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ABSTRACT 

The purification of, human liver aldehyde dehydrogenase 

by both conventional .procedures (i.e., ion-exchange chromato­

graphy and gel-filtration) and recently developed techniques 

(e,g- isoelectric focusing)-was carried outfin an attempt 

• to obtain an homogeneous preparation. Although, this goal 

& was not achieved, certain^ improvements were made in the exis­

ting purification procedure. The addition of glutathione 

and EDTA "during iJEAE-cellulosfe column chromatography improved 

recovery of enzyme activity from the column. The inclusion 

of a PAB-cellulose treatment before the DEAE-cellulose chro­

matography gave some additional increase, in specific activity. 

) Fractionation by calcium phosphate gel after the DEAE-cellu­

lose chromatography step resulted in a further 2.5-fold 

purification. Gel filtration studies have confirmed a 

molecular weight of 200,000 reported by this laboratory 

which was twice that reported by other workers. 

Kinetic studies of aldehyde dehydrogenase were carried 

out in order to define the mode of interaction of substrates 

and coenzymes with the human enzyme. The examination of a 

number of NAD -analogues demonstrated that NAD is the best 

coenzyme for ,this enzyme. Initial velocity studies on the 

^dehydrogenase reaction showed convergent linear double re­

ciprocal plots, indicating a'sequential mechanism in which 

both substrates must bind to enzyme before any product is 

released*. Certain NAD+-analogues were dead-end inhibitors; 



competitive with respect to NAD+ and noncompetitive with re­

spect to aldehyde. -Conversely, ald.ehyde analogue gave com­

petitive inhibition with respect to aldelryde and noncompe­

titive inhibition with respect' to NAD*. This dead-end inhi­

bition data is consistent with a mechanism in which the or* 

der of binding of substrates is not obligatory.^ 

Human liver aldehyde dehydrogenase was also found to be 

capable of hydrolyzing p-nityrophenyl acetate, The super-

imposed elution pattern of both dehydrogenase and esterase 

activities from a DEAE-sephadex column demonstrated that 

one enzyme was responsible for both activities. Initial 

rates of hydrolysis did not obey Michaelis-Menten kinetics, 

but rather, exhibited*substrate activation at Righ ester 

concentrations. Evidence for the existence of a second site 

responsible for this behavior was obtained. Competitive in* 

hibition of esterase activity by aldehyde and the analogue 

chloral hydrate indicated that p-nitrophenyl acetate was 

hydrolyzed at the aldehyde binding site. Assuming that a 

common acyl-enzyme intermediate is formed in the dehydrogen­

ase and esterase reactions, the rate limiting step in the 

dehydrogenase reaction appeared to be prior to the deacyla-

tion step. Analysis of kinetic data obtained for the NAD 

activation of esterase reaction has demonstrated that NAD+ 

and ester bind randomly to the human enzyme. Also, kinetic 

constants calculated from esterase data have supported a 

steady state random Bi Bi mechanism rather than a rapid 

equilibrium random Bi* Bi mechanism for the dehydrogenase 
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reac t ion . 

Metal chelat ing agents such as 1,10-phenanthroline,- 2,9-

dimethyl-1,10-phenanthroline and a,a'-dipyri>dyl were found to 

be i nh ib i t o r s of" the human enzyme. The r e s u l t s obtained for 

these chelators have shown tha t the inh ib i t ion i s not due to 
! _ _ : — : ' 

the chelation of any metal atom present in the enzyme but 

rather it,.is due to the competition between NAD and chelat-

ing agents for the NAD -binding site. 

Evidence wa# also obtained for the effect of protein-

protein interactions between different proteins on enzyme 

activity. Among various proteins tested (including serum 

albumins) it was observed that bovine serum albumin has a 

specific activating effect. Furthermore, the effect.was 

more pronounced in the physiological pH range than at the 

pH optimum for this enzyme. This finding highlights the po­

tential importance of such protein-protein interactions in 

vivo. 

i i 
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INTRODUCTION' 

O 

A. ' THE FATE OF ALCOHOL 

Alcohol is a food,as well as a drug. It exerts two kinds 
f t, p 

of effects on the human body: pharmacological and metabolic. 

These effects are very di f ferent a t high and low levels of 

ethanol consumption. When consumed in moderate q u a n t i t i e s , 

alcohol seems to act mainly as a n u t r i e n t . However, when 

consumed m large quan t i t i e s i t becomes a drug tha t can, pro­

duce many serious metabolic effects (1 ) . " » 

I t i s generally accepted t ha t alcohol i s metabolized by 

a pathway which involves i n i t i a l oxidation to acetaldehyde 

and further oxidation of dcetaldehyde to acetyl CoA, v ia the 

intermediate formation of ace t ic aci'd. Alcohol dehydrogenase 

(EC 1 .1 .1 .1) , which catalyzes the oxidation of ethanol to 

acetaldehyde, i s mainly present in l i ve r although t races of 

t h i s enzyme have been noted, in other t i s sues ( 2 , 3 , 4 ) . The 

enzyme is found in the supernatant fraction of the l i v e r c e l l . 

However, more recent s tudies indicate tha t in addit ion 

to alcohol dehydrogenase,' l i ve r microsomes are capable of 

oxidizing ethanol . Normally, two-thirds to three-quar ters 

of the ethanol i s metabolized via alcohol dehydrogenase and 

one-fourth to one-third vita an a l t e rna t e pathway, poss ibly , 

the microsomal ethanol oxidizing system ( 5 , 6 , 7 , 8 ) . 
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B- . ACETALDEHYDE .METABOLISM 

Oxidation of ethanol, the first step in the main path­

way of its metabolism, produces a more toxic metabolite: 
3 

acetaldehyde. The main source of acetaldehyde in the"body is 

the ingestion of alcohol; however, there is evidence which 

indicates that endogeneous production of acetaldehyde does 

occur (9,10). Acetaldehyde-is toxic in the sense that it exp­

erts pronounced pharmacological effects at low concentration 

(11). Clinical symptoms of acetaldehyde administration'in­

clude nausea, vomiting, and sweating; moreover, it, stimulates 

the release of catecholamines and the depression of oxidative 

phosphorylation,(12,13,14,15,16,17). The fact that there is , 

a mechanism which rapidly removes acetaldehyde as it is formed, 

prevents accumulation of highly toxic levels during ethanol 

ingestion. The first biochemical characterization of the 

system responsible for the elimination of acetaldehyde was 
+ 

providediby Racker with, the isolation of an NAD-dependent 

aldehyde dehydrogenase (EC 1.2.1.3) from bovine liver (18). 

This enzyme catalyzes the oxidation of acetaldehyde to acetic 

acid. It is responsible for the oxidation of 80% of acetal­

dehyde in the body (19). ( / 

The oxidation of acetaldehyde to acetic acid and its 

further conversion to acetyl CoA is believed to be the major 

route of acetaldehyde metabolism. The direct conversion of 

acetaldehyde to acetyl CoA takes place in micro-organisms 

(20,21) but the existence of this pathway in mammalian'systems 

has not been confirmed. In addition, there are alternate 
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pathways for acetaldehyde metabolism but the contribution of 

these pathways to overall acetaldehyde metabolism is quite . 

small compared to the major route. Alternate enzyme systems 

canvbe divided into two groups, i.e., oxidases and lyases. 

Oxidases: 

The oxidases include xanthine oxidase (EC-1.2.3.2) 

and aldehyde oxidase (EC,1.2.3.1). Both these enzymes have 

a wide range of substrate"specificity (22,23). Acetaldehyde 

and other aldehydes are oxidized to the corresponding acids 

by both enzymes. Unbranched short chain aliphatic aldehydes 

are metabolized by xanthine oxidase at about the same rate 

as the natural substrates, xanthine and hypoxanthine. Xanthine 

oxidase and aldehyde oxidase are flavoproteins and contain 

stoichiometric amounts of iron, molybdenum, and -coenzyme Q 

(24,25,26,27). 

Lyases: 

This group includes those enzymes which have the 

capacity to condense acetaldehyde with a second reactant. 

The following are the known systems: 

(a) Deoxyriboaldolase (EC 4 .1 .2 .4) condenses acet­

aldehyde with glyceraldehyde-3-phosphate to form 2-deoxyribose-

5-phosphate, a react ion intermediate tha t l inks ethanol meta­

bolism. This enzyme i s present mainly in l i v e r and thymus 

(28). 

(b) Two d i s t i n c t a ldo la ses , threonine aldolase .. 

(EC 4 .1 .2 .5) and a l lo threonine a ldolase (EC 4 . 1 . 2 . 6 ) , catalyze 

the synthes is of threonine or a l lo threonine from acetaldehyde 



and-glycine (29). Both enzymes are present in liver (29). 

Since both reactions are reversible, it represents one of the 

plausible sources of endogeheous acetaldehyde. The conversion 

of acetaldehyde formed in this way to ethanol by alcohol 

dehydrogenase action can explain endogeneous formation of 

ethanol. 

(c) Pyruvate dehydrogenase system i 

This system synthesizes small amounts of ace-

toih from pyruvic acid in the presence of thiamine pyrophos-

r 
phate and magnesium ions. Pyruvic acid is .first decarboxy-

lated td acetaldehyde which is then condensed with a' second 

molecule of pyruvic acid to form acetoiii (9,30,31,32,33,34). 

The pyruvate dehydrogenase system is widely distributed in 

animal"tissues (30,31,33). 

(d) An enzyme which catalyzes the condensation of 

acetaldehyde with 2-ketoglutaric acid to yield 5-hydroxy-4-

ketohexanoic acid has been found in homogenates of most rat 

tissues (35). The activity is present in both mitochondria 

and microsomes. The significance of this product in alcohol 

metabolism or in usual metabolic pathways has not yet been 

determined. 

C. ALDEHYDE DEHYDROGENASES 

Broad specificity aldehyde dehydrogenases using NAD as 

the electron acceptor (EC 1.2.1*.3) are primarily involved in 

the major route of oxidation of acetaldehyde* The present 

review will primarily deal with this class of general aldehyde 
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dehydrogenases. Such enzymes have been i so la t ed from many 

sources among animals, p lants and micro-organisms. Recently, 

horse l i v e r (36) Pseudomonas aeruginosa (37), and yeast aide-
-51 " " 

hyde dehydrogenases (38) have been purified to homogeneity. 

Jakoby has classified all aldehyde dehydrogenases into 

three classes"on the basis of the type of the reaction cata­

lyzed (39). In general,' the reaction can simply be represented 

by the following equation; 

RCHO + NAD(P)+ + HA - RCOA + NAD(P)H + H* , (1) 

Class I includes, enzyme systems in which A represents OH. 

When A represents phosphate, arsenate or a mercaptan, the 

enzyme is placed into Class II. Enzymes belonging to Class 

III combine another function with those listed above, e.g., 

malonic semialdehyde oxidative decarboxylase catalyzes the 

oxidation and decarboxylation of malonic semialdehyde. to 

acetyl CoA. Aldehyde dehydrogenases which have been discussed 

by Jakoby as well as those isolated more recently are listed 

in Table I. The properties of Class J enzymes only will be 

discussed here. 

Substrate specificity: 

Aldehyde dehydrogenases of Class I can be divided into 

two sub-groups on the basis of their substrate specificity. 

The first group, including aldehyde, dehydrogenases from human 

(44,62), beef (18), horse (36) and rabbit liver (40), yeast 

(47) and Pseudomonas aeruginosa (37), oxidizes a wide variety 

• » 



TABLE I 

ALDEHYDE DEHYDROGENASES 

Dehydrogenas 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

Aldehyde 

'* Aldehyde 

f 

Aldehyde 

e ,Source 

Bovine liver 

Rabbit liver 

Rabbit liver 

Mouse liver 

Rat kidney 

Human liver 

Bovine brain 

Pig brain 

Horse liver 

Yeast 

Yeast 

Acetobacter / 

Pseudomonas 

.Pseudomonas 

Germinating 
seed 

Substrate 

,Wide 
variety 

Wide 
variety 

Aromatic 

Wide 
' variety 

Wide 
variety 

Wide 
variety 

Aliphatic 

Wide 
• variety 

Wide 
variety 

Wide 
variety 

Alifhatic 

Aliphatic 

Wide 
Wide 
variety 

Wide 
variety 

Wide 
variety 

NN 

NAD* 

NAD* 

NAD + 

NAD* 

NAD* 

NAD* 

NAD* 

NAD* 

NAD* 

NAD*. 
>NADP 

NADP* 

NADP* 
>NAD 

NAD*. 
->NADP 

NAD*. 
>NADP 

NAD* 

Cosubstrate 
or Cofactor 

» — * 

steroid 

" .V * 

-

-

-

-

v 

-

K*, Rb* 

Mg 

-

phosphate 

K*, NH4* 

phosphate 

Ref 

18 

40 

41 

42 

43 

44 

45 

46 

36, 

47 

48 

49 

50 

37 

""51 
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TABLE I (Cont.) 

> N. 
ALDEltYDE DEHYDROGENASES 

Dehydrogenase Source Substrate NN Cosubstrate Ref 
or Cofactor 

Succinic Pseudomonas 
semialdehyde 

» 
Succinic Monkey 
semialdehyde brain 

Succinic I rat brain 
semialdehyde 

Aminobutyr- Pseudomonas 
aldehyde > 

Benzaldehyde Pseudomonas 

Glutamic Ox liver 
semialdehyde 

a-keto-
aldehyde 

Sheep liver 

Aldehyde Clostridium 

Aldehyde E. coli 

Formaldehyde Bovine liver 

Formaldehyde Yeast 

Aspartic Yeast 

semialdehyde 

Specific NADP 
>NAD 

Specific NAD* 

Specif ic NAD 

S p e c i f i c ' NAD 

Specif ic 

Specif ic 

a-keto 

Specif ic 

Specif ic 

Specif ic 

>NADP 

NADP/ 
aldehyde >NAD 

Aliphatic NAD 

Aliphatic NAD-* 

NAD 

NAD"* 

NAD 

52 

53 

54 

55 

NADP* K*,Rb*,NH4* 56 

NAD — 

-

CoA 

CoA 

' GSH 

GSH 

phosphate 

S7 

58 

20 

21 

59 

60 

61 

% 
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* of simple aliphatic as well as aromatic aldehydes. Aldehyde / 

dehydrogenases present in the liver, kidney, and small intes-

tine of rabbit (63).as well as in bovine liver have also been 

shown to oxidize vitamin A aldehyde. An aldehyde dehydrogenase 

in rabbit liver is,,specific for aromatic aldehydeŝ - (41) . 

Aldehyde dehydrogenase from bovine and monkey brain has been 

reported |to oxidize aldehydes derived from.biogenic amines as well 

as aliphatic aldehydes ranging from formaldehyde to palmit-

aldehyde (64). At least two aldehyde dehydrogenases exist 

in the supernatant fraction of rat liver, one of which ex­

hibits broad substrate specificity whereas the other is more 

restrictive (65). 

The second group/ uses only one specific aldehyde. 

Formaldehyde dehydrogenase (EC 1,2.1.1) present in bovine 

liver and yeast (59,60), glutamic semialdehyde dehydrogenase 

present in ox liver (57) and succinic semialdehyde dehydro-

gen as e (EC 1.2.1.16^ from monkey and rat brain and Pseudomonas 

(53,54) belong to this second category. 

In aqueous solution most aldehydes exist partly as the 

corresponding"gem-diol, with widely different degrees of hy­

dration depending oh substituent groups in the molecule. Thus, 

it is possible that either the free carbonyl form or the hy-

drated form of the aldehyde is the actual substrajte for alde­

hyde dehydrogenases. Xanthine oxidase from milk and chicken 

liver uses the free carbonyl form of acetaldehyde (66.67), — i -

Aldehyde dehydrogenase from yeast uses the free carboijiyl form 



of acetaldehyde and butyraldehyde (67). Human liver aldehyde 

dehydrogenase, which oxidizes several aldehydes differing in 

the extent of hydration in aqueous solution, has also been 

sjiown to utilize the free carbonyl form of acetaldehyde and 

formaldehyde (68). There is no instance in the literature , 

where aldehyde dehydrogenase has been shown to use the hydrated 

form of aldehyde. 

Sub-cellular distribution: ,-—"' ~~ 

Walkenstein and Weinhouse observed that mitochondria 

of rat and pigeon liver and rat kidney could oxidize a variety 

of long and short chain aldehydes to the corresponding acids 

(69). NAD -dependent aldehyde oxidizing capacity was also 
•fi 

observed by Deitrich in the supernatant, mitochondrial and 

microsomal fractions of liver from pigeon, beef and'rat (70). 

The partial purification of supernatant and mitochondrial 

fractions from rat liver by gel chromatography led Deitrich 

to suggest that the aldehyde dehydrogenase activities in each 

fraction were catalyzed^b$^Js^iiH^^^otMn3^f^W<pJore 

recently, Marjenen has also analyzed sub-cellular fractions 

of rat liver for aldehyde dehydrogenase activity. The re-

suits indicate that 805 of the total activity is localized ,' 

in the mitochondrial fraction and the remaining 201 in the, 

cytoplasm, under his particular experimental conditions C/l). 

Neither the microsomal fraction nor the nuclear fraction / 

possessed aldehyde oxidizing capacity. Evidence presented--—r—OT 
by Smith aud Packer suggests that the NAD -dependent aldehyde 

dehydrogenase is localized on the outer membrane of rat liver 
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mitochondria (72). 

