADH d i sp lacement rat e but may b e  l e s s  i f  this step 

is  not rate limit ing . 

The steady-stat e  data for the m itochondrial enzyme 

showed the same deviat ions from l inearity as in the data for 

the cytoplasmic enzyme. It is int eresting that over these 

same concentrat ion ranges  the amplitudes  of both the burst s in the 

pre steady-stat e e xperiment s  changed drast ical ly . It  i s  

unfort unate that n o  e st imate of the mitochondrial enzyme 

act ive s it e  conc entrat ion c ould be made since it may have 

been expected that the catalyt ic-centre act ivity of the 

enzyme would be t he same as the NADH dissoc iat ion rat e . 
It  appears that the general f e atures of the kinet ic s  

o f  mit o chondrial and cytoplasmic she ep liver aldehyde dehydro

genase s  are very s imilar , the only obvious difference b e ing 

the NAD+ b inding rat e  c onstants . S ince the proport ion of 
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aldehyde dehydrogenase act ivity in the mito chondria and the 

cytoplasm are s imilar ( Crow et al . ,  1 974) and the NADH 

displacement rat e s  about t he same , t hen the actual concen

trat ions of the enz ymes would be exp ected to b e  s imilar in 

the two compartment s .  Therefore it would appe ar that in 

the in vivo situat ion any difference s  in the act ivit ie s  or 

import ance of the t wo enzym e s  would be relat ed t o  the c oncen

trat ions of the substrate s  and the product s in the two 

compartment s rather than any kinet ic factor . 
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SECTION 7 

CONCLUSION 

In the belief that the int erpretat ion of experiment al 

dat a must be s o l idly based on what is observed , and that the 

s imp ler is to be  preferred to  the more comp l icat ed exp lanat ion , 

in the analy s i s  of the presteady- state data ( Sect ion 5 )  t he 

s implest react ion scheme cons ist ent with the experiment al 

observat ions was considered . The scheme used was suffic ient ly 

s imple to allow a reasonably det ailed analysis  of the data 

in t erms of rate constant s for individual st eps . \Vhile , 

exc ept indirect ly from the acetaldehyde isotope effect 

studies , evidenc e was not obt ained for other st eps in the 

mechanism , it is pos sib l e  to spe culate  about other trans

f ormat ions which our rat ionalizat ion of chemical changes  in 

s im i lar systems may lead us t o  b e l ieve are taking p l ac e . 

It is p o s s ible t o  postulate a serie s of react ion steps 

whi ch may be involved in the oxidat ion of aldehyde s to 

carboxylic ac ids by the enzyme aldehyde dehydrogenase from 

she ep liver ( F ig . 7 . 1 ) . Since the reaction is ordered , 

NAD+ b inds to  the enzyme first aft er which the aldehyde may 

as s o ciate with the enzyme at the active site ( st ep ( 1 ) ) . 

Sub se quent ly it is propo sed that a nucleophile in the enzyme 

act ive s ite  reacts with the aldehyde to form a covalent ly 

bonded int ermediat e  with a tetrahedral carbon atom . The 

hydride transfer react ion then o c curs with the format ion of 

an acyl intermediate  ( step ( 3 ) )  and the product ion of NADH . 

This i s  followed by a general base catalysed nucleophilic 

att ack  by wat er  on the acyl intermediate t o  form a t etra 

hedral intermediate . The breakdown of this t etrahedral 

int e rmediat e l e ads to  the release of the carboxylic ac id 
p roduct ( st ep ( 5 ) ) and f inally NADH dissoc iat e s  in a two 

step react ion . It is reasonable t o  assume that the covalent 

reaction of the enzyme and aldehyde s  involves a nucleophilic 

group on the enz yme . A lthough it has been po stulat ed by 

other workers that aldehyde dehydro genase c ontains a thiol 
group in the act ive s it e  ( Stoppani and Milste in , 1 957 ; 

F e ldman and Weiner , 1 972b )  as the nucleophile , the exist ence 

o f  such a group c ould not be shown for the she ep liver enzyme 
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F IG . 7 . 1  POSTULATED MECHANISM OF ENZYMATIC OXIDATION 

OF ALDEHYDES 
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using Ellman ' s reagent . However the react ion with the drug 

disu lfiram ( Kit son , 1 975 ) suggest s that the sheep l iver 

enzyme may in fact contain an e s s ent ial thiol group in the 

act ive sit e .  It  has been found that the enzyme glyceralde 

hyde 3 -pho sphate dehydrogenase ,  which catalyses  the oxidat ive 

pho sphorylat ion of D-glyceraldehyde-3-phosphat e from glycer

aldehyde , involve s a thiol group ( H arris et al . ,  1 963 ) .  