"the presence of more than one aldehyde dehydrogenase in 

an organism', tissue or sub-cellular fraction has also been 

observed. ' Three aldehyde dehydrogenases are present in the 

rabbit livcit. Two of these have similar, broad specifici­

ties (40). They are distinguished by the fact'that only one 

is sensitive to steroid hormones (40,73). The third enzyme 

is specific for aromatic aldehydes (41). Similarly, yeast 

contains two aldehyde dehydrogenases differing in their ion 

requirements. One is activated by potassium and the other 

by magnesium (47,48). The magnesium activated enzyme (EC 

1.2.1.4) is specific for NADP whereas the potassium activated 
- / 

enzyme (EC 1.2.1.5) utilizes both NAD* and NADP* (47,48). / 

Evidence for the presence of more than one aldehyde dehydro­

genase in the rat brain and liver has also been presented 

by Deitrich (64,70). Studies of Deitrich et al. have also 

indicated that there are two,NAD-dependent aldehyde dehydro­

genases in the supernatant fraction of rat liver. The en-

zymes differ with respect to their substrate specificity, 

response to induction by phenobarbital, disulfiram inhibition 

and heat stability (74). Shum and Blair have also recently 

provided evidence that two aldehyde dehydrogenases, separable 

by DEAE-cellulose chromatography, exist in the supernatant 

fraction of rat liver (65). <• ' 3 ^ 

Sub-unit structure: x 

Most of the aldehyde dehydrogenases are relatively high 

molecular weight proteins. Therefore, it is quite likely 
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that they are composed of suhunits. The homogeneous prepara­

tion of potiissium activated aldehyde dehydrogenase from baker's 

yeast consists of four« subunits each with a molecular weight 

of 56,000 daltons (75). 1;eldinan and Weiner have also reported . 

a subunit structure for horse liver aldehyde dehydrogenase. 

The cnryme is a tetranier composed 'of subunits -of>molecular 

weight 57,000 (36). 

The existence of association and dissociation phenomenon 

in aldehyde dehydrogenases has been' shown by the finding that 

yeast aldehyde dehydrogenase, denatured in 6M guanidine hydro- " 

chloride, (dissociation into subunits) could bo reassociated 

to yield a functional enzyme of higher molecular weight (47, 

75). 

"Irreversible ̂ reaction: 

Oxidations catalyzed by Class I enzymes (described on 

Page 5) have not been experimentally reversed. The free * 

energy change for the reaction at 25° and pH 7.0 (R represents 

CH, and NAD(P) represents NAD in equation 1) has been de­

termined to be -12.5 Kcal (76,77). A change" of'free energy 

of -4.2 Kcal, calculated fromequilibrium data by Burton and 

Stadtman (78), has been reported for the reversible reaction 

in which CoA represents HA in equation 1. 

Mi chae1is cons tan ts for aj dchydes: 

Many aldehyde dehydrogenases exhibit very low Km values 

for aldehydes. The K values for simple aliphatic aldehydes 

with the dehydrogenases isolated from bovine brain (64) and 

human (44), beef (18) and horse liver (36) are in the range 
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of 10"6 — 10"7 M. The NAD*-dependent aldehyde oxidiz ing 

enzyme from r a t l i v e r i s an exception.* The K values reported 

by Deitr ich for t h i s enzyme ranged between 1 x 10. M and 4.5 

x l O *M (70). Shura and Bla i r have also£x>tftained a ^ ^ f e n t 
-3 V, V 

Km v a l u e s , i n , t h e range of 10 M for simpue a l i p h a t i c aldehydes 
m — ix -^ «• 

with two partially purified aldehyde dehydrogenases from the 

supernatant fraction of rat liver (65). 

Metal content: 

Stoppani e t al_. reported tha t yeast and bovine l i v e r 

aldehyde dehydrogenases resembled severa l well-documented 

zinc metallo-dehydrogenases with respect to t h e i r behavior 

towards z4nc chela t ing agents (79). Zinc complexing agdnts 

% inhabi ted both enzymes. The order of decreasing e f fec t ive ­

ness with both yeast and bovine l iver ,a ldehyde dehydrogenase 

was 8-hydroxyquinolinc > 1,10-phenanthroline > a^ ,a ' -d ipyr idy l 

> thiourea (79). Inh ib i t ion was instantaneously r eve r s ib l e . 

The ef fec t iveness of the chelator** in the order given above 

was in agreement with the s t a b i l i t y constants of t h e i r re ­

spect ive zinc complexes. Jakoby c t a l . (38,47) , however, did 

not repor t the presence of zinc in t h e i r homogeneous pre­

para t ion of yeast alVlehyde dehydrogenase. This suggests 

that zinc-complexing agents may act through a mechanisan other ' 

than zinc che la t ion . 

Character izat ion of hullhydryl and d i su l f ide groups: 

Aldehyde dehydrogenases can be inhib i ted to d i f ferent 

do/grees by a var ie ty of sul lhydryl reagents , e . g . , p-CMB, 

iodoacetamide, iodoatota te (39) . p-CMB has proved to be the 

V , 5 " 

*M&. 
1 i'h* -

"r-•>ib 

t/fes* 

% 
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strongest inhibitor among these sulfhyfxyl .reagents. The 

finding that some of the aldehyde dehydrogenases are activated 

by exogeneous mereaptans, while others have an absolute re­

quirement for them provides additional evidence for the par­

ticipation of sulfftytfryl groups m the catalytic activity 

(3?,4t?,80). These findings have encouraged several invest!--

gators to'speculate that aldehyde dehydrogenases bear sulf-

hydryl groups at fhe active site and that the blockage of 

these groups by oxidation, alkylation or mercaptide formation . 

leads to a loss of enzyme activity (18,81,82).' Sulfhydryl 

groups have frequently been thought to react with the pyri­

dine nitrogen of the coenzyme £83,84,85,86). However, there H 

is "no concrete evidence for the direct participation of sulf­

hydryl groups in the catalytic reaction. Lnzyme inhibition 

by sulfhydryl reagents might also be the result of changes in 

enzyme conformation. 

Evidence for the presence of sulfhydryl groups in the 

"active ̂center region has come from substrate protection stud-

ies*. Inhibition of aldehyde dehydrogenase by sulfhydryl re­

agents T:an be protected against by prior incubation of the 

enzyme with substrates or coenzymes, provided,of course that 

the substrate chosen binds sufficiently strongly at the active 

site compared ̂to the inhibitor. NAD -specific bovine liver 

aldehyde dehydiogenasc is protected against mactivation by 
it* 

p-chloromercurib<enzoato, o-iodosobenzoate, 3~amino-4-4iydroxy-

phenylarsenoxide by NAD but not by NADP (82,87). S imi la r ly , 

the NADP -spec i f ic ycas>t enzyme is p r o t e c t e d by NADP , but 
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not by NAD , agains t i nac t iva t ion by N-ethylmaleimide, *o-iodo-

sobenzoate, iodoacetate and p-chloromercuribenzoate (82,87) . 

The NAD(P) - spec i f ic yeast aldehyde dehydrogenase i s protected 

agains t inac t iva t ion by 3-amino~4~hydroxyphenylarsenoxide, 

N-ethylmaleimide, iodoacetate and o-iodosobenzoate by both 

NAD* and NADP*., (82,87) . NAD* protect ion against inh ib i t ion 

by phenylmcrcurie ace ta te and arsenosophenylbutyrate was r e ­

ported by Deitr ich for the bovine enzyme (88).* 

In comparison to tho r e s u l t s with coenzymes, the da ta 

on aldehyde p ro t ec t ion against inh ib i t ion by various sulf­

hydryl reagents i s r e l a t i v e l y inconclusive. Studies with the 

bovine l i v e r enzyme have indica ted tha t acetaldehyde afforded 

pro tec t ion aga ins t i nh ib i t i on by mapharside, iodosobenzoate, 

N-ethylmaleajmidc but not against tha t caused by p-chloromer-

•/ 'curibenToate (87) . The NAD(P) - spec i f ic yeast aldehyde de-

hydrogenase but not the. NADP -spec i f i c enzyme i s protected 

by acetaldehyde against i nh ib i t ion by N-ethylmaleimide, iodo­

sobenzoate and p-chloromercunbenzoatc (87), 

'The functional importance,of d i su l f ide groups i s implied 

by the fac t that aldehyde dehydrogenases are c h a r a c t e r i s t i ­

ca l ly inh ib i t ed by a r sen i te and t h i s inh ib i t ion i s great ly 

increased in the presence of exogeneous mercaptan (89). The 

inh ib i t ion is reversed only by dimercaptans and not by mono-

mercaptans. The mechanism postula ted For t h i s i n t e r ac t i on 

"is tha t exonegcous mercaptan i s required to f i r s t reduce a 

d i su l f ide l inkage, jthorcby generating adjacent sulfhydryl 

groups for the a r sen i t e a t tack (90). 

\ 
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Using an uncharged jtrivalent arsenical (arsenosophenyl 

butyrate) Deitrich found that inhibition of bovine liver 

aldehyde dehydrogenase did not require exogeneous mercaptan. 

Moreover, inhibition was greater than that obtained using 

arsenite and thiol together (#8). These results cast doubt 

on the" validity of the mechanism generally believed to ac­

count for arsenite inhibition and also on the existence of-

closely situated sulfhydryl groups in the active center of 

aldehyde dehydrogenases. ^ \ . 

Disulfiram Interaction? 

It * is found a number of years ago that disulfiram 

(Antabuse) interferes with the normal metabolism of ethanol 

and thereby causes the accumulation of a toxic metabolite 

which induces an aversion response to alcohol (91,92,93,94). 

According to Hald's original theory, disulfiram causes an 

accumulation of acetaldehyde by inhibiting aldehyde dehydro-
e 

genase, the enzyme responsible for its'elinination (92,93). 

Bovine liver aldehyde dehydrogenase was shown to be inhibited 

by disulfiram in vitro (95,96,97). On the other hand, this 

drug had very little effect in vitro on human liver aldehyde 

dehydrogenase (44). More recent work by Deitrich and Erwin 

has indicated*"that administration of disulfiram to rats ir­

reversibly inhibits aldehyde dehydrogenase activity and re­

turn of activity is dependent on protein synthesis (98)., 

i 
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NAD conformation: 

By labelling the coenzyme at its reduced site with deu­

terium Vennesland and Wcstheimer (99) were able to show the 

non-identical nature of two G. pyridine hydrogens in the re­

duced nicotinamide coenzyme. Two forms of both nicotinamide 

nucleotides (NAD and NADP ). may be specified on the basis 

of these observations. Those two forms, referred to as the 

A' and B forms, are distinguished by their relative geometries 

with respect to the plane of the reduced nicotinamide ring. 

Enzymes specific for the two different C^ hydrogens are 

specified as A and B dehydrogenases, respectively. ' ° 

Kaplan and Sarma have recently applied high frequency 

proton,nuclear magnetic resonance to the study of the con­

formation of nicotinamide coenzymes in the solution. .They 

have postulated thi-ee structures: an open form and two folded 

forms. The folded"forms, distinguishable by the relative 

positions of the pyridineVand purine rings, 'are referred to 

as the right (P) and left \(U) helices. According to their 

hypothesis (P) and (M) helice^ are in equilibrium with each 
s' . 

other and their mterconversion proceeds through an open form 

(100). Furthermore, they propose that the difference in 

specificities of A and B dehydrogenase may be related to 

their ability to recognize the (M) and (P) helices. Attempts1' 

are being made in Kaplan's laboratory to determine the dif­

ferences in the binding ol the two helices to the various 

nicotinamide nucleotide linked dehydrogenases (100). 
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NAD -analogues: 

The study of the mechanisms of nicotinamide coenzyme 

dependent enzyme reactions has been greatly aided'by the 

present availability of structural analogues of nicotinamide 
4. 

nucleotides. A list of important NAD -analogues with modifi­

cations in the pyridine and/or adenine rings is given in 

Table II. The pioneer work in the_ preparation of NAD -ana­

logues and in their use4as coenzymes in the dehydrogenase 

systems was done by Kaplan (101,102,103,104). Kaplan et al. 

tested various dehydrogenases for their affinities towards 

different NAD -analogues with a view to demonstrating differ-

ences between dehydrogenases from different tissues or species 

(105). They pointed out that it is possible to classify 

animals not only by their physiological and morphological 

characteristics but also by the affinities of their dehydro­

genases for the coenzymes or their analogues (105).. 

Lactic dehydrogenases from lobster heart and thorax 

muscle reduce 3-acetylpyridine-AD faster than NAD whereas 

beef heart and rabbit skeletal muscle lactic dehydrogenase 
G 

reduce this analogue at a lower rate than NAD . 3-acetyl-

pyridine-AD is reduced more rapidly by horse liver alcohol 

dehydrogenase and beef liver glutamic dehydrogenase. In 

contrast, yeast alcohol dehydrogenase and glyceraldehyde-3-

phosphate dehydrogenase reduce the analogue more slowly 

than NAD (103,105). Overall, NAD -analogues are more 

readily reduced hy horse liver alcohol dehydrogenase system 

than by the yeast system (106). 



TABLE II . 
6> 

SOME NAD -ANALOGUES SUBSTITUTED IN THE NICOTINAMIDE, 

AND/OR ADENINE RINGS 

Analogue 
Substxtuents 

Pyridine Ring (C,) Purine Ring (Cg) 

Deamino-XAD 

3-Acetv Ipyridme-AD 

S-Ace t / l p y n d i n e - H D 

Pyridine-3-aldehyde-AD 

Pyridine-3-alaehyde-HD 

Thionicotinamide-AD 

—OH 

—C—CH, 

0 

ii 
T-C—CH, 
0 
i! 

—C—H 
0 

—C—H 

S 

II 
—C—NH 7 

-OH 

—OH 
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NAD -analogues have recently been used in the study of 

kinetic reaction mechanisms of yeast and bovine liver aide-
ft 

hyde dehydrogenase. The results indicate that both aldehyde, 

dehydrogenases arc distinct in their behavior towards differ­

ent NAD -analogues (107,108). Neither the yeast enzyme nor 

the bovine enzyme reduces NAD -analogues at a greater maximal 

*rate than NAD . The NAD -analogues are less reactive with 

yeast aldehyde dehydrogenase than with the bovine liver enzyme. 
4* ' 

NAD -analogues have not only helped, in the understanding 

of the reaction mechanism of various dehydrogenases but also 

they have been found useful in obtaining information on the r 

conformation of nicotu'xami de coenzymes (107,108,109,110,111, 

112,113). 

Kinetic reaction mechanism: 
— * : 

According to Cleland all enzyme catalyzed reactions can 

be classifed according to two major kinetic mechanisms: 

(1) sequential mechanism (2) Ping pong mechanism (114). 

A sequential mechanism requires the addition of all the sub­

strates to the enzyme before any product is released. On the 

other hand, in ping pong mechanisms, one or more products 

are released before all the substrates have bound to the 

enzyme. Sequential mechanisms are further divided into two 

sub-groups: (1) ordered (2) raniLam. An ordered sequential 

mechanism is one in which the order of addition of substrates 

and release of products is obligatory. The mechanism is 

random when the order of addition of substrates and dissocia­

tion of products is not obligatory. Several sequential and 
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ping pong mechanisms for enzymes with two substrates and two 

products (Bi Bi) are diagrammed below: • *$., j „" 

Sequential Mechanisms: !£-\^ 

a 

Li 
EA EAB=EPQ EQ 

Ordered Bi Bi 

A 1 I 
EA, 

EB / I E P Q J X EP n 
Ping Pong Bi Bi Mechanisan: 

A 

n 
Random Bi Bi 

1 
P B Q 

t \ t 
(IS 

' \ \ 
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Two general rate equations in kinetic constant form and with 

the product Concentrations set equal to zero are presented 

as examples: 

1. Sequential Bi Bi mechanism (ordered' or rapid equilibrium 

random) 

.v ' - _ ™ m 
KlaKb * KaB • V * *" 

2. . Ping Pong Bi Bi mechanism 

VAB 

KB + K, A + AB a D 

(3) 

frfcere v = i n i t i a l velocity in the absence of 
c products 

A and B = substrates 

K- = inhibi t ion constant for* A l a 

K* = Michaelis constant tor B 

K = Michaelis cons-iant for A 
a x 

V t = maximum velocity 

It is particularly interesting to note that the rate 

equation for the ping pong mechanism does not contain a > 

ĉonstant term. Initial velocity studies can easily distinguish 

sequential from ping pong mechanisms. In double reciprocal 

plots of initial velocity versus substrate concentration, 

Ml 
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an intersecting initial velocity pattern is characteristic" " 

of a sequential mechanism, a parallel pattern of a ping pong 

mechanism. 

All aldehyde dehydrogenases which have been investigated 

follow a sequential mechanism. A compulsory order mechanism 

with NAD binding prior to aldehyde has generally been assum­

ed to apply. Pig brain and horse liver aldehyde dehydrogenases 

have been reported to "follow a compulsory\qrder mechanism m 
+ 

which NAD binds before aldehyde (115,116). Kinetic studies 

with yeast and bovine liver aldehyde dehydrogenase have in­

dicated a similar mechanism (107,108). In this case a series 

of coenzymes and substrate analogues were used to get infor­

mation on the order of binding of TJAD and aldehyde. 

Bradbury and Jakoby have shown that the yeast enzyme 

follows a mechanism in which aldehyde binds first (117). 

This conclusion was 'reached on the basis of the results ob-

tained with NADH inhibition and equilibrium binding experi-

ments. NADH inhibition was competitive with respect to NAD 

and uncompetitive with respect, to aldehyde. Their equilibrium 

binding data indicated that NAD does not bind to the yeast 

enzyme in the absence of aldehyde. 

Esterolytic activity: 

Glyceraldehyde-3-phosphate dehydrogenase (118) was the 

first non-hydrolytic enzyme reported to catalyze hydrolysis 

of p-nitrophenyl acetate, a commonly used substrate of es­

terases. The sequence analysis around the site of p-nitro­

phenyl acetate acylation of glyceraldehyde-3-phosphate de-
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hydrogenase (EC 1.2.1,12) revealed the involvement of sulf-

hydryl (-SH) and amino (-NH2) groups in the formation of an 

acyl-intermediate which was then considered as the common 

intermediate in both the dehydrogenase and the esterase re-

action (119), Later on, carbonic anhydrase (EC 4.2.1.1) 

was also found to hydrolyse p-nitrophenyl acetate. Both the 

esterolytic and hydrolytic reactions took place at the same 

active center (120). More recently, a-glycerol phosphate de­

hydrogenase (EC 1.1,1.8) and horse liver aldehyde dehydro­

genase (EC 1.2.1.3) have also been observed to possess the 

ability to catalyze hydrolysis of p-nitrophenyl acetate (121, 

11-6). Feldman and Weiner proposed the formation of-a common 

acyl-enzyme intermediate in both the dehydrogenase and esterase 

reactions on the basis of kinetic data for the esterase re­

action. (116). The authors also suggested that acylation is 

the rate limiting step in both reactions. 

i The hydrolysis, of p-nitrophenyl acetate by glyceralde­

hyde-3-phosphate dehydrogenase, carbonic anhydrase and horse 

li^er aldehyde dehydrogenase was shown to follow normal 

Mi'chaelis-Menten kinetics. However, it was observed by 

Serarez and Apitz-Castro that the esterolytic activity of 

a-glycerol phosphate dehydrogenase was activated allosteric-

ally by both dihydroxyacetone phosphate and glycerol phos­

phate* a product of the dehydrogenase reaction (122). 