This dehydrogenase is of interest sinc e glyceraldehyde c om

b ine s with t he thio l group to produce a thiol ester int er

mediate , and so it is po ssible that aldehyde dehydrogenase 

react s with aldehyde s in a similar manner That a nucleo

phile is involved in the aldehyde dehydrogenase react ion is 

shown by the fact that the same enzyme may act as an e st erase 

( Se c t ion 5 ) , cat alyz ing the hydro lysis of e sters . The two 

react ions have been shown to o c cur at the same s it e  on the 

enzyme (Feldman and We iner , 1 972b ) and so any dehydrogenase 

se quence must be ab le to accommodat e ester hydro lysis  as 

wel l . Mechanism ( 1 )  can accommodate esterase act ivity s ince 

a covalent react ion of the enzyme nucleophile and an e s t er 

would form the same acyl intermediat e and the sub s e quent 

reaction would be  ident ical to  the dehydrogenase react ion.  

S ince for prop ionaldehyde the maximum burst rat e had no 

i s ot ope effect a st ep such as step ( 4 )  may be rate limit ing 

in the burst . This seems reasonable as the burst showed a 

pH dependence ( Sect ion 5 ) , a gre ater rate  c onst ant b e ing 

observed at high pH , an effect which could be due to the 

presence of a weak acid in the enzyme act ive site ( BH+ ) which 

only at a high pH will be completely deprot onat ed and hence 

b e  able t o  c arry out it s full c at alyt ic effect . The cat alyt ic 

effect is envisaged as  a general base cat alysis  of the 

hydrolysis  of the acyl enzyme int ermediat e . The overall 

e nzyme react ion is irreversible and in mechanism (1) it has 

b e en postulated that this irreversible st ep is the formation 

o f  the tetrahedral int e rmediat e ( step (4) ) during deacylat ion 

of the acyl-enzyme intermediat e .  This postulat e  would seem 

r e asonable s ince the hydroxyl group of the carboxylic a c id 

i s  such a p o or leaving group . The breakdown of this tetra

hedral int ermediate , by comparison of the aldehyde dehydro

genase and e st erase burst s , i s  probably quite slow and of 

t he same order of magnitude as  the NADH disp lacement . 
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Step ( 5 )  i n  the reverse direct ion , the reaction o f  the 

c arboxylic acid with the enzyme nucleophilic group , would 

not be exp e cted to proceed t o  any significant ext ent since 

the carboxylate  group does not normally undergo nucleophilic 

substitut ion react ions . 

It  is we ll recognized that oxidat ion of ethano l by 

the liver in vivo and in vitro is associat ed with an increase  
---- -- ��� 

in the rat io of NADH/NAD+ in both the cytoplasmic and mito-
chondrial spaces (Forsander , 1 970) . The perturbation of 

the normal NADH/NAD+ ratio in these compartment s is  in turn 

thought t o  be  responsible for the abnormalities  of carbohy

drat e and fat metab o lism observed aft er ethanol adminis

t rat ion ( Arky , 1 971 ) . Converse ly the hepat ic rat e of ethanol 

oxidat ion is cons idered to be determined by the rat e  of 

reoxidat ion of cyt o s olic NADH . According to  the kinet ic 

mechanism in which the removal of NADH from the enzyme 

c omplex i s  the rate determining step , a h igh cyt o so lic 

NADH/NAD+ rat io should decrease  the flux through alcoho l 

dehydrogenase .  

This study of sheep liver cytoplasmic aldehyde dehy

drogenase shows that the NADH dissoc iation step for this 

enzyme also has an effect on the overall rate of reaction 

and henc e the act ivity of the enzyme may be  expected to 

reduce when the NADH/NAD+ rat io increase s in the liver . 

The same would be true  of the mit ochondrial aldehyde dehydro 

genase ( Sect ion 6) . From the re sult s for sheep l iver an 

e s t imate c an be made of the cytoplasmic aldehyde dehydrogenase 

c oncentrat ion . The cytoplasmic enzyme act ivity of 200 , 000 

nmol e s  of NADH produced per minut e ( Table 2 . 1 )  may be c on

vert ed t o  3 , 500 nmo l e s  per se c ond . Using a cat alytic-c entre 

activity of 0 . 2s-1 this activity would correspond to 1 7 , 500 

nmo l e s  of enz�ne active sit es . The weight of l iver from 

which the cytoplasmic enzyme was extract ed was 500g , and so  

a s suming a cytoplasmic water volume of  about 0 . 5 cm3 per  g ,  an 

enzyme concentrat ion of 70�M i s  obtained . It has been 

report ed t hat the c oncentrat ion of alcohol dehydrogenase in 

horse liver is about 40�M (Reynolds , 1 970 ) . Since the c ata

lyt ic-centre activity of alcohol dehydrogenase is greater  

than that of aldehyde dehydrogenase it  is perhaps not 

surpris ing that the concentrat ion of aldehyde dehydrogenase 
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is  great er .  I t  is also apparent that since the coenzyme 

dis soc iat ion c onstant s of aldehyde dehydrogenase are so 

small ( 8�M and 1 . 2�M for NAD+ and NADH resp e ct ively) that a 

large proport ion of the c oenzyme s in the cell  are going to 

be bound to the enzyme . 

Acet aldehyde concentrat ions are diff icult to  measure 

s inc e the concentrat ions are so low and art efact s may affect 

result s ( Truitt and Walsh , 1 971 ) . H owever Korsten et a l . 