Bovine serum albumin was the first "non-enzymatic" pro­

tein found to hydrolyze p-nitrophenyl acetate (123). A de­

tailed kinetic study of the reaction of bovine serum albumin 
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with p-nitrophenyl acetate showed that a biphasic curve was-

obtained when ester hydrolysis was plotted versus time. , 

The biphasic nature of the curve was interpreted to mean that 

two separate sites, an acetylating site and a catalytic site, 

contributed to the observed esterase activity (124). 

Enzyme Induction: . , 

Investigations in the area of induction of liver aldehyde 

dehydrogenases are currently being pursued because these might 

provide answers to an unresolved aspect of alcoholism; namely, 

ethanol tolerance. Horton has reported an increase in ald.e-

hyde dehydrogenase activity °in a mitochondrial fraction, but " 

not in a microsomal fraction, isolated from liver of rats 

given ethanol orally. He has also x>ostulated the presence 

of an aldehyde oxidizing system in peroxisomes or lysosomes 

(125). More recently, a possible biochemical basis for al-

cohol preference and tolerance has been suggested by the 

observation that mice from.a strain which prefers to drink 

ethanol have an increased aldehyde oxidizing capacity in the 

liver compared with mice from a strain characterized by 

avoidance of alcohol. Aldehyde dehydrogenases from both 

strains are indistinguishable by electrophoresis and chro­

matography (126). 

Redmond and Cohen (127) have recently observed a two-fold 

increase in aldehyde dehydrogenase activity in whole liver 

homogenates of mice after administration of phenobarbital 

for four days. A similar but much^greater effect in rat 

liver has been demonstrated by Deitrich et al. (128). Their 
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results indicate that phenobarbital administration causes a 

ten-fold increase in aldehyde dehydrogenase activity present 

in the supernatant fraction. This effect is genetically 

controlled and is inherited as a dominant characteristic 

(12.8). 

tti 

"hi 
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SCOPE 

Human liver aldehyde dehydrogenase oxidizes a Tfide variety 

of differently substituted aldehydes, including biogenic amine 

and vitamin A metabolites, as well as acetaldehyde. Accord-' 

ingly,y this enzyme may affect the metabolic flux in diverse 

pathways. Also^ inhibition of aldehyde dehydrogenase has 

been postulated to play a role in the physiological action y, 

of various drugs which produce an aversion reaction to alcohol. 

Thus, it was of interest to obtain a deeper understanding of 

the kinetic steps in the reaction path and of the manner in 

which different substrate and coenzyme analogues and inhibi­

tors interact at the active' center of the enzyme. Studies 

carried out to establish the pattern of addition of substrates 

and coenzymes to the enzyme form the major component of this 
s 

thesis. In addition to oxidation of aldehydes, the human 

enzyme was found to catalyze ester hydrolysis. Study of es­

terolytic properties of this enzyme led to important insights 

into the kinetic mechanism and the relative rates of various 

catalytic steps in the esterase and dehydrogenase reactions. 

The esterase data has also provided experimental evidence for 

the existence of a second binding site responsible for sub'-' 

strate activation by p-nitrophenyl acetate. 

Interactions between subunits of allosteric enzymes play 

an important role in the regulation of their activity. The 

importance of protein-protein interactions between different 

proteins has not been as extensively investigated. The 

lT4 
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activation*! of human liver aldehyde dehydrogenase by bovine 

serum albumin observed in this study presented a situation 

where the contribution of such interactions to the catalytic •> 

power of this enzyme can be studied. 

Inhibition of certain aldehyde dehydrogenases by metal 

complexing agents has led to reports that they are zinc 

metalloenzymes, but this hypothesis remains unproven. Human 

liver aldehyde dehydrogenase is also inhibited by such agents 

but analysis by atomic absorption spectrophotometry did not^ 

show the presence of stoichiometric amounts of zinc in the 

preparations examined (Blair, unpublished data). Studies 

directed toward investigating the nature of this inhibition 

seem to have provided an answer to this problem and are pre­

sented here. 
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MATERIALS AND METHODS 

A. MATERIALS 

1, Chemicals ., 
»<- • » . i . . , - , _ — • - ( 

All chemicals used for enzyme^ i s o l a t i o n were reagent 

grade unless otherwise spec i f i ed . DBAE-cellulose (DE 32) was 

a product of Whatman Company. PAB-cellulose was purchased 

from Serva FemBiochemica, GmbH (* Co. DEAE-sephadex (A-50) 

and sephadex G-100 and G-200 were products of Pharmacia Fine 

Chemicals. BD-cellulose was obtained from Schwarz, BioRe-

search , Inc . Calcium phosphate gel was a product of CalBio* 

chera, Inc . 

6-NAD-, g-NADH, p-ni t rophenyl a c e t a t e , p-ni t rophenyl 

propionate , p-ni t rophenyl b u t y r a t e , benzoic ac id , adenine 

hydrochloride, ovalbumin ( c r y s t a l l i z e d ) , reduced g lu ta th ione , 

and N'-methylnicotinamide were purchased from Sigma Chemical 

Co, Adenine, adenosine, nicotinamide hypoxanthine dinucleo­

t i d e , 3 - ace ty lpyndme adenine d inuc leo t ide , 3-acetylpyr idine 

hypoxanthine d inuc leo t ide , pyridine-3-aldehyde adenine d i -
* f 
i B 

nuc leo t ide , pyridine-3-aldehyde hypoxanthine d inuc leo t ide , 

and thxonicotinamide adenine dinucleot ide were products of 

P.L. Biochemicals, Inc . 2,9-Dimethyl~~l,10-phenanthroline, 

a ,c* ' -dipyridyl , qu ino l ine , hexadecyltrimethylammonium bromide, 

and ch lora l hydrate were obtained from Eastman Organic Chemi­

c a l s , and YjY^-dipyridyl hydrochloride from K 4 K Labora­

t o r i e s , Inc . 1,10-Phenanthroline and ge l a t i n were purchased 

from Fisher S c i e n t i f i c Company. Acetaldehyde was purchased 
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from Matheson Coleman and Bell, Inc. Glyceraldehyde was ob­

tained either from- Sigma Chemical Co. or Mann Research Labor-
I ' 

atories. Ethylenediamine tetraacetic acid, disodium salt, 

was purchased from J.T. Baker Chemical Co. Bovine serum 

albumin (Pentex crystallized), bovine s.erum albumin (Fr V, 

Fatty acid free), human albumin (crystallized), human albumin 

(Fr V, Fatty acid free), rabbit albumin (crystallized), 

horse albumin (Fr V), sperm whale myoglobin (crystallized) 

and Jysozyme (crystallized) were purchased from Miles Labora­

tories, Inc. 

2. Solutions , 0 

Substrate and inhibitor solutions were prepared 

just prior to use. Acetaldehyde was distilled under nitrogen 

before use., Solutions of serum albumins and other proteins 

were freshly prepared in glass distilled water. p-Nitro­

phenyl esters were dissolved in acetone and diluted with 

water to a final concentration of 2.5 mM or less (final con*-

centration of acetone 0.5t v/v). The resulting stock solutions 

remained transparent during the course of a series of ester­

ase measurements. ^ 
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B, 'EXPERIMENTAL PROCEDURES 

* 

1. Ion-exchange and Gel Chromatography 

a. DEAE-ccllulosc *' 

The ion-exchanger was suspended in 15 volumes 

(v/w) of 0.5N HC1 and allowed to stand for at least 30 min­

utes. The supernatant liquor was then decanted and the DEAE-

cellulose was washed with distilled water in a sintered glass.-

funnel until the pH of the filtrate was near 4. The ion-

exchanger was then stirred into 15 volumes of 0.5N NaOH* 

After 30 min the" supernatant liquor was decanted J This NaOH 

treatment was repeated once. The DEAb-cellulose was freed 

of alkali by washing with distilled water in the funnel un­

til the pll of the filtrate was close to neutrality. The 

washed ion-exchanger was then suspended in the equilibrating 

buffer (0.01M sodium phosphate, pll 6.2) and adjusted to pH 

6,2 by adding the acid component of the buffer with stirring.. 

After titration, the suspension was allowed to settle for 15-

20 min after which the supernatant solution, containing fine 

particles, was decanted. The buffer treatment, along with* 

removal of fine particles, was continued until the pll and 

conductivity of the supernatant layer were the same as that ' 

of the equilibrating buffer. 

The column was packed by the pumped flow method. A 

slurry of DEAE-cellulose was prepared by adding equilibrating 

buffer to give a final volume .equal to 150% of the wet set­

tled volume of the exchanger. The stirred slurry was then 

poured into a column fitted with a extension tube half the 
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length of the column. After adding the slurry, the extensiojJ 

tube was connected immediately to the buffer"' reservoir via a 

peristaltic pump adjusted to provide continuous inflow of 

buffer under low pressure. The flow of buffer was continued 

until the exchanger bed reached a stable height. Then, the 

extension tube was removed and the outlet from the peristal­

tic pump was directly connected to the column. The packed 

column was washed with at least two further column volumes 

of buffer. 

b. DEAE-sephadcx 

The sephadex ion-exchanger (A-50) was first 

allowed to swell in an excess of starting buffer {0.04M 

sodium phosphate, pll 6.8) for two days at room temperature. 

The swollen gel was washed several times with starting buffer 

until the supernatant layer had the same pH and conductivity 

as the equilibrating buffer. The fjjne particles were removed 

in conjunction with each buffer change by allowing the gel 

to settle for 15 min and then decanting the supernatant layer. 

The DEAE-sephadex column was prepared by the usual method as 

described in the Sephadex ion-exchanger Bulletin (Pharmacia 

Fine Chemicals). 

c. PAB-cellulose 

This ion-exchanger was first suspended in dis­

tilled water in order to remove fine particles. The sus-

pension was allowed to settle for 15 min and then the super­

natant liquid decanted. This procedure was repeated several 

times*. The resulting relatively coarse PAB-cellulose frac-
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t ion was equi l ibra ted with O.ftlM sodium phosphate, pH 6.2, 

u n t i l the supernatant^solution^had the same pllpand conductivi­

ty as the equi l ibra t ing buffer. The equilig^axed PAB-cellu«_^« 

P\ lose was poured as a s lu r ry in to a columnN>f chosen s i z e . 

d. BD-cellulosc $ ^ 

BjBf-collulose supplied by the manufacturer as 

a suspension in 2M sodium chlor ide , was equi l ibra ted with 

s t a r t i n g buffer bfefore pouring in to a column. The packed 

column was washed with the buffer un t i l the pll and_conductivi-

ty of the e luate were s imi lar to the buffer . 

e. Calcium-phosphate Ge,l 

' •"'*' Tricalcium phosphate gel was used without fur­

ther treatment. 

f. Sephadex-gels 

Sephadex G-100 and G-200 were allowed to swell 
/• 

* ,• 

at room temperature in the filtration buffer format -leas/t 

three days. The swollen gels were then equilibrated with the 

» appropriate, filtration bufferdbid cooled to 4°. The columns 

were packed at 4° according to the method described in the 

Sephadex Bulletin (Pharmacia Fine, Chemicals). Upward flow 

of buffer with the recommended constant pressure head was used 

for all sephadex columns. The packed column was washed with 

two column volumes of filtration buffer prior to an experi­

ment. 
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• Isoelectric Focusing 

An eleetrofoeusmg column of 110 ml volume (LKB8101) 

was^yprepared for use at 4° by following Instructions given in 

the LKB 8100 Ampholine Instruction Manual. The ampholine ^ 

carrier ampholytes for pH gradients 3-10, 5-8 and 3-6 were 

used in various runs. These ampholytes consist of a number 

of different aliphatic polyamino-polycarboxylic acids. 

3. Protein Determination 

Protein was determined by the method of Lowry e t a l . 

(129) using_b,^yine serum albumin, fraction V (Nutr i t iona l Bio-

, chemicals Corp. ) , as the s tandard. 

4. Conductivity Measurement 

Conductivity was measured at 4° with a Radiometer 

conductivity meter, type CDM2d, using a type CDC114 electrode. 

5. pH Determination ' ' 

pll measurements were made with a Radiometer pH 

meter 26, using a type GK2302C glass electrode at 23". The 
( U 
determination of the pll »of fractions obtained from the iso-

•0 

electric focusing column was carried out at 4°. 

* 6. Assay of Enzyme Activity 

a. Aldehyde dehydrogenase activity 

Dehydrogenase activity at 22° was determined as 

described by Blair and Bodley (44) by measuring the/NADH 

formation at 340 run with a Gary 16K spectrophotometer equipped 

with a Honeywell Electronik 16 recorder and temperature con­

trolled cell holder. Reaction mixtures for routine assay 
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contained 33 mM sodium pyrophosphate, pH 9.3, 8.3 mM acet­

aldehyde and 1.7 mM NAD . The final volume was 3.0 ml. The 

composition of reaction mixtures used in kinetic experiments 

is specified in the appropriate figure captions. The reaction 

was initiated by addition of enzyme. One unit of activity 

is defined as the amount of enzyme that catalyzed the forma­

tion- of one pinole of NADH per min under the above conditions, 

b. Esterase activity '"-

Esterolytic activity at 22* was determined by 

measuring the formation of p-nitrophenolate ion at 400 nm. 

The composition of reaction mixtures is specified in the ap­

propriate figure captions. The reaction was initiated by 

addition of enzyme- There was no significant increase in 

absorbance at 400 nm at low concentrations of p-nitrophenyl 

esters, in the absence of enzyme. If any significant increase 

was observed at higher concentrations of esters it was sub­

tracted from the corresponding absorbance change obtained in 

the presence of enzyme. NAD or NADH alone did not catalyze 

any ester hydrolysis, at pH 7.0 under the conditions used. 

7. ̂ p V.vi7,yme preparation 

Human liver samples were obtained at autopsy and 

stored frozen until used. The case history and pathological 

examination indicated the livers to be free of disease. The 

frozen liver samples (1000-1500 g) were thawed, cut into small 

pieces and passed through a cooled meat grinder. Subsequent 

steps were carried out at 0-4°. To the ground liver was 
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added: 0.5M sodium pyrophosphate, pll 7.0, (volume equal to 

1*34 times the weight of ground liver), 1.05M sucrose (volume 

equal to 1.34 times the weight of ground liver), 0.1M MgCl, 

(volume equal ttf 0.052 times the weight of ground liver) and 

0.1M EDTA (to give 1.0 mM In the final mixture). The result­

ing suspension was stirred for 15 min, jafter which 10* aqueous 

hexadecyltrimethylammonium bromide solution (volume equal « 

to 0.146 times the weight of groun^ liver) was added drop-

wise during five min. After stirring for another 30 min, the 

suspension was centrifuged at 25,000 x g for 20 min and the 

sediment discarded. Solid ammonium sulphate equivalent to 

401 saturation was added to the supernatant solution during 

a 30 min period. The suspension wis stirred for one hour; 

then centrifuged at 25,000 x g for 20 min and the sediment 

discarded. Additional ammonium sulphate was added to the 

supernatant solution to bring the relative saturation to 551 

and stirring was continued for another hour. The resulting 

suspension was centrifuged at 25,000 x g for 30 min and the 

precipitate was collected. "The precipitate, containing en­

zyme activity, was.dissolved In a minimum volume of 0.01M 

sodium phosphate, pH 6.2, and dialyzed against ten volumes 
- - - — * _ j 

of the same buffer for 17 hr. The dialyzing buffer was 

changed three times during the- dialysis run. After dialysis, 

the enzyme solution was centrifuged at 25,000 x g for 30 ain 

and the precipitated protein was discarded. The conductivity 

of the dialyzed solution was adjusted using distilled water 

to 1.0-1.5 times the conductivity of the equilibrating buffer 
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for the DEAE-cellulose column. The resultant enzyme solution 

was loaded onto a DEAE-cellulose column (4 x 40 cm), previous­

ly equilibrated with 0.01M sodium phosphate, pH 6.2, contain­

ing 1.0 mM GSH and 1.0 mM EDTA, After loading, the column 

was washed with two column volumes of starting i»uffer. En­

zyme activity was then eluted by a linear salt gradient ob­

tained with 4 litres of 0.01M sodium phosphate, pH 6.2, in 

. the mixing bottle and 4 litres of 0.08M sodium phosphate, 

pH 6.2, in the reservoir. Both solutions contained 1.0 mM 

GSH and 1.0 mM EDTA. Fractions from the enzyme activity 

peak were combined and loaded onto a DEAE-sephadex column 

\(2 x 35 cm), previously equilibrated with 0.04M sodium phos-

"'phate, pH 6.8, containing 1.0 mM GSH and 1.0 mM EDTA. Before 

loading, the conductivity of the combined fractions was ad-

* 

justed to a value equal to the conductivity of the equili­

brating buffer. After adsorption of the enzyme the column 

was washed with two column volumes of starting buffer. En­

zyme activity was eluted by a linear salt gradient obtained 

with 600 ml of 0.04M sodium phosphate, pH 6.8, containing 

1.0. mM GSH and 1.0 mM EDTA, in the receiver and 600 ml of ' 

0.2M sodium phosphate, pll 6.8, containing 1.0 mM GSH and 1.0 

mM EDTA, in the reservoir." Appropriate fractions from" the 

single peak were pooled and concentrated by ammonium sulphate 
precipitation. ' j 

i 
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8. Kinetic Experiments ' 

To get an accurate value of initial velocity, trip­

licate assays vero yerformed for every point present on the 

velocity versus*substrate concentration line in all the kine-' 

tic. experiments described here. Wherever two out of three 

values we're concordant or very close the third one was then 

discarded. In cases where triplicate assay values were not 

concordant then an average of three values was taken. 

9. Data Processing ^ -

The kinetic data were processed by a CDC 6400 com-

puter using FORTRAN programs as described by Cleland (130). 

The fits to appropriate equations were made using a least 

squares method and on the assumption of equal variances for 

experimental velocities. Preliminary reciprocal plots of 
t 

initial velocity versus substrate concentrations were pre­

pared in order ^ check ,the linearity of the lines. When 
J--

the lines were linear, the experimental data were fitted to 

rate equation a by a program which provided the values for 

«m/V, A, standard errors of their estimates and weighting* < — 

factors." Secondary plots of slopes and intercepts (obtained 

from fits to equation a) were made against inhibitor concen­

tration (inhibition studies) or reciprocal of changing fixed 

substrate concentration (initial velocity studies) to determine 

the type of inhibition or initial velocity pattern. The 

replots.were also fitted to a straight line using weighting 

factors supplied by fits to equation a. The fits .were then 
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made to an overall rate equation describing the observed 

type of inhibition or initial velocity pattern. Initial ve­

locity data displaying Intersecting lines were fitted to the 

sequential mechanism rate equation .b, assuming either sub­

strate A or B binds first to the enzyme. The inhibition data 

corresponding to linear competitive inhibition, linear non­

competitive inhibition and linear uncompetitive inhibition 

were £ittedf,to equation c, d and e"respectively. *The sub­

strate activation data (esterase reaction) were fitted to 

equation f. 

v - - ™ _ (a) 
K + A 

v = 
ia b a b 

K(l + I/Kj) + A 

VA 
K(l + I/Kis) + A(l + I/Kn) 

*& 

VAB - >- (b) 

VA (c) 

(d) 

r - & (e) 
K + Afl + I/Kj) 

V 2 * V.K2/(l - V,/V2)S 
v . _ , _ , (fj 

1 + K?7(l - V,/V,)S + K,K7/(1 - V1/V2)S
4 

/ 
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EXPERIMENTAL RESULTS 

r 

A. ENZYME PURIFICATION 

1. DEAE-cellulose Chromatography J 

Human liver aldehyde dehydrogenase was purified as 

described by Blair and Bodley (44) with some modifications. 

The isolation, and purification procedure is described under 

Methods. The first modification introduced was the inclusion 

of 1.0 mM GSH and 1.0 mM EDTA in the DEAE-cellulose column 

chromatography. These additions increased recovery from this 

column from 60* to 901. The replacement of <$SH with mercapto-

ethanol or cysteine also improved the recovery, though to a 

lesser extent than that obtained with GSH. In order to rule 

out the possibility of sulfhydryl compound activation, the 

direct effect of GSH on enzyme activity^^rrrthe assay system 

-3 
was studied. 10 GSH in the assay system did not show any 

effect on the enzyme activity. 

Some other commercially available ion-exchangers and gels 

were also tried in an attempt to increase the extent of 

purification. / 

2. PAB-cellulose Chromatography 

The passage of a crude extract of this enzyme 

ithrough a PAB-cellulose column previously equilibrated with 

0.01M sodium pyrophosphate, pH 6.0, gave 1.5 fold purification. 

Similar treatment of the dia*fSred 40 - 55* (NH4)2S04 pre­

cipitate resulted in two fold purification. The enzyme was 
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not adsorbed by PAB-cellulose under the conditions used; pur» 

ification resulted from adsorption of impurities. 

•*»• BD-cellulose Chromatography 

The fraction obtained by (NH.)2SO. precipitation 

was dialyzed and"loaded on a column which had been equili­

brated with 0.01M sodium phosphate, pH 6.0. The enzyme was 

adsorbed so tightly that sodium phosphate buffers of increas­

ing ionic strengths up to 0.08M did not elute it. The addi-

tion of NAD or acetaldehyde to the eluting buffer (0.Q1M 

sodium phosphate, pH 6~.0) was not found helpful. Attempts 

were also made to elute activity by increasing or decreasing 

the pH in association with increasing ionic strength but no 

success was achieved. At pll 8.0 only traces of activity 

were detected in the effluent. The addition to ,the eluting 

buffer (0.01M sodium phosphate, pH 6.0) of compounds having 

aromatic rings in their structure such as sodium benzoate, 

dimethylaminobenzaldehyde and sodium phthalate was also tried 

in an attempt to disrupt hydrophobic interactions between 

the enzyme and the benzene rings of BD-cellulose. However, ̂  

this" approach also failed to desorb the enzyme. The addition 

of GSH or EDTA or both in combination with some of the agents 

referred to above was also ineffective. No better results 

were obtained when sodium pyrophosphate buffer at different 

'ionic strengths and pH values was used in place of sodium 

phosphate. 
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4. Calcium-phosphate Gel Chromatography ' 

Small portions of calcium-phosphate gel (lit solids) 

were added with stirring at 4° to a DEAE-cellulose purified 

enzyme fraction, adjusted to an ionic strength equivalent to 

0.01M sodium phosphate, pH 6.0, until'no enzyme activity was 

detected in the supernatant solution. 

The gel was removed by centrifugation and washed 

.with an equal volume of 0.01M sodium phosphate, pH 6.0. 

After 5 min of stirring, the gel was again collected by cen-

, trifugation. The enzyme was eluted by stirring the gel with 

j. the same buffer containing 10% (NH4)2S04. This step was 

repeated. The first elution step^gave 2,5-fold purification 

with 12% recovery of the starting enzyme activity. Seven­

teen percent of the ̂ initial activity was detected in the. 

\ <•» " • 

second fraction. ' ^ 

5. ,-Sephadex-gel Filtration 

Deitrich in his paper on the purification of 

human liver aldehyde dehydrogenase (62) reported a molecular 

weight of 100,000 daltons for this enzyme whereas the mole­

cular weight reported by Blair and Bodley was 200,000 dal­

tons (44). This discrepancy suggested that either the 

enzyme dissociated under certain conditions or error occurred 

in the determination of molecular weight in one of the la­

boratories. First of all, their findings were checked by 

running gel filtration experiments under the conditions 

they employed to isolate and chromatograph the enzyme. An 
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upward flow technique using 0.005M sodium phosphate, pH 7.0, 

as the filtration buffer was employed. , It was found that 

enzyme, prepared either by Kraemer and Deitrich's procedure 

or Blair and|Bodley's, emerged at the void volume of a 

sephadex G~100"column (2.5 x 30 cm). Proteins of molecular 

weights above the upper limit of fractionation range (4,00*0-

150,000) are excluded from sephadex G-100. In order, to see 

whether the enzyme behaved differently at different con­

centrations, -two solutions* one at 60 mg protein/ml, the 

other at 4 mg protein/ml were run through sephadex G-100 
-saw **» 

(2.5 x. 30-cm) and G-;200 (2.5 x%90 cm) columns both in the 

presence and absence of EDTA. The elution volume was the 

same at both concentrations. -Furthermore, a parallel ex-

periment run m 0.01M sodium phosphate, pH 7.0, gave the 

same results. Finally, no change was observed in enzyme . 

elution^pattern as a function of flow rate. 

1 
6- Isoelectric Focusing 

Further purification of DEAE-cellulose purified 

enzyme was attempted by the recently developed technique of 

isoelectric focusing. However, the enzyme precipitated dur­

ing every run and lost its activity. The observation of 

virtually total loss of enzyme activity prompted the search 

for a solution to this problem. Incubation experiments were 

set up to examine the direct ̂ effect of ampholytes on enzyme 

activity. It was found that when enzyme was incubated in 

the presence-of different concentrations of ampholyte in 
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O.OOSM sodium phosphate at pH 6.0 for 36 hrs, 50%, 72* and 

751 of the original activity was lost at ampholyte concentra­

tions of 2», .45 and 0«, respectively. It was also observed 

that 93% of the enzyme activity could be recovered if gly­

cerol at 20% concentration was present in the incubation 

medium. The replacement of glycerol by 1.0 mM EDTA did not 

protect the enzyme against inhibition by ampholytes. The 

ineffectiveness of LDTA indicated that enzyme inhibition by 

ampholytes was not due to the preseiM^ of heavy metals in 

commercial preparation of ampholine carrier ampholytes. Un­

fortunately, the use of a glycerol density gradient in place 

of sucrose in the electrofocusing column did not prevent 

precipitation and inactivation of the juusyme. 

B. KINETIC STUDILS 

1. Dehydrogenase Reaction 

Initial velocity and inhibition studies were used 

in order to investigate the kinetic mechanism of human liver 

aldehyde dehydrogenase. Initial velocity studies were per­

formed by varying one substrate at a fixed concentration of 

the other substrate (Bisubstrate mechanism). The very low 

Km value for acetaldehyde makes it impossible to obtain ac­

curate initial rates with this compound as variable substftate. 

To solve this problem, two approaches were attempted. First, 

certain NAD -analogues have Ween found to increase the con­

centration of acetaldehyde required for half-maximal velocity 
'/ 

with alcohol dehydrogenase (109). It was hoped that this 
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might occur with human liver aldehyde dehydrogenase. Apart 

from this, comparison of the kinetic data obtained with 

various NAD*-analogues could "provide information on the es­

sentiality of the functional groups of the NAD+ molecule in 

the dehydrogenase reaction. Second, the use of other aldehyde 

substrates of higher Kffl values should also overcome the pro­

blem of obtaining accurate initial rates. 

a* Coenzyme activity of NAD*-analogues and 

Michaelis constants for aldehyde substrates 

Kinetic constants obtained using NAD*-analogues 

as coenzymes (variable substrates) and acetaldehyde as the 

fixed saturating substrate arc compared with corresponding 

valiles for NAD* in Table III. It is apparent that the-high­

est V, 
max 

value for these analogues (obtained with 3-acetyl-

pyridine-AD+) is only 6$ of the V m a x value for NAD
+ while 

K values vary from 5.5 x 10"6M, for thionicotinamide-AD+, 
m 

to 1.1 x 10 M, for deamino-NAD*. In contrast, the highest 

Vm,^ values for NAD*-analogues with yeast aldehyde dehydro-

genase and bovine liver aldehyde dehydrogenase were 53% 

(deamino-NAD*) and 855 (3-acetylpyridine-AD*), respectively, 

of the v.- value for NAD* (107,108). 
lUaA 

Whep equal amounts (0.6 mM) of NAD and NAD -

analogues were used in the assay mixtures, thionicotinamide-

AD+ and pyridine-3-aldehyde-AD inhibited the dehydrogenase 

activity whereas deamino-NAD+, pyridine-3-aldehyde-HD+, 3-

acetylpyridine-AD* and 3-acetylpyridme-HD* had no effect. 

The kinetic data presented in Table IV were substituted into 
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TABLE III 

MICHAELIS' CONSTANT AND MAXIMAL VELOCITIES FOR NAD*-ANALOGUES 

TESTED AS COENZYMES FOR HUMAN LIVER ALDEHYDE DEHYDROGENASE 

K_ and V. ,„ values were calculated from data plotted in 
m max • r 

conventional double reciprocal form. Reaction mixtures con­

tained: 33 mM sodium pyrophosphate, pH 9*3; 2 mM acetalde­

hyde; 0.07 unit of enzyme and the NAD -analogue varied over 

a ten-fold range in concentration. Total volume one ml. 

Analogue K Relative V„,„ 
" m _ max 

P. , 1 , , . . , , , — f ; — _ < — 

NAD* 4 . 0 x 10" "* 100.0 

Jeamino-NAD 1.1 x 10"* 4.1 

3-Acetylpyridine-AD* ' 3.4 x 10"** * 6.2 

3-Acetylpyridine-Hi) 

Pyridine-3-aldehyde-AD 

Pyridine-3-aldehyde-HD 

Thionicotinamide-AD 

4.0 

1.1 

3.4 

6.6 

IvO 

2 ,5 

5.5 

M 

X 

X 

X 

X 

X 

X 

X 

i o - 4 

I D ' 2 

IO"4 

I O ' 4 

IO" 4 

- 3 10 J 

IO**6 

' 9 

0*5 

3.5 

1.4 

3.0 
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equation 4 for competing substrates to obtain a theoretical 
• + 

reaction rate value for each NAD -analogue. 

' ; 

V N A D [ N A D J * Vanalog KNAD [analog 1 

analog 
v = H *NAB * N A D • %AD 

""analog 

(4) 

analog 

As can be seen from Table IV, the experimental reaction rate 

values are in agreement with the theoretical reaction rate 

values in all cases except 3-acetylpyridine-AD and 3-acetyl-

pyridine-HD . Results of kinetic studies with NAD -analogues 

indicated that none of the analogues tested would be useful 

"as a coenzyme in initial velocity studies with human liver 

aldehyde dehydrogenase. 

The second approach involved testing various 

other aldehydes to determine their concentrations giving half-

maximal velocity. It was found for hydroxyaldehydes' (glycol-

aldehyde and glyceraldehyde) that the concentrations giving 

half-maximal velocity were far greater than those for simple 

aliphatic aldehydes (68). For example, the Michaelis con­

stants for glyceraldehyde and acetaldehyde were found to be 

4 x 10**4M and -.lO^M, respectively. Thus, it was decided to 

use glyceraldehyde as substrate and NAD as coenzyme in the 

initial velocity studies. 
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TABLE IV 

INHIBITORY EFFECT OF NAD* ANALOGUES ON HUMAN 

LIVER ALDLHYDL DLHYDROGhNASE -

Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 

9.5; 2 mM acetaldehyde; 0.03 unit of enzyme; 0.6 mM NAD and 

0.6 mM of the indicated analogue. Total volume one ml. 

Analogue added 

-

None (NAD* alone) 

Deamino-NAD* 

3-Acetylpyridine-' 
' AD* 

3-Acetylpyridine-
HD+ 

Pyridine-3-alde­
hyde -AD* 

Pyridine-3-alde-
hyde-HD* 

Thionicotinamide-
* AD* 

Calculated" 
V 

AA340 rain 

— • 

0.035 

0.022 

0.026 

0.012 

O.033 

0.003 

Experimental 
V 

AA340 min"
1 

0.035 

0.03S 

0.035 

0.035 

0.016 ' 

0.032 

0.004 

Activity of 
mixtureb 

% 

100 

100 

100 

,100 

48 

92 

11 

a Equation 4 was used to calculate these values 
4* 

b Activity of mixture:kexpressed as I of activity with NAD 
alone. Calculat44/ffom the values shown in the'"Experiment­
al" column. ' 
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b. Initial velocity studies 

i. Initial velocity patterns 

Initial velocity studies using glycer­

aldehyde as the variable substrate and NAD as the changing - -

fixed substrate were performed in order to determine the 

manner of addition of substrates to aldehyde dehydrogenase. 

The double reciprocal plot of initial velocity at pH 9.5 

versus variable glyceraldehyde concentration, at different 

constant concentrations of NAD , showed convergent lines. 

This pattern indicates a sequential mechanism and rules out 

a ping pong mechanism (Figure 1). The secondary plots of 

slopes and intercepts from Figure 1 against non-varied sub­

strate concentrations were linear .(Figure 2). Therefore, 

the initial velocity data were fitted to rate equation 2 de­

scribing a sequential mechanism. However, this rate equation 

does not/provide any distinction between random or ordered 

binding of the substrate. When the initial velocity data 

were plotted with NAD as the variable substrate and glycer­

aldehyde as the fixed substrate, the lines s.tlll appeared to 

converge (Figure 3), if those lines for fixed glyceraldehyde 

concentrations giving substrate inhibition were not considered. 

.The secondary plots of intercepts and slopes from Figure 3 

versus reciprocal of glyceraldehyde concentration were linear 

and non-linear, respectively (Figure 4).\ The kinetic constants 

calculated from fits of initial velocity data to equation 2 

assuming either NAD* binds first or glyceraldehyde binds first 

to the enzyme, are shown in Table V. 
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J>»T*tr!l»<*SK*I*-

[GLYCERALDEHYDE] 
ImM"1)' 

FIGURE 1 ' . ; 

Double reciprocal plot with glyceraldehyde 'as the variable 

substrate and NAD as the"changing fixed substrate at pH 9.5. 

Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 

9.3; 0.018 unit of enzyme; glyceraldehyde as indicated and 

NAD*: (a) 0.25 mM; (O) 0.4 mM; (A) 0.8 nM; ( • ) 2.0 mM. 

Total volume one ml. Solid lines were calculated from fits 

to equation (b). . 



50 

0.02-

CO 
1X1 

O 
aoH 

(NAD) (mM"1) 

r-125 

r-roo 
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FIGURE 2 

Secondary plot*of slope# and in te rcep t s versus reciprocal 

of NAD* concentration (•) s lope; (o) in t e rcep t . Data taken 

from Figure 1. 
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i - (mM"1) 
[NAD] 

FIGURE 3 - ' 

Double rec iprocal p l o t with NAD as the var iab le subs t ra te 

and glyceraldehyde as the changing fixed subs t ra te a t pH 9 .5 . 

Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 

9 . 3 ; 0.018 un i t of enzyme; NAD* as indicated and glyceraldehyde; 

( a ) 0.25 mM; ( A ) 0.4 mM; ( o ) 0.8 mM; ( • ) 2.0 mM. Total 

volume one ml. 
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• ' % 

[GLYCERALDEHYDE] <mM * 

FIGURE 4 
> * 

Secondary plot of slopes and intercepts versus reciprocal 

of glyceraldehyde concentration (x) slope; (•) intercept. 