( 1 975 ) reported a blood acet aldehyde leve l of 20�M in p atient s 

aft er alcohol consumpt ion . The leve l  in the l iver would be 

exp e c t e d  to  be at least as  high as the blood level and at 

the s e  levels , the cyt oplasmic aldehyde dehydrogenase from 

sheep ' s  liver would not be  funct ioning at it s maximum rate . 

The M ichae lis c onst ant for the horse  liver alcohol dehydro

genas e  catalyz ing the reduct ion of acetaldehyde t o  ethanol 

is  1 00 �M and this may explain why the acet aldehyde concen

trat ions never approach the original ethanol c oncentrat ions . 

Since the enzymes alcohol dehydrogenase and aldehyde 

dehydro genase both require the coenzyme NAD+ there wil l  be 

compet it ion betwe en the enzyme s in the cyt oplasm for NAD+ . 

it has been sugg e sted that in rat liver mo st of the ace t 

aldehyde i s  transported t o  the mit o chondria , where the 

NADH/NAD+ ratio i s  lower , and oxidiz ed by the mitochondrial 

aldehyde dehydrogenase . This is supported by the fact that 

most of the rat l iver enzyme act ivity is in the mitochondria 

and the rat liver mito chondrial enzyme has a much lower 

Michae l i s  constant for acet aldehyde than the rat liver cyto

p lasmic enzyme . Neither of these ob servat ions are true for 

sheep l iver dehydrogenase and hence it is not known which 

is  the major acet aldehyde oxidiz ing compartment . The cyto
p lasmic enzyme has a much lower M ichaelis constant for NAD+ 

( Sect ion 6) and t his may negat e the effect of the higher 

NADH/NAD+ rat io in the cytoplasmic c ompartment on ethano l 

c onsump t ion . A l s o  the cytoplasmic enzyme is  more sensit ive 

t o  disulf iram ( K it son , 1 975 ) which suggest s that it may have 

an important role in alcoho l metab o lism .  

For the obvious reason o f  lack of availability o f  

fre sh l ivers , l it t le work has b e e n  reported on the human liver 

aldehyde dehydrogenase , but it is unfortunate that no study 

of the subcellular distribut ing of the enzyme has been made . 
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However , the work which has b een carried out ( B lair and 

Bodley , 1 969 ;  · S idhu and B lair , 1 975 a) shows s imilarit i e s  

with t h e  sheep l iver enzyme . Since remarkable s imilarit ie s 

have been sho\vn among the enzyme from various mammalian 

species  ( horse l iver , rat l iver , bovine liver and sheep liver) 

this sugge sts that the sheep liver enzyme may be a good mode l 

for inve st igat ions into human alcoho l metabol ism . Work has 

already been carried out in t his department on computer 

s imulat ion of the alcohol metabolism in the liver ut iliz ing 

some of the kinetic  parameters derived in this study . 
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APPENDIX II 

CHE�UCALS 

Acet aldehyde Brit ish Drug Hou s e s  ( BDH) , Poole , 

England 

L1 , 2 , 2 , 2-
2H7 A c etaldehyde Bio-R ad Laboratorie s , R ichmond , 

California 

ADP-ribose Sigma Chemical Company , Saint 

Louis , Missouri 

B arbit one-sodium Hopkin and Will iams Ltd . , E s s ex ,  

England 

� -Bromophenylacetic acid Chemical Procurement Laboratorie s , 

New York 

p-C arboxybenzaldehyde Chemical Procurement Laboratories 

Chloral hydrat e BDH 

1 -Cyclohexyl-3- ( 2-morpho- Aldrich Chemical C ompany , 

l ino ethyl)  c arbodiimide Milwaukee , Wisc ons in 

methyo-p-t o luene sulphon-
ate 

Deamino-NAD+ Sigma Chemical C ompany 

3 , 3 ' -Diaminodipropylamine Aldrich Chemical C ompany 

p-D imethylaminoc innamalde- Grade II , Sigma Chemical Company 

hyde 

2 , 2 ' Dipyridyl 

5 , 5 ' -D ithiob i s ( 2-nitro

b enz o ic acid) 

EDTA 

2-fvle rc aptoethanol 

NAD+ 

NADH 

NADP+ 

1 , 1 0-Phenanthro line 

BDH 

Sigma Chemical C omp any 

BDH 

F luka AG , Buchs , Swit zerland 

Grade III , Sigma Chemical Company 

Grade I I I , Sigma Chemical Company 

Sigma Chemical C ompany 

Hopkin and Willi ams Ltd . 



Prop ionaldehyde 

Prot ion re s in 

Pyrazole 

3 -Pyridine aldehyde-NAD+ 

Quinine sulphate 

Semicarbaz ide hydrochlor

ide 

Sodium pyropho sphate 
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Koch-Light Laboratorie s , Bucking

hamshire , England 

Tasman Vaccine Laboratorie s ,  

W e l l ington , New Z e aland 

gift from Dr . M . R .  Grimmet , 

Univers ity of O t ago 

S igma Chemical C ompany 

BDH 

fvlay and Bake_r , Dagenham , E s s ex , 

England 

BDH 
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