Data taken from Figure 3. 
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TABLE V 

KINETIC CONSTANTS FOR-BEHYDROGENASE REACTION 
• x -J * 

' CALCULATED FROM EQUATION 2 

Nomenclature o£ Cleland (114) 

S u o s t r a t e k„ KK V K. _ 
a , - D 1 a 

V^TraM I mM i A340 m:'",lL" m*'1 

A « Glyceraldehyde 0.43 ±0.07 0.S4 ±0.109 0.045 ±0.003 0.15 ±0.09 

B - NAD ' t 

A - NAD 0.476±0.1S4 Q.385±0.111 0.043±0.005 0.246±0.164 

B « Glyceraldehyde • - ' 

^ 



ii- Substrate inhibition 

At pH 7.3, the double reciprocal plot of 

initial velocity data* obtained using glyceraldehyde as the 

varfable substrate and NAD as the fixed substrate also gave 

intersecting lines, consistent with a sequential mechanism 

(Figure 5). Substrate inhibition (variable substrate glycer­

aldehyde) at low fixed concentrations of NAD* was much more " 

pronounced at low pH, as evident in the upward curvature of 

the initial velocity patterns. The reciprocal plot of initial 

velocity against varying concentrations of NAD at-different 

fixed concentrations of glyceraldehyde showed that substrate 

inhibition by glyceraldehyde was competitive.,j£Eigure 6). In 

other words^ only the slopes were affected. Saturating con-

centrations of NAD overcame the inhibition caused by high 

concentrations of glyceraldehyde. 

iii* Distinction between sequential and ping 

pong mechanisms 

In Figures 1, and 3, the lines appear to 

be converging as required by a sequential mechanism. However, 

the lines are not very far from parallel which would be 

characteristic of a ping pong mechanism (Substrate inhibition 

introduces an additional complication in interpretation). 

This type of behavior can easily be misleading in the assign-„ 

ment of a particular mechanism to any enzyme under kinetic 

investigation. It can be seen that the sequential rate 

equation 2 has an extra*tcrm, K- K^* when compared to the 

rate equation 3 fort a ping pong mechanism. in cases 
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FIGURE 5 

Double reciprocal plot with glyceraldehyde as the variable 

• substrate and NAD* as,the "changing fixed substrate at pH 7.3. 

Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 

7.0; 0.08 unit of enzyme; glyceraldehyde as indicated and NAD : 

(D ) 0.25 mM; (A ) 0.4 mM; (o ) 0,8 mM; (• ) 2.0 mM. Total 

volume one ml. 



56 

p A D ] < m M : > 

FIGURE 6 
-•J 

DoVble reciprocal plot with NAD as the variable substrate 

and glyceraldehyde as the changing fixed substrate at pH 7.3. 

Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 

7.0; 0.08 unit of(enzyme; NAD as indicated and glyceraldehyde: 

(A) 0.25 mM; (O ) 1.0 mM; (o) 2.0 mM. Total volume one mi; 

o 
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where the K. K. terra is very small in comparison to the K B 

and K,A terms, the sequential rate equation becomes similar 

to that ,for a ping pong mechanism. Therefore, the initial 

velocity pattern would appear parallel rather than clearly 

converging. A dead-end inhibitor may be employed to aid in 

making a distinction between these mechanisms. The addition 

of a constant amount of a competitive inhibitor in the initial*; 

velocity studies does not change the actual mechanism (e.g., 

sequential or ping pong). This is because-both the inter­

cept and slope terms in the sequential rate equation-, but , • 

only the intercept term in the ping pong rate equation, are 

multiplied by an inhibition factor (1 + I/K-). In a ping 

pong mechanism one of the substrate terms will be multiplied 

by an appropriate (I + 1/K.) factor but*io new constant term 

will be introduced in the process, i.e., no change in slope 

occurs. Under certain! conditions in a sequential mechanism 

where the K. K. term of the rate equation is very small, the , 

presence of an inhibitor, competitive with respect to the 

variable substrate, would bring the intersecting point of the 

double reciprocal plot closer to the intercept-axis. This 

will occur when the K.JKu term is multiplied by a (1 + I/K.) 

factor. In contrast, the parallel pattern given by a ping 

pong mechanism will remain parallel m the presence of an in-
t 

hibitor competitive with respect to a variable substrate. 

Therefore, to confirm the sequential nature 

of substrate addition to the human enzyme, initial velocity 
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studies were carried out in the presence of a constant amount 

of a competitive inhibitor. Figures 7 and 8 represent initial 

velocity patterns in the presence of two inhibitors, thio-

ni.cotinamide-AD (competitive with respect to NAD ) and chloral 

hydrate (competitive with respect to glyceraldehyde) respec-
g- -

tively. Inspection of these patterns obtained in the presence 

of inhibitors indicates that the lines are distinctly con­

vergent, ruling out a ping pong mechanism. Further implica-

tions of these data with respect to mechanism are discussetl 

below. " 

c. -Dead-end Inhibition Studies ' 

Various compounds such as adenine, 'adenosine, 

inosine, uridine, caffeine, cytidine, .hypoxanthine, guanosine, 

ADP-ribose, N -methylnicotinamide, nicotinamide mononucleotide, 

N'-methylnicotin^amide, thionicotinamide-AD and chloral hydrate 

were tested for theirfeffect on the dehydrogenase activity. 

Among compounds related to NAD , adenine, adenosine, thio-
* . * 

nicotinamide-AD , N'-methylnicotmamide, and ADP-ribose were 

found to be inhibitory. Chloral hydr.ate, an aldehyde ana- ^ 

logue was also found to inhibit the dehydrogenase reaction. * 

i. NAD -analogues 

As illustrated in FigurAs 9, 11, 13, 15 

and 17, adenine, adenosine, thionicotinamideVAD , N'-methyl-

nicotinamide and ADP-ribose gave competitive ".inhibition when 
+ \ l 

NAD was used as the variable substrate at a constant concdn-
i 

of acetaldehyde equal to 2000 times its K value. The secon-
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20~i 

* B. 

FIGURE 7 

Double reciprocal plot with NAD as the variable sub­

strate and glyceraldehyde as the changing fixed substrate in 

+ 

the presence of thionicotinamide-AD . Reaction mixtures con­

tained: 33 mM sodium-pyrophosphate, pH 9.3; i.o mg BSA; 0.05 

mM thionicotinamide-AD ; 0.056 unit of enzyme; faAD as indi­

cated and glyceraldehyde: (a) 0.25 mM; (A) 0.4 mM; (O) 

0.8 mM; (• ) 2.0 mM.» Total volume one ml. 
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25~i 

(GLYCERALDEHYDE) (mM"1) 

FIGURE 8 

Double reciprocal plot with glyceraldehyde as the variable 

substrate and NAD as the changing fixed substrate in the 

presence of chloral hydrate. Reaction mixtures contained: 

33 mM sodium pyrophosphatet pH 9.3; 0.1 unit of enzyme; 25 uM 

chloral hydrate; glyceraldehyde as indicated and NAD : (A) 

0,4 mM; (O) 0.6 mM; (•) 2.0 mM. Total volume one ml. * 
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[NAD] 
(mM-1) 

FIGURE 9 

Double reciprocal plot with NAD as the variable substrate 

and adenine as tne inhibitor. Reaction mixtures contained: 33 

mM sodium pyrophosphate, pH 9.3; 0.022 unit of enzyme; 1.0 mg 

BSA; 2.0 mM acetaldehyde; NAD ,as indicated and adenine: (•) 

absent; (O) 4̂.0 mM; (A) 6.°0 mM; (p) 8.0 mM. Total volume 

one ml. Solid lines were calculated from fits to equation (c). 
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tn m a. 
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0,03-

ao2-

0.01-

4 6 

ADENINE (mM) 

FIGURE 10 

Secondary plot of slopes .versus adenine concentration. 

Data taken from Figure y. 

> • 
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1 (mM"1) 
[NAD] 

FIGURE 11 

Double reciprocal plot witn NAD as the variable substrate 

and adenosine as the. inhibitor. -Reaction mixtures contained: 

33 mM sodium pyrophosphate, pH 9.3; 0.023 unit of enzyme; 1.0 

mg BSA; 2.0 mM acetaldehyde; NAD as indicated and adenosine: 

(•) absent; (o) 0.5 mM; (A) 1.0 mM; (o) 2.0 mM. Total vol­

ume one ml. Solid lines were calculated from fits to equa­

tion (c), L * 

0 
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ui 
Q_ 

O 
_ l 

0.025-

aoos-

ADENOSINE (mM) 

FIGURE- 12 

\ Secondary p l o t of slopes versus adenosine concentrat ion. 

' Data taken from Figure 11. 
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1 (mM4) 

/ 

[NAD] 

FIGURE 13 

Double reciprocal plot with NAD as the variable substrate 

and thionicotinamide-AD as the inhibitor. Reaction mixtures 

contained: 33 mM sodium pyrophosphate, pH 9.3; 0.12 unit of 

enzyme; 2.0 mM acetaldehyde; NAD as indicated and thionicotin­

amide-AD*: (•) absent; (o) 0.1 mM; (A) 0.2 mM. Total vol­

ume one ml. Solid lines were, calculated from fits to equation 

(c). ' 
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THIONICOTINAMIDE - AD (mM) 

FIGURE 14 

Secondary plot of slopes versus thionicotinamide-AD 

concentration. Data taken from Figure 13. 
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[NAD] 
(mM-1) 

FIGURE 15 • . 

Double reciprocal plot with NAD as the variable substrate 

and N*-methylnicotinamide as the inhibitor. Reaction mixtures 

contained.: 33 mM sodium pyrophosphate, pH 9.3; 0.045 unit co­

enzyme; 2.0 mM acetaldehyde; NAD as indicated and N*-methyl-

nicotinamide; (•) absent; ( o ) 10 mM; ( A J 20 mM. Total volume 

one ml. Solid lines were calculated from fits to equation (c). 
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0.015-

s 
0.01-

0.005 

r> 
N'-METHYLNIGOTINAMIDE (mM) 

\-

/* 

FIGURE 16 

Secondary plot of slopes versus N'-mothylnicotinamide 

concentration. 'Data taken "from Figure 15. 
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1.0 ,1.5 2.0 2.5 

(mM1) 
[NAD] 

* • . FIGURL 17 

Double rec iproca l p lo t with NAD as the var iable subs t ra te 

and ADP-ribose as the i nh ib i t o r . Reaction mixtures contained; 

33 mM sodium pyrophosphate, pll 9 i3 ; 2.0 mM acetaldehyde; 0.057 
+

 p 

u n i t of enzyme; NAD as indicated and ADP-ribose: (•") absent; 
\ 

(&) 5 mM; ( A ) 10 mM. Total volume one ml. Solid* Iines°were 

calcula ted from f i t s to 'P^uat ion ( c ) . 

w 
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dary plots of slopes versus the appropriate inhibitor concen-

trations were linear (Figures 10, 12, 14 anil 16), K- values 

(slope) for adenine, adenosine, N'-methylnicotinamide and 

thionicotinamide-AD 'were calculated to be 1.92 ± 0.16 mM, 

0.58 ± 0.06~mM, 5̂ .&8 ± 0 98 mM and 11.6 ± 0.8 uM, respectively. 

* Tfhhibition by N'-methylnicotinamide and 

+ 

thionicotinamide-AD was noncompetitive with respect to gly­

ceraldehyde when NAD ,was the fixed substrate at a concentra­

tion equal to 5 times K , as shown in Figures 18 and 20. 

Both inhibitors gave linear secondary plots of slopes and 

intercepts against inhibitor concentration (Figures 19 and 21)., 

K. values for N'-methy^nicotinamide were 11.6 ± 2*̂ 1 mM (slope) 

and 42.3 ± 11.1 mM (intercept). K„- values for thionicotin-

amide-AD+ were 59.4 ± 11.9 uM (slope) and 0.177 + 0.026 mM 

(intercept). 

Adenine and adenosine showed uncompeti-' 

tive inhibition with respect to glyceraldehyde when NAD was 

present'at a constant concentration equal to 5 times its*K 

value (Figures 22 and 24). The secondary plots of intercepts 

versus inhibitor concentration were linear, as represented 

in Figures 23 and 25. K values (intercept) for adenine and 

adenosine were 7.68 ± 0.36 mM and 2.16»± 0.12 mM,"respectively, 

ii. Aldehyde analogues 

Chloral,hydrate, an analogue of acet­

aldehyde which is not oxidized by the enzyme gave a competi--

tive inhibition pattern when glyceraldehyde was the variable 

substrate and NAD the fixed substrate (concentration equal 
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* 

[GLYCERALDEHYDE] 
(mM-1) 

* , FIGURE 18 

, Double rec iproca l p lo t with glyceraldehyde as the va r iab le 

s u b s t r a t e and N'rmethylnicotinamide as the i n h i b i t o r . Reaction 

mixtures contained: 33 mM sodium pyrophosphate, pH 9 . 3 ; 0.0^5 

u n i t of enzyme; 2.0 mM NAD ; glyceraldehyde as ind ica ted and 

N'-methylnicotinamide: ( • ) absent ; ( o ) 5 mM; ( A ) 10 mM; , 

( O ) 20 mM, Total volume one ml. Solid l ines were ca lcu la ted 

from f i t s to equation ( d j . • « 

£ 
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0.024-

N'-METHYLNFCOTINAMIDE (mM) 

^ 

FIGURE 19 

rcepts versus N'-me Secondary p lo t of slopes and intej 

nicotinamide concentrat ion. ( • ) s lope; ( p ) in t e rcep t , 

taken from Figure '18. 

\ *. 
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[GLYCERALDEHYDE] 
(mM"1) 

FIGURE 20 

. Double rec iproca l p l o t with glyceraldehyde as the var iab le 

subs t ra te and thionicotinamide-AD as the i nh ib i t o r . Reaction 
* 

mixtures 'contained:, 33 md sodium -pyrophosphate; 0.054 uni t of 

enzyme; 2.0 mM.NAD ; glyceraldehyde as indicated and th ionico-

tmamide-AD*:'(# ) absent; ( 0 ) 0.05 mM; ( A ) 0.1 mM; Co) 0.2 

mM. Total volume one ml. Solid lines were calculated from 

fits to equation (d). * . .- ' 



74 

0.025-

% 0.015H 
—J 
in 

0.005 

50 , 
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, 0.1 " 0.2 

THIONICOTINAMIDE-AD (mM) 

FIGURE 2i 

\ 

Secondary plot of slopes and intercepts versus thionico-

tinamide-AD concentration. (•) slope; (o )' intercept. Data* 

taken from Figure 20. 
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[GLYCERALDERHYDE] 
(mM"1) 

FIGURE 22 ." 

Double reciprocal plot with glyceraldehyde as the variable 

substrate and adenine*as the inhibitor. Reaction mixtures con-
i :?• -- " - —" 

tained: 33 mM sodium pyrophosphate, pH 9,3; 0.022 unit of en-
(' * ' 

zymte; 1.0 mg BSA; 2.0 mM NAD ; glyceraldehyde as indicated and 

adenine: (• ) absent; £o ) 4.0 mM; (A),6.0 mM;' (Q) 7.6. 

Total volume one ml. Solid lines were calculated from fits to . 

equation (e). ' » . 
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2 4 6 

ADENINE (mM) A 

a 

' 9 

FIGURE 23 

ww Secondary p lo t of in te rcep t s veuSus adenine concentra t ion. 

Data taken from Figure 22. ' ** 

* 
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€> 

[GLYCERALDEHYDE] 
(mM" 1) 

FIGURE 24 • 

Double r e c i p r o c a l p l a t with glyceraldehyde as the var iab le 

subs t ra te and adenosine as the i n h i b i t o r . Reaction mixtures 

contained: 33jnM sodium pyrophosphate, pH 9*3; 0.037 u n i t o f ' 

enzyme; 2.0 mM NAT/ ; glyceraldehyde as indica ted and adenosine: 

( • ^ ' a b s e n t ; ( o ) 1.0 mM; (A) , 2.0 mM; ( a ) 3.0 mM. Total 

volume one ml. Solid l ines -were ca lcu la ted from f i t s to equa­

t ion ( e ) , ' < 
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i "• . 

£ 
UJ 
o 
or 
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ADENOSINE (mM) 

'~Hp 

J k 
FIGURE 25 

- " Secondary p lo t of i n t e r cep t s ' ve r sus adenosine concentra­

t ion . Data taken from Figure 24'. '• 
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to 5 times the K ), as. shown in Figure 26. The replgtt of 

slopes versus varying concentration of inhibitor was linear' 

(Figure 27). The K "value (slope) was found to be 4.3 + 0.3 
I i •* 

uM. Inhibition by chloral hydrate was» noncompptitive with 
i 

respect to NAD when acetaldehyde at 2 mM was ,used as the 
I 

fixed substrate (Figure, 28). The secondary plots of slopes 

and intercept^ versus inhibitor concentration were*also linear 

(Figu>e' 29K K values wore determined to be 64.2 ± 11.5 \iH 

(slope) and 0.49 ± 0.16 mM (intercept). A similar pattern for 

chloral hydrate inhibition with respect to NAD was obtained 

when glyceraldehyde was used in place of acetaldehyde as the 

fixed substrate at a concentration of 0.6 mM (Figure 30). The • 

secondary plots-of" slopes and intercepts versus inhibitor con­

centration were also .linear (Figure 31X,. K- values were de'ter-

mined to be 32.4 f 12.4 yM (slope) and 23.3* 3,3 uM (intercept), 

d. Product inhibition studies 
» — • » - * 

i . NADH inh ib i t i on 

- o Acid products ( e . g . , a c e t i c acid from 

acetaldehyde) were not Inh ib i to ry . NADH w&s found to be a com­

p e t i t i v e i n h i b i t o r wijth respect to NAD in the presence of a 

sa tura t ingtcor icent ra t ion of acetaldehyde and a noncompetitive 

i n h i b i t o r with respect to glyceraldehyde when the fixed con-

cen t ra t ion of NAD was less than sa tu ra t ing (0.6 mM), The 

i nh ib i t i on pa t t e rns are shown in Figures 32 and 33. The K. 

value (s lope; var iab le NAD ) was determined to be 0.133 ± 

0.025 mM. 
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[GLYCERALDERHYDE] 

flGURE 26^ 

Double reciprocal plot with glyceraldehyde as the variable 

substrate and chloral hydrate as the inhibitor. Reaction mi$c-

tures contained; 33 mM sodium pyrophosphate, pH 9.3; 0.025 unit 

of enzyme; 2 0 mM NAD ; glyceraldehyde as indicated and chloral 

hydrate: (• ) absent; (o) 12.5 uM;*(A) 25.0 pM; (•) 50.0 uM. 

Total volume one ml. ,Solid lines were calculated from fits to 

equation £c). \ 
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CHLORAL HYDRATE ( u M ) 

FIGURE 27 

Secondary plot of slopes versus chloral hydrate concentra­

tion. Data taken from Figure 26. 
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%. 

A 

FIGURE 28 

^^"-^S" ^Double reciprocal plot with NAD+ as the variable substrate 

and chloral hydrate as the inhibitor. .Reaction mixtures contain 

ed: 33 mM sodium pyrophosphate, pH 9.3; 0.025 unit of enzyme; 

• 2.0 mM acetaldehyde; NAD as indicated and chloral hydrate: 

' { • ) absent; (0) 0.05 mM; (A) 0,1 mM; (a) 0.2 mM. Total vol-

ume One ml. Solid lines were calculated from fits to qgquatiog 
Lf 
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0.03-

0.025-

o 

0..02-,' 

0.015-

aoi-

0.005-

CHLORAL HYDRATE (mM) 

FIGURE 29 

Secondary .plot of slopes and intercepts versus chloral hy­

drate concentration.* (•) slope; ( o ) intercept. Data taken 

frpm Figure 28. 
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I -l 

(mM l) [NAD] 

FIGURE 30 

Double reciprocal plot with NAD aS the variable substrate 

and chloral hydrate as the inhibitor. Reaction mixtures contain­

ed: 33 mM sodium pyrophosphate, pll 9.3; 0.096 unit of enzyme; 

0.6 mM glyceraldehyde; NAD as Indicated and chloral hydrate: 

(• ) absent; (O) 0.0125 mM; (A) 0.025 mM. Total volume one 

ml. Solid lines were calculated from fits to equation (d). 
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FIGURE 31 

Secondary plot of slopes and intercepts versus chloral hy­

drate concentration. (•) slope; (o) intercept. Data taken 
r 

from Figure 30. ' 
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FIGURE 32 

Double reciprocal plot with NAD as the variable substrate 

and NADir as the inhibitor. Reaction mixtures contained: .33 mM 

sodium pyrophosphate, pH 9.3; 0.054 unit of enzyme; 2.0 mM acet­

aldehyde; NAD* &s indicated and NADH: (•) absent; (O) 0.12 

mM; (A) 0.25 mM. Total volume one ml. Solid lines were cal-
1 * t 

culated from fits tq^equation (c). 
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[GLYCERALDEHYDE] 

FIGURE 33 

Double reciprocal plot with glyceraldehyde as the variable 

substraae and NADH as the inhibitor. Reaction mixtures contain­

ed: 33 mM sodium pyrophosphate, pH 9.3; 0.3 unit of enzyme; 

0.6 mM NAD ; glyceraldehyde as indicated and NADH: (•) absent; 

(O) 0.12 mM. Total volume one ml. Solid lines were calcu-

lated from, fits to equation (d). 
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e. Kinetic.studies in the presence of bovine serum 
^fm ' — •• ""'*'•• • ; ' ' — 

albumin o „ < 

Most of the kinetic experiments were also car­

ried out m" the presence of bovine serum albumin. As illus­

trated in Figures 34-50, bovine serum albumin did not change 

the inhibition patterns but it had some effect on the' inhibi­

tion constants (Table VI). 

f. Chelating'agents as inhibitors , 

Attempts to demonstrate zinc in human liver al­

dehyde dehydrogenase have failed (Blair, unpublished data). 

Nevertheless, this enzyme is inhibited by jrarious metal chela­

ting agents, e.g., 1,10-phenanthroline, 2,9-dimethyl-1,10-phen­

anthroline and Oja^-dipyridyl. Figure 51 illustrates the inhj.-

bition pattern obtained with 1,10-phenanthroline when NAD was 

used as the variable substrate. As is evident from the pl&t, 1, 

10-phenanthroline competitively inhibits the dehydrogenase reac­

tion. Similar inhibition patterns were obtained with 2,9-di-

methyl-l,10-phenanthrolmc, quinoline, a,o*-dipyridyl and y»Y'-

dipyridyl, as shown in Figures 52-55. Inhibition constants cal­

culated from double reciprocal plots for each inhibitor are 

presented m Table VII. Comparison among inhibition constants 

indicated that the K. value for 1,10-phenanthroline was close to 

its analogue, 2,9-dimethyl-l,10-phenanthroline. Similarly, the 

K. values for a.ot'-dipyridyl and Y,Y'-dipyridyl were almost iden­

tical. Benzoic acid was also found to be a competitive inhibi-
+ 

tor of dehydrogenase reaction with respect to NAD (Figure 56). 

The K- value calcualted by UnewVaver-Burke method (131) was 

2.29 ± 0.15 mM. 

*> 
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FIGURE 34 J 
Double reciprocal plot with NAD as the variable substrate 

and thionicotinamide-AD as >the inhibitor-in the presence of ' 

bovine serum albumin. Reaction mixtures contained: 33 mM sod-
r 

ium pyrophosphate, pH 9.3; 0.045 unit of enzyme; 2.0 mM acetal-

dehyde; 1.0 mg albumin; NAD as indicated and thionicotinamide-

AD*: (•) absent; (O) 0.025 mM; (A) 0.05 mM; (D) 0.1 mM. 

Total volume one ml. Solid lines were calculated from fits to 

equation (c). 
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FIGURE 35 

Secondary plot of slopes versus thionicotinamide-AD* concen­

tration. Data taken from Figure 34. 
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L (mM"1) 
[NAD] 

• "> . 
NA 

FIGURE 36 

Double rec ipVocal p l o t with NAD as the v a r i a b l e s u b s t r a t e 

and N ' -me thy ln ico t inamide as the i n h i b i t o r in the presence of 

bovine serum albumin. React ion mixtures c o n t a i n e d ; 33 mM sod­

ium pyrophospha te , pH 9 . 3 ; 0.04 u n i t of enzyme; 2.0 mM a c e t a l -

dehyde; 1,0 rag albumin; NAD as i n d i c a t e d and N^-methylnicotif t-

amide: ( • ^ a b s e n t ; * ( o ) 10.0 mM; ( £ ) 20.0 mM. 

To ta l volume one ml. S o l i d l i n e s were c a l c u l a t e d from f i t s to 

equa t ion ( c ) . ' 
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FIGURE 37 

Secondary plot of slopes versus N'-methylnicotinamide con­

centration. Data taken from Figure 36. 
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^GLYCERALDEHYDE] 
(mM-1) 

c 

FIGURE 38 

Double reciprocal plot with glyceraldehyde as the variable 

substrate and N'-methylnicotinamide as the inhibitor in the pres-

ence of bovine serum albumin. Reaction mixtures contained: 33 

mM sodium pyrophosphate, pH 9.3; 0.035 unit of enzyme; 2.0 mM 

NAD ; 1.0 mg albumin; glyceraldehyde as indicated^and N'-methyl­

nicotinamide: (•) absent; (o) 5.0 mM; (A) 10.0 mM; (Q) 

19.0 mM. Total volume one ml. Solid lines were calculated from 

fits to equation (d). 
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0.006-

N'-METHYLNICOTtNAMIDE (mM) 
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ty 

FIGjURE 39 

Secondary pl^Pof slopes and intercepts versus N'-methyl-
* ' z* 

nicotinamide concentration. (•) slope; (O) intercept. Data 

taken from Figure 38. 
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[GLYCERALDEHYDE] 

FIGURE 40 

Double reciprocal plot with glyceraldehyde as^the variable 

substrate and thionicotmamide-AD-.jis the inhibitor in the pres-

ence-of bovine serum albumin. "Re-action mixtures contained: 33 

mM sodium pyrophosphate, pH 9.3; 0.042 unit of enzyme; 2.0 mM 

NAD ; 1,0 mg albumin; glyceraldehyde* as indicated and thioni.co-

tinamide-AD : (•) absent; (O) 0.05 mM; (A) 0.1 mM; (D) 0*2 

mM. Total voluim 

to equation (d). 

mM. Total volume one ml. Solid lines were calcualted from fits 
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THIONICOTINAMIDE -ACb(mM) 

FIGURE 41 

Secondary plot of slopes and intercepts versus thionicotin-

amide-AD concentration. (•) slope; (O) intercept. Data 
•c 

taken from Figure 40. 
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fOYCERALDERHYDfl 
(mM"1) 

FIGURE 42 * 

Double reciprocal plot with glyceraldehyde as the variable 

substrate and adenosine as the inhibitor in the presence of bov­

ine serum albumin. Reaction mixtures contained: 33 mM sodium * 

pyrophosphate, pH 9.3; 0.025 unit of enzyme; 2.0 mM NAD*; 1.0 

mg albumin; glyceraldehyde as indicated and'adenosine: (• ) 

absent; (O ) 1.0 mM; (A) 2.0 mM; (a) 3.0 mM. Total volume one 

ml. Solid lines were calculated from fits to equation (e). 
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FIGURE 43 

Secondary plot of intercepts versus adenosine concentration. 

Data taken from Figure 42, 

/-
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[GLYCERALDERHYDE] 
(mM"1) 

o 

FIGURE 44 

Double r e c i p r o c a l p lo t with glyceraldehyde as the va r i ab l e 

• s u b s t r a t e and ch lo ra l hydrate as the i n h i b i t o r in the presence of 

bovine serum albumin. Reaction mixtures conta ined: 33 mM sodium 

pyrophosphate, pH 9 . 3 ; 0.05 u n i t of enzyme; 2.0 mM NAD ; 1.0 mg 

albumin; glyceraldehyde as ' indicated and c h l o r a l hyd ra t e : (•• ) 

absen t ; ( o ) 0.0125 mM; ( A ) 0.025 mM; ( a ) 0.05 mM. Tota l vol ­

ume one ml. Sol id l i n e s wore ca l cu la t ed from f i t s to equat ion (c) , 
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FIGURE 45 

Secondary plot of slopes versus chloral hydrate concentra­

tion. Data taken from Figure 44. 
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FIGURE 46 ' 

Double reciprocal plot with NAD as the variable substrate 

and, chloral hydrate as the inhibitor 4,n the presence of bovine 

serum albumin. Reaction mixtures contained: 33 mM sodium pyro­

phosphate, pH 9.3; 0.03 unit of enzyme; 2.0 mM acetaldehyde; 

1.0 mg albumin; NAD as indicated and chloral hydrate; (o) 

absent; (o) 0.05 mM; (A) 0.1 mM; (D) 0.2 mM. Total volume 

one ml. Solid lines were calculated from fits to, equation (d). 

i 
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FIGURE 47 

Secondary plot of slopes and intercepts versus chloral hy­

drate concentration. (•) slope; (O) intercept. Data taken 

from Figure 46. 
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FIGURE 48 

Double reciprocal plot with NAD as the variable substrate 

and chloral hydrate as the inhibitor in the presence of bovine 

serum albumin. Reaction mixtures contained: 33 mM sodium pyro 

phosphate, pH 9.3; 0.048 unit of enzyme; 0.6 mM glyceraldehyde; 

1.0 mg albumin; NAD as indicated and chloral hydrate: (•) 

absent; (O) 0.0125 mM; (A) 0.025 mM; (p) 0.05 mM. Total 

volume one ml. Solid lines were calculated from fits to equa­

tion (d). 
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FIGURE 49 

Secondary plot of slopes and intercepts versus chloral 

hydrate concentration. (•) slope; (o) intercept. Data 

taken from Figure 48. 
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FIGURE 50 

Double reciprocal plot with NAD as the variable substrate 

and NADH as the inhibitor in the presence of bovine serum albu­

min. Reaction mixtures contained: 33 mM sodium pyxophosphate, 

pH 9.3; 0.023 unit of enzyme; 2.0 mM acetaldehyde; 1.0 mg albu­

min; NAD* as indicated and NADH: (•) absent; (O) 0.12 mM. 

Total volume one ml. Solid lines were calculated from fits to 

equation (c). 
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TABLE VI , 

COMPARISON OF INHIBITION CONSTANTS DETERMINED IN THE PRESE.VCB AND ABSENCE OF BOVINE 

SERUM ALBUMIN FOR VARIOUS DEAD-END INHIBITORS OF HUMAN LIVER ALDEHYDE DEHYDROGENASE 

Inhibition Constants 

I n h i b i t o r Variable , 
Subs t r a t e Bovine Serum Albumin/-} Bovine Serum Avlbumm(+) 

kis K i i K i s K 1 1 

1.89±0.08nM 
Adenosine 

uncompetit ive glyceraldehyde 2.16±0.12mM 

Thionicotinamide-AD 
compet i t ive 

noncompetitive 

NAD 11.6±0.8 uM 8,,t8i0.5 yM 

glyceraldehyde 59.4±ll«9uM 0.177±0.026snM 93.0il8.1yM 0.104*0.OOft̂ 'I 

X '- Me thy Ini cotinami de 
competitive 

noncompetitive 

Chloral hydrate* 
competitive 

noncompetitive 

Chloral hydrate (low 
fixed concentration 
of glyceraldehyde) 
noncompetitive 

NADH 
compet i t ive 

NAD 9,28±0.98aM 14.24*2.IZmM 
glyceraldehyde 11.56±2.11mM 4 2 . 3 0 i l l , 12ml} 16.47±4*.94mM 58.41*12.50mM 

glyceraldehyde 4 .3 * G.3yM 3.2 ±0.3 uM 
NAD 

NAD+" 

NAD 

64.2±11.SVM 0.49±0.16nJI 52.3 ±5.6 uM 0.40±0.07mM 

32.4±12.4uM 23.3±3.3yM 19.0 i 3 , 9 uM 18.3±2.0uM 

0.133±0.025 0.148±0.019mM 

o 
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FIGURE 51 

Double reciprocal plot'with NAD as the variable substrate 
- c 

and 1,10-phenanthroline as the inhibitor. Reaction mixtures 

contained: 33 mM sodium pyrophosphate, pH 9,3; 0.045 unit of 

enzyme; 2.0 mM acetaldehyde; 1.0 mg BSA; NAD as indicated 

and 1,10-phenanthrolinei (• ) absent; (O) 0.25 mM; (A) 0.5 

mM, Total volume one ml. 
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FIGURE 52 

n 
,, Double reciprocal p lo t with NAD as the var iab le subs t ra te 

and 2,9-dimethyl-l ,10-phenanthroline as the i n h i b i t o r . Re­

action mixtures contained: 33 mM sodium pyrophosphate, pH 9 , 3 ; 

0.046 uni t of enzyme; 2.0 mM acetaldehyde; 1.0 mg BSA; NAD 

as indicated and 2,9-dimethyl- l , 10-phenanthroline: ( * ) 

absent; ( 0 ) 0.125; ( A ) 0.25 mM. Total volume one^ml. 
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1 (mM4) 
[NAD] 

«s> 

FIGURE 53 
fc. 

Double reciprocal p lo t with NAD+ as the variable subst ra te 

and a,a"-dipyridyl as the inh ib i tor . Reaction mixtures con­

tained: 33 mM sodium pyrophosphate, pll 9 ,3 ; 0.044 unit of 

enzyme; 2.0 mM acetaldehyde; 1.0 rag BSA; NAD+ as indicated 

and a .a ' - j l ipyr idyl : ( # ) absent; ( o ) 3.0 mM; (A) 5.0 mM. 

Total volume one ml. 
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[pi] {m~h 

. FIGURE 54 

Double reciprocal fjlot with NAD as the var iable substra te 

and Y,Y -dipyri4yl as the inh ib i to r . Reaction mixtures con-
» 

tained: 33 mM sodium pyrophosphate, pH 9.3; 0.043 unit of 
•J 

enzymef 2.0 mM acetaldehyde; 1.0 mg BSA; -NAD as indicated 

and Y»Y""-dipyridyl: (#) absent; (o)-4.0 mM; (A) 7.0 mM. 

Total volume one ml. B'r * 
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FIGURE 55 

Double reciprocal plot with NAD as the variable substrate 

and quinoline as the inhibitor. Reaction mixtures contained: 

33 mM sodium pyrophosphate, pH 9.3; 0.045 unit of enzyme; 2.0 

mM acetaldehyde; 1.0 mg BSA; NAD as indicated and quinoline: 

(• ) absent; (0) 0.5 mM; (A) 1.0 mM. Total volume'one ml. 
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FIGURE 56 

Double reciprocal plot with NAD as the variable substrate 

and benzoic acid as the inhibitor. Reaction mixtures contain­

ed: 33 mM sodium pyrophosphate, pH 9.3; 0.04 unit of enzyme; 

2.0 mM acetaldehyde; 1.0 mg BSA; NAD as indicated and benzoic 

acid: (•) absent; (o ) 5 mM; (A) 10 mM; (D) 2o mM. 

Total volume one ml. 



TABLE VII 

INHIBITION CONSTANTS FOR DIFFERENT CHELATING AGENTS 

The K. (slope) varies were calculated from data presented in Figures SI - 56 

Ch.elaty.ng Agent K. 

1,10-Phenanthroline 

M 

1.29 ± 0.14 X 10 -4 

2,9-Dimethy1-1,10-phenanthrol ine 

a, a ' -Dipyr idy l 

Y,Y ""-Dipyridyl 

Quinoline 

Benzoic ac id 

1.38 ± 0,18 x 10 

1.04 ± 0.10 x 10 

1.26 ± 0.21 x 10 

-3 

-3 

2,29 + 0.22 x 10' 

2.29 ± 0.15 x 10 -3 
Id 

>?•' 

http://Ch.elaty.ng
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2. Esterase Reaction 

a. Non-hyperbolic relationship between initial 

« velocity and ester concentration 

Human liver aldehyde dehydrogenase was also 

found to catalyze the hydrolysis of p-nitrophenyl acetate, a 
e 

well studied substrate of esterases. The initial rate of 

hydrolysis of p-nitrophenyl acetate as a function of its con­

centration is shown in''Figure 57. It can be seen that the 

curve continues to rise instead of falling off at very high 

substrate concentrations. The double reciprocal plot of the 

same data (Figure 57) shows a downward curvature at high 

substrate concentrations (Figure 58) rather than remaining 

linear as required by simple Michaelis-Menten kinetic behavior. 

The data jwere fitted to rate equation 5 by a least squares 

method, assuming equal variance for the experimental veloci­

ties. 

V2 • VXK2/(1 - V2/V2)S 

v = • *- (5) 
1 + K2/(l - VJL/V2)S • KjK-j/d - V1/V2)S

Z 

S is the substrate concentration 

antLjjr the jjiitial velocity; V, and 

K1 are the maximal velocity and 

apparent Michaelis constant for 

low substrate concentrations and 

V,and K2 are the maximal velocity 
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[p - NTPA]mM 

FIGURE 57 

Plot of initial velocity versus p-nitrophenyl acetate con­

centration. Reaction mixtures contained: 33 mM sodium pyro­

phosphate, pH 7.0; 0.6 unit of enzyme and p-nitrophenyl acetate 

as indicated. Circles represent experimental values; the 

solid line was calculated from a fit of the data to equation 

(f). Constants: Vx « 0.014; V2 - 0.04;• Kj, " 3.75 x IO"
6; K2 », 

1.5 X 10"4. 
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1 
0,15 

FIGURE 58 

Double reciprocal plot of initial velocity versus p-

nitrophenyl acetate concentration. Circles represent experi­

mental values from Figure 57; the solid line was calculated 

as in Figure 57, 



117 

ft 
and apparent Michaelis constant 

for high substrate concentrations. 

The preliminary values for V,, V_, K. and K2 were calculated 

from the double reciprocal plot of initial rate of hydrolysis 

versus p-nitrophenyl acetate concentration. Apparent K 

and V values at high and low substrate concentrations ase 

given in Table VIII. 

b- Chromatographic elution pattern of dehydrogenase 

and esterase activities 

Aldehyde dehydrogenase, purified through the 

DEAE-cellulose step, was subjected to column chromatography 

on DEAE-sephadex (see Methods). Figure 59 shows the elution 

pattern from this DEAE-sephadex column subjected to a linear 

'salt gradient. Fractions obtained were assayed for dehydro­

genase activity, esterase .actsivity and esterase activity 

measured iri the'presence of NAD , Esterase activity followed 

a similar elution pattern to dehydrogenase activityf indi­

cating that a single enzyme was responsible for both. 

c Ester specificity 

In addition to p-nitrophenyl acetate, two 

other p-nitrophenyl esters, i.e., p-nitrophenyl propionate 

and p-nitrophenyl butyrate were round to be hydrolyzed by 

the human enzyme. Reciprocal plots of the initial rate of 

hydrolysis of these esters are shown in Figures 60 and 61. 

The downward curvature,observed in the reciprocal plot for 

p-nitrophenyl acetate was also evident in these reciprocal 

f 



TABLE VIII 

KINETIC CONSTANTS FOR p-NITROPHENYL ACETATE, p-NITROPHENYL PROPIONATE 

AND p-NITROPHENYL BUTYRATE * 

K and VI values were calculated from data presented in Figures 58, 60 and 61. 

* ... 

E s t e r concentra- p-Nitrophenyl p-Nitrophenyl p-Nitrophenyl 
* t i o n range Acetate " Propionate -, Butyrate 

m - max K m max m m a x 
^ • • • • • .. , . I ( , . 1 , in. i iu.il- .• . • i i . . I , m, • | I , | in, • . i , Lin in i j • r ... L • - ... u . 1 1.. 1 

* ' >M ^ 4 0 0 m i n *jM A A 4 0 0 m i ^ 1 * VM AAAQ0 r l i " 1 

' 4 uM t o 2 5 uM l S 0.014- 8.4 " 0,022 14.3 0.021 

0 .1 mM to 0.6 iwl 150.0 0.040 121.0 0.074 195.0 0.065 

http://iu.il
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FIGURE 59 

DEAE-sephadex column chromatography of human liver alde­

hyde dehydrogenase. Pooled fractions from DEAE-cellulose 

column were applied to the DEAE-sephadex column (2x35 cm), pre­

viously equilibrated with 0.04 mM sodium phosphate, pH 6.8, con­

taining 1.0 mM GSH and 1.0 mM EDTA. Enzyme activity.*fas elut­

ed with a linear gradient between 0.04 M sodium pfr&gph^te, pH 

Y 
6.8, and 0.2 H sodium phosphate, pH 6.8. Both buffers contain­

ed 1.0 mM GSH and 1.0 mM EDTA. The assay method for dehydro­

genase and esterase activities is described under "Methods". 

Dehydrogenase activity (•); Esterase activity ( A ) ; esterase 

activity in the presence of 1.0 mM NAD (ft); absorbance at 

280 nm ( O ) ; conductivity 6—-). 
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FIGURE 60 

Double reciprocal plot of initial velocity versus p-

nitrophenyl propionate concentration. Reaction mixtures 

contained: 33 mM sodium pyrophosphate, pH 7.0; 0.1 unit of 

enzyme and p-nitrophenyl propionate as indicated. Total 

volume one ml. 
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(FNfPB] , | l M > 

- - _ _ FIGURE 61 

Double rec ip roca l p l o t of i n i t i a l ve loc i ty versus p - n i t r o ­

phenyl bu tyra te concent ra t ion . Reaction mixtures contained: 

33 mM sodium pyrophosphate, pH 7.0; 0.12 u n i t of enzyme and 

p-ni t rophenyl bu tyra te as ind ica ted . Total volume one ml. 
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plots, K and V values calculated from Lineweaver-Burke 
r, m max 

plots at high and low ester concentrations are listed in 

Table VIII. It was apparent that an increase in the length 

of the aliphatic chain of the esters increased the Michaelis 

constant. 

d. Activation by NAD* and NADH 

NAD , a co-factor for the dehydrogenase re-

action, stimulated the hydrolysis of p-nitrophenyl acet-ate. 

The plot of esterase activity as a function of NAD concen­

tration gave a hyperbolic curve (Figure 62), At very high 

concentrations (>0.01M) NAD became inhibitory. Similar data, 

plotted in double reciprocal form, gave a straight line, in­

dicating the binding of a single molecule of NAD per'active 

center (Figure 63). The activation constant calculated from 

these data Mas 75 uM. 
t NADH? a product of the dehydrogenase reaction^— 

was also an activator of the esterase reaction. The initial 

rate of hydrolysis with respect to varying NADH concentration 

gave a hyperbolic relationship (Figure 64). At high concen­

trations NADH was also inhibitory. The double reciprocal 

plot of accelerated hydrolysis of;jb-^iitrophenyl acetate ver-

sus NADH concentration was also linear , indicating the bind­

ing of one molecule of NADH per active center (Figure 65). 

The activation constant was determined to be 4 UM. The 
t 

maximal extent of activation with NADH was somewhat less 

than half that observed with NAD . * 

/ 
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[NAD](mM) 

*% 

/.. FIGURE 62 

..+ 6' 
Activation of esterase activity by NAD . Reaction mix­

tures contained: 33 mM sodium pyrophosphate, pH 7.0; 0,06 

unit of enzyme; 30 uM p-nitrophenyl acetate and the indicated 

concentrations of NAD+. Total volume one ml. 
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FIGURE 63 

Douo*le reciprocal plot of accelerated hydrolysis of p-

nitrophenyl acetate versus NAD concentration. Reaction^ mix-

tures as described in Figure 62. V, the absorbance change per 

+ ' * 
min in the presence of NAD ; VQ, the absorhance change per min 

in the absence of NAD . 

» 
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0.04 0.5 

[NADHjmM. 

1.5 2.5 

FIGURE 64 

Activation o„f esterase activity by NADH. Reaction mix-

tures contained: 33 mM sodium pyrophosphate, pH 7.0; 0.045 

unit of enzyme; 30 uM p-nitrophenyl acetate and the indicated 

concentrations of NADH. Total volume one ml. „ 
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FIGURE 65 

Double reciprocal' plot of accelerated hydrolysis of p-

nitrophenyl acetate versus NADH concentration. Reaction mix-

tures as described in Figure 64. V, the absorbance change 

per min in the presence of NADH; VQ, the absorbance change per 

aih in the absence of NADH. 
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e. Efjfect of NAD on the initial velocity versus 

ester concentration curve 

«* A plot of initial rate of hydrolysis versus 

p-nitrophenyl acetate concentration in the presence of a 

saturating concentration of NAD (i.e., a concentration which 

gave maximal stimulation) is shown in Figure 66, NAD shifted 

the velocity versus substrate concentration plot to a normal 

hyperbolic curve. The double reciprocal plot o'f data from 

Figure 66 gave a linear relationship as required by Michaelis-

Menten kinetics (Figure 67). 

£• Effect of NAD4 and NADU on K„ and V values 
—_, , , ~_- , —jn -max ' 
for p-nitrophenyl acetate „ 

Figure 68 illustrates double reciprocal plots 
,**y $ 

of initial rate of hydrolysis versus p-nitrophenyl acetate 

concentration in the presence and absence of fixed levels of 

NAD and NADH. The p-nitrophcnyl acetate concentration range 

was below that where substrate activation became evident. 

It was clear from the reciprocal plots that K and V „„ 
1 r m max 

values for p-nitrophenyl acetate were increased by both NAD 

and NADH. K m and V m a x values for p-nitrophenyl acetate in 

the presence and absence of NAD and NADH are tabulated in 

Table IX. 

g. Effect of NAD on the double reciprocal plot 

at high ester concentration 

Figure 69 shows the double reciprocal plot of 

initial rate of hydrolysis versus p-nitrophenyl acetate con-
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0.04 
[p -NTPA](mM) 

FIGURE 66 

Plot of initial velocity versus p-nitrophenyl acetate 

concentration in the presence of NAD . Reaction mixtures con­

tained: 33 mM sodium pyrophosphate, pH 7.0; 0.045 unit of 

enzyme; 1.0 mM NAD+ and p-nitrophenyl acetate as indicated. 

Total volume one ml. 

* 
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FIGURE 67 

Double reciprocal plot of initial velocity versus p-nitro-

phenyl acetate concentration in the presence of NAD . Data 

taken from Figure 66. 
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FIGURE 68 

Double reciprocal plot of initial velocity versus p-

nitrophenyl acetate concentration in the presence and absence 

of NAD and NADH. Reaction mixtures contained: 33 mM sodium 

pyrophosphate, pH 7.0; 0.23 unit of enzyme; p-nitrophenyl 

acetate as indicated and NAD+: (0) 1,0 mM; NADH: {A) 0.08 

mM; (•) absent. Total volume one ml. 



A TABLE IX 

COMPARISON OF KINETIC CONSTANTS FOR DEHYDROGENASE AND ESTERASE REACTIONS 

IN THE PRESENCE AND ABSENCE OP NAD* AND NADH-

K and V values were calculated from data presented in Figure 68. V_ for esterase 

activity was calculated as micromoles of p-nitrophenol formed per min. V for dehy-

drogenase activity was calculated as micromoles of NADH formed per min. 

, ^ . 

Reactions Activator , K . Relative V * „ a 

m* . max 
\' • " i - — " ' — "• •• •• . 

uM 
Esterase none 3.7 1.0 

NAM * 4 . 4 2 . 0 

NAD* 8.3 5.̂ 2 

Dehydrogenase, ,pH 7.3 — . *r . 2.6 
. i i i i • i . i i i . i i i . i . I I 

' • ! 
a V determined for esterase ac t iv i ty Un the absence of modifier se t equal 

a to 1.0 as standard. 1 

» 
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FIGURE 69 

Double rec iprocal p lo t of i n i t i a l ve loc i ty versus high 

concentrations of p-nitrophenyl aceta te in the presence and 

absence of NAD*. Reaction mixtures contained: 33 mM sodium 

pyrophosphate, pH 7.0; 0.045 un i t of enzyme and the indicated 

concentrations of p-nitrophenyl ace ta te . The concentrations 

of NAD+ were: / « ) none; (A ) 2.0 mM. T o t a l v o l u w e o n e ffll> 
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centration in the presence and absence of, a fixed level of 

NAD . In this experiment, p-nitrophenyl acetate was present 

- at concentrations giving pronounced substrate activation in 
+ + 

the absence of NAD . NAD altered the double reciprocal plot 

to give a horizontal line (i.e., zero^slope), consistent with 

the inference that the NAD -binding site may be identical 

with a second site for the binding of ester at high ester 

concentration (see Discussion). 

h.̂  Dead-end inhibition by glyceraldehyde and • 

chloral hydrate 

Glyceraldehyde, a substrate for the dehydro­

genase reaction, competitively inhibited ester hydrolysis in 

the absence of NAD . The double reciprocal plot of initial ' 

rate of hydrolysis versus p-nitrophenyl acetate concentration 

in the presence of a constant concentration of glyceraldehyde 

is shown in Figure 70. The inhibition constant for glycer-

aldehyde was'calculated to be 7 mM. 

Chloral hydrate, a competitive inhibitor of 

the dehydrogenase reaction with respect to aldehyde, also 

competitively inhibited esterase activity in the absence of 
+ - * 

NAD , as shown in Figure 71. The inhibition constant for 

chloral hydrate was 0.86 mM. The inhibition patterns observed 

for chloral hydrate and glyceraldehyde are consistent with 

ester hydrolysis taking place at the aldehyde site. 

Since NAD was an activator of esterase re-
h 

action, it was of interest to determine the nature of chloral 
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2>i 

[p-NTPA] (pM"
1) 

FIGURE 70 
\ 

-Inhibition of esterase activity by glyceraldehyde. Re­

action mixtures contained: 33 mM sodium pyrophosphate, pH 7.0; 

0.05 unit of enzyme and p-nitrophenyl acetate as indicated. 

The concentrations of glyceraldehyde were: (#) none; (O) 

10 sM. Total volume one ml. 
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[p-NTPA] 

FIGURE 71 

Inhibition of esterase activity by chloral hydrate. Re­

action mixtures contained: 33 mM sodium pyrophosphate, pH 

7.0; 0.05 unit of enzyme and p-nitrophenyl acetate as indicat­

ed. The concentrations of chloral hydrate were: (•) none; 

(O) 2.0 mM. Total volume one ml. 
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hydrate and glyceraldehyde inhibition in the presence of NAD . 

Figure 72 shows inhibition of ester hydrolysis by chlovral 

hydrate in the presence of a fixed level of NAD (the concen-

tration which gave maximal stimulation). The presence of NAD 

in the assay system did not change the inhibition pattern. 

However, it did lower the inhibition constant to 5 uM, as 

(calculated, from this data. A similar experiment with glycer-

aldehyde as an inhibitor in the presence of NAD was found 

to be impossible to conduct owing to the fact that both the 

dehydrogenase and esterase reactions were taking place simul­

taneously and the product of the esterase reaction had a 

small absorption peak which overlapped the absorption maximum 

of NADH. ^ , 

y 

C. PROTEIN-PROTEIN INTERACTIONS " \ , 

Duriwfcjkinetic investigations of human liver aldehyde 

dehydrogenase bovine serum albumin was observed to increase 

dehydrogenase activity as measured in the standard assay 

system. The following studies were carried out in order to 

delineate this activation effect. 

4 I 

" *• Effect of Different" Proteins on Dehydrogenase 

Activity 

A survey of various proteins was carried out in -the 

Hope of correlating particular chemical or physical proper­

ties with the capacity "of a«protein to activate the dehydro-

genase reaction. The results are presented in Table X, which „ 
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FIGURE 72 , « 
1 

• Inhibition of esterase activity by chloral hydrate in 

the presence of NAD . Reaction mixtures contained: 33 mM . 

sodium pyrophosphate, pH 7.0; 0.088 unit of enzyme: p-nitro­

phenyl acetate as, indicated and, chloral hydrate: (•) absent; 

(&) 0.05 mM; (0) 9.1 mM; (o) 0.2 mM. Total-volume one ml. 



* TABLE X 

EFFECT OF VARIOUS PROTEINS ON HUMAN LIVER ** 

ALDEHYDE DEHYDROGENASE ACTIVITY 
* » 

Reaction mixtures contained: 33 mM sodium,pyrophosphate, pH 9.3; 2 mM acetaldehyde; 

0.25 mM NAD ; 0.01 unit of enzyme and'one mg of the indicated protein. Total volume 

one ml. , , ' ° 

P r o t e i n Added 

None 

Bovine Serum 
Albumin 

Ovalbumin 

Ribonuc lease 

Lysozyme 

G e l a t i n 

Cytochrome c 

Myoglobin 

\ 

Molecu la r 
weigh t 

• 

66,000 

46,000 

13,700 

14,800 

13,000 

17,500 

P r o p e r t i e s 

p i •» 
(132) ' 

^ 

4 .7 -

• 4 .59 

9 ,6 

1 1 . 0 , 11.2 

4 . 7 , 5.0 

9 . 8 , 1 0 . 1 

6.99 

of Each P r o t e i n 

SH group/ 
molecule 

(133) 
• 

0 . 7 

3 ,4 

; » o * . 

0 

-

0 

* 0 t 

SS g roup / 
molecule 

(133) 

17 

1 

4 

4 

-

0 

0 ' 

. A c t i v i t y 

1 

100 

134 

103 

105 

109 

109 

110 

116 
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also includes selected physical and chemical properties of 

the proteins tested. Maximal activation occurred with bovine 

serum albumin under the reaction conditions employed and the 

activating effect did not correlate with any of the physical 

or chemical properties listed in the table. .-*, 

2. Effect of Serum Albumins .on_tho Dehydrogenase 

Activity 

Serum albumins of different mammalian origins were 

analysed for their effect on enzyme activity and the results 

are given in Table XI. Of all the albumins tested, bovine 

serum albumin exhibited the greatest activating effect on 

dehydrogenase activity. Since most commercially available 

serum albumins contain bound fatty acids, albumins free 

from fatty acids were also included in the trial in order to 

examine this parameter. The removal of free fatty acids 

from bovine serum albumin reduced the activation. 

3* Effect of Bovine Scrum Albumin on the pH Activity 

Curve for Aldehyde Dehydrogenase 

Figure 73 shows the effect of BSA on enzyme activity 

as a function of pH when acetaldehyde was saturating and the 

NAD concentration was 5 times its K value. Activity was 

optimal at pH values above 9 both with and without albumin. 

However, activation byvbovinc serum albumin increases'.as the 

pH decreases. Below pH 7.5 enzyme activity was very low in 

the absence of albumin under the reaction conditions used. 



TABLE XI 

EFFECT OF SERUM ALBUMINS ON HUMAN LIVER 

ALDEHYDE DEHYDROGENASE•ACTIVITY 
J 

Reaction mixtures contained: 33 mM sodium pyrophosphate, pHv9.3; 2 mM acetaldehyde; -

0.25 mM NAD ; 0.042 unit of enzyme and one mg of the indicated albumin. Total volume 

one ml. 

* — 

Typi of Serum Albumin Added Activity 

j •-

None \ 

Bovine 

Human 

Horse 

Rabbit 

Bovine, Fatty Acid Free 

Human, Fatty Acid Free 
y 

218 

88 

77 

149 

132 

84 
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FIGURE 73 

Effect of bovine serum albumin on the pH-activity curve ' 

for aldehyde dehydrogenase at high NAD concentration, Re­

action mixtures contained: 33 mM sodium pyrophosphate; 0.06 

unit of enzyme; 2.0 mM acetaldehyde; 2.0 mM NAD ahd albumin; 

(•) absent; (O) 1.0 mg. Total volume one ml. 
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Figure 74 shows the effect of bovine serum albumin on the ~^~~ 

pll dependence of dehydrogenase activity when acetaldehyde 

was saturating but the NAD concentration was approximately 

equal to its K value. Here also, the BSA activation was 

most pronounced over the low pll rdnge. Furthermore, the 

change in the pH activity curve produced by bovine serum 
» + 

albumin was much greater,at the-low NAD concentration (Figure 

74). 

4. Effect of Bovine Serum Albumin on Kinetic Constants 

For the^Dehydrogenase Reaction 

Double reciprocal plots of initial velocity against 

varying concentrations of glyceraldehyde in the presence and 

absence of bovine serum albumin at pll 9.5 and 7.3 are shown 

'in Figures 75 and 76. At both pll values, bovine serum albumin 

increased, the apparent V for glyceraldehyde to approximately * 

1.3 times the control value (absence of albumin) whereas the 

Michaelis constant was unaffected at either pH value. Figure 

'77 and 78 show the effect of bovine serum albumin on K„ and 
m 

V -for NAD* at pH 9.5 and 7.3. In this case, bovine serum 

albumin decreased the Michaelis constant but did not affect 

the observed V_ value. The results are summarized in 
max 

Table XII. 
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0.041 

FIGURE 74 

Effect of bovine serum albumin on the pH-activity curve 

for aldehyde dehydrogenase at low NAD concentration. Reaction 

mixtures contained: 33 mM sodium pyrophosphate; 0.09 unit of 

enzyme; 2.0 mM acetaldehyde; 0.25 mM NAD and albumin: (ft) 

absent; (O) 1.0 mg. Total volume one ml. 
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(GLYCERALDEHYDE) 

FIGURE 75 I * 

Double reciprocal plot of initial velocity versus gly­

ceraldehyde concentration in the presence and absence of • 

bovine serum albumin at pH 9.5. Reaction mixtures contained: 

33 mM sodium pyrophosphate, pH 9.3; 0.05 unit of enzyme; A.O if ^ 

.0 me. 

mM NAD ; glyce 

absent; (0) 1 

shyde as indicated and albumin: (ft) 

Total volume one ml. 
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1 imNi") 
(GLYCERALDEHYDE) 

FIGURE 76 

Double reciprocal plot of initial velocity ^ersus glycer 

aldehyde concentration in the presence and absence of bovine 

serum albumin at pH 7.3, Reaction Mixtures contained: 33 mM 

sodium pyrophosphate, ptf 7.0; 0.32 unit of enzyme; 2.0 mM 

NAD*; glyceraldehyde as indicated and albumin: (ft) absent; 

t O ) 1.0 mg. Total volume one ml. 
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FIGURE 77. 

+ 
Double reciprocal plot of initial velocity versus NAD 

s 

concentration in the presence and absence of bovine serum 

albumin at pH 9.5. Reaction mixtures contained: 33 mM sodium 

pyrophosphate, pH 9.3; 0.05 unit of enzyme; jj.0 mM acetal-

dehyde; NAD as indicated and albumin: (O) absent; (ft) 

1.0 mg. Total volume one ml. 

* 
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(m/vf1) 

FIGURE 78 * 

Double reciprocal plot of initial velocity versus NAD 

concentration in the presence and absence of bovine serum 

albumin at pH 7.3. Reaction mixtures contained: 33 mM 

sodium pyrophosphate, pH 7.0; 0,4 unit of enzyme; 2.0 mM 

acetaldehyde; NAD as indicated and albumin: (#j) absent; 

(O) 1.0 mg. Total volume one ml. 

,v° 



TABLE XII 

EFFECT OF BOVINE SERUM ALBUMIN ON MICHAELIS CONSTANTS 

AND MAXIMAL VELOCITIES FOR NAD+ AND GLYCERALDEHYDE 

K and V values were calculated from data pYesented m Figures 75 - 78, 
m , max 

Suostrate Bovine 
Serum 
Albumin m V. 

max 

pH 7.3 

% increase 
m V, 

max 

K. 
m 

pH 9.5 

max 
% increase 
in V 

max 

NAD 

.+ 

mM 

0.54 

0.053 

4A 3 4 0 / 

min 

0.026 

0.026 

mM 

0.5 

0,23 

AA34fl/ 

min 

0.059 

0.059 

Glycer­
aldehyde 0.2 

0,2 

0.015 

0.021 40 

0.37 

0.37 

0.065 

0.091 40 CO 
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A. ENZYME PURIFICATION 

In enzymology, the purification of unstable enzymes has 

remained a difficult task. The use of conventional as well 

as recently developed techniques for enzyme purification and 

modifications thereof have not yet brought this enzyme to 

the crystalline state. However, several improvements over 

the existing procedure have been achieved. For example, the 

addition of a sulfhydryl compound and EDTA in the equili-~ 

brating and eluting buffers has resulted in higher yields of 

enzyme from ion-exchange columns. GSH was found to be more 

effective than mercaptoethahol or cysteine and has been used 

routinely. Although GSH and EDTA stabilized this enzyme dur­

ing purification, they did not activate it in the standard 

assay system. This behavior is in contrast to that observed 

with yeast and Pseudomonas aldehyde dehydrogenases, where a 

sulfhydryl compound must be included in the assay system 

(37,47,80). 

The passage of crude extract through the PAB-cellulose 

column prior to loading on to the DEAE-cellulose column not 

only removed some of the contaminating proteins but also re-

moved a considerable amount of lipid material which hinders 

the adsorption of enzyme by DEAE-cellulose. This interference 

manifests itself by causing channelling in the upper part of 

the column. The original procedure of removal of lipids 

and protein impurities by organic solvents such as alcohol 
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(134) was discontinued because of i r r e v e r s i b l e losses of a c t i ­

v i ty during the time that the enzyme was exposed to so lvent . 

Thus, the inclus ion of a PAB-cellulose treatment ear ly in the 

pu r i f i ca t ion procedure improves the r e su l t s obtained with 

subsequent s t e p s . ' ' \ 

Thq treatment of DEAE-cellulose pur i f i ed human enzyme 

with calcium-phosphate gel yielded enzyme of 2 .5-fold higher 

p u r i t y . This stop i s simple and less time consuming than any 

other s tep used in the p u r i f i c a t i o n of the human enzyme. 

The reason tha t t'His'-treatment was not used in the s tandard 

pu r i f i ca t i on procedure i s tha t no simple method to concen-

t r a t e f ract ions obtained from the DEAE-cellulose column was 

found. 

. I t i s no,t c lear why the enzyme could not be*'eluted frj>m„ 

BD-cellulose columns. * " 

Unfortunately, i s o e l e c t r i c focusing, a njawerful technique 

— for the separat ion of prote ins di f fer ing in i s o e l e c t r i c poin ts 

by as l i t t l e as 0.02 pH u n i t s , f a i l ed to work because of the 

i n s t a b i l i t y and p r ^ i p i t a t i o n of human l i v e r aldehyde dehydro­

genase a t i t s isoteiyctr ic po in t . Moreover, incubation s tud ies 

indica ted tha t ampholine c a r r i e r ampholyte s o l u t i o n s , which 

form the medium usual ly used for creat ing a pH gradient in 

the i s o e l e c t r i c focusing column, were also inh ib i to ry to t h i s 

enzyme. Presumably, th i s inh ib i t ion also contr ibuted to the 

f a i l u r e to achieve success with the technique. Glycerol 

could p ro tec t the enzyme against inh ib i t ion by ampholytes in 

the t e s t tube but not in the i s o e l e c t r i c focusing column. I t 
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should be pointed out t ha t ampholytes may1also be i nh ib i to ry 

towards other enzymes. ' 

The p r e c i p i t a t i o n of p ro te ins during an i s o e l e c t r i c fo- " 

cusing run i s not a new problem experienced he re . I t has 

been a major drawback of t h i s technique in*l$te hands of many 

workers. However, horse l i v e r aldehyde dehydrogenase has 

been successful ly pu r i f i ed by the i s o e l e c t r i c focusing t ech­

nique (36). 

Attempts made to resolve the discrepancy in the molecular 

- weight reported in ° the o l i t e ra tu re o (44,62) led to the con-

elusion tha t human l i v e r aldehyde dehydrogenase has5 a molecu­

l a r weight of 200,000 daltons as reported by B la i r and Bodley 

(44) ,i No evidence at any s tage was obtained in favour of a 

molecular weight of 100,000. Experiments ca r r i ed out to 

determine the e f fec t of enzyme concentrat ions on i t s e lu t ion 

pa t t e rns from sephadex columns demonstrated tha t a f i f t een-

fold d i l u t i on of the enzyme had no' 'effect on the e lu t ion 
« 

volume. Thus, it was not possible to obtain an explanation 

for the differing results reported by Deitrich's laboratory. 

Later, Deitrich indicated in a personal communication that 

the molecular weight of another enzyme sample determined by 

ultracentrifugation turned out to be 200,000 daltons. 
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B. ' INTERACTION WITH NAD*-ANALOGUES 

The groups on the NAD molecule directly involved in 

binding to the human enzyme and in the catalytic step may be 

examined by studying the participation of various analogues 

in the dehydrogenase ccaction, ,-^tudies with NAD -analogues 

has indicated that the human enzyme*H^ capable d-f binding 

all of the analogues tested and redtfeing most of them, albeit 

at very low rates. This, observatiorUdistinguishes this en-

zyme frqm yeast aldehyde dehydrogenase which is totally in-

+ 

active with pyridine-3-aldehyde-AD and pyridine-3-aldehyde-

HD .but reduces other analogues at substantial rates (108). 

The bovine liver enzyme can also utilize certain pyridine-

aldehyde analogues but gives generally greater rates than 

those observed with the human enzyme (107). The most active 

analogue with the human enzyme was 3-acetylpyridine-AD which 

gave a maximal rate 61 of that with NAD . In contrast, 

deamino-NAD was reduced at 5̂ 1 of the rate of NAD by the, 

yeast enzyme and„3^acetylpyridine-AD was reduced at 851 of 

the rate of NAD/by the bovine -enzyme (107,108). 
. / ' 

The data presented here on the coenzyme activity of 
/ 

N A D + - a n a W s with the human enzyme showed t ha t the car-

boxamide gr&up and 6-amino group of adenine are not absolute ly 

e s sen t i a ly fo r the coenzyme a c t i v i t y of RAD+, but t ha t bpth 

groups are required for optimal a c t i v i t y . , The high Michaelis 

constant for hypoxanthine »analogues of NAD suggests tha t 
i + 

the 6-amino group of adenine 'is involved in binding of NAD 
to the human enzyme. The only exception was 3-ace ty lpyr id ine-
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AD which had a Michaelis constant very close to t ha t for NAD*. 

As expected, the r e su l t s also indicated tha t analogues 

with low coenzyme a c t i v i t y but with s ign i f i can t a f f in i ty for 

the enzyme are i nh ib i to ry . However, data for two NAD -ana-
+ * + 

logues, 3-acetylpyridine-AD and 3-acetylpyridine-HD did 

not conform to t h i s expectation.- 3-Acetylpyridine-AD was 

not inh ib i to ry under the conditions employed (both nucleo­

t ides present a t 0,6 mM) although equation 4 predicted 30% 

i n h i b i t i o n on the bas is of the Michaelis constant measured 

for th i s analogue. -» 

The low K value for 3-acetylpyridinef-HD was not ex­

pected for an analogue lacking the 6-amino group of adenine, 

e . g . , by comparison with deamino-NAD . I t may be that acetyl 

analogues behave d i f fe ren t ly because the acetylpyridine r i n g , 

unlike the nicotinamide ring in 0-NAD , i s in the ant i con­

formation with respect to the pyrophosphate ribose backbone 

(110,111). The r e su l t s obtained with thionicotinamide-AD 

indica te tha t the incorporation of a C=S group in the place 

of a C=0 group in the nicotinamide r ing of NAD Increases 

the a f f in i ty of the analogue for th i s enzyme. Thionicotinamide-

^\D was also Jound to be< the s t rongest i n h i b i t o r . 
/ + 

Recent s tudies of Kaplan on the conformation of NAD and 
4* 

its analogues indicate that deamino-NAD occurs in,the,open 

conformation (110,111). Thus, the high K obtained "for this 

analogue suggests that the stacked conformation is the pre­

ferred one for the human enzyme. It was also found that N -

methylnicotlnamide and nicotinamide mononucleotide were not 



4 

*154 

inhibitory under the conditions used here. This further sug-
+ 

gcsts that the adenosine moiety of the NAD molecule may make 

a major contribution in binding of̂  the'natural coenzyme. 

C KINETIC REACTION MECHANISM 

Kinetic investigations of aldehyde dehydrogenase action 

are circumscribed by the experimental irreversibility of the 

reaction. This precludes the use of product inhibition and 

isotope exchange studies which have proved- useful in dis-' 

tinguishing a large*number of mechanisms. Furthermore, most 

aldehyde substrates not only exhibit very low substrate con­

centrations for half maximal velocity, making initial velocity 

measurements difficult, but also are chemically reactive. 

In the -prdsent instance, dead-erift inhibition Studies were 

included as a means of circumventing these difficulties and 

pfĉ viding experimental data on the mode of interaction of sub­

strates witn human liver aldehyde dehydrogenase. 

The intersecting initial velocity pattern observed with 

glyceralde%de as variable substrate and NAD as the changing 

fixed substrate (Figure 1) is consistent with a sequential 

mechanism in which all the substrates must bind to the en-

zyme before any product is released.-! Secondary plots of 

slopes and intercepts versus the fixed substrate (of the 

primary plot) were also linear as required by this"mechanism. 

The data conform „ to equation 2 which specifies sequential 

mechanism. However, this rate equation does not distinguish 

between random or ordered addition of substrates and release 

^ i n c 
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of products. 

In the reciprocal plots shown in Figure 1 the lines 

appear to meet very far to the left oX the 1/v axis. The 

shift,in the point of intersection of these lines towards 

the 1/v axis, observed in the presence of an inhibitor com-

petitive with respect to variable substrate, (Figure 7) in­

dicates that the presence of the inhibitor affects rate . — 

constants for those steps which contribute^ to the estimation 

of K.„, the inhibition constant for the first substrate. In 

other words, it can be concluded that a ping pong mechanism 

which requires the release of product before the addition-of 

the last substrate does not apply for the human enzyme. The 

parallel appearance of the initial velocity pattern (Figure 1) 

simply reflects a small contribution by, the term, K,aKD» *
n 

the sequential rate equation (2). 

Initial velocity studies in which an? inhibitor competi­

tive with respect to the variable substrate was present, can 

also provide some information on the order of binding of 

substrates. In case of an ordered mechanism in which NAD 

binds first,' the K. "value for NAD will increase m the 

presence of an inhibitor competitive with respect to NAD ., 

However, the intersection point of initial velocity patterns 

with glyceraldehyde as the'variable substrate and a competi-

tive inhibitor (with respect to glyceraldehyde) present should** "", 

not change if the mechanism is ordered', NAD -first. In tlfe - . 

same Way, if aldehyde binding is the obligatory first step 

then the intersection point of the initial velocity pattern 
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in which NAD is the variable substrate should remain con-

stant in the presence of a competitive inhibitor (with respect 

to NAD ). In the present study (Figures 7 and 8), whether 

NAD was the variable substrate or glyceraldehyde was the 

^variable substrate, the intersection points of initial veloci­

ty patterns changed in the presence of a competitive inhibitor 

with respect to the variable substrate, Thionicotinamide-AD , 

a competitive inhibitor with respect to NAD , increased the 

K. value for NAD from 0.24 mM to llo mM. Similarly, chloral la , 

hydrate, a competitive inhibitor with respect to aldehyde, 

increased the value for intersection point from 0.15 mM to 

0.81 mM, It should be mentioned here that the K. value for 
1a 

the second substrate in case of an ordered mechanism can 

not be calculated from initial velocity data. 

Substrate inhibition by glyceraldehyde indicated by the 

upward curvature in the double reciprocal plot, was more 

pronounced at pH 7.3 (Figure,5) than at pH 9,5 (Figure 1). 

This inhibition was overcome by NAD as indicated most clearly 

by the reciprocal plot in Figure 6 where NAD is the variable 

substrate and glyceraldehyde the changing fixed substrate. 

Moreover, the secondary plot of intercepts versus glycer-

aldehyde'was still linear (Figure 4). Substrate inhibition 

is generally considered to be due either* to the binding of a 

second molecule of substrate at-a site other than the cata­

lytic site or to the dead-end combination of substrate with 

an enzyme form other than the.one it is supposed to react 
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with. The observed competitive substrate inhibition with 

respect to NAD by glyceraldehyde at high concentrations Can 

be accounted for if glyceraldehyde interacts at the NAD- site, 

perhaps with an amino or -SH group. 

As stated above, the initial velocity data do not dif-

ferentiate between random or ordered addition of substrates 

and release of products. Dead-end inhibitors may be used to 

distinguish between these possibilities. * In an ordered 

mechanism, an inhibitor interacting at the" A site (first 

substrate binding site) forms a dead-end complex with a free 

enzyme and, therefore, the inhibition with respect to second 

substrate (B) would be noncompetitive (equation 6). On the 

other hand, an inhibitor which interacts at the B site 

(second substrate binding site) forms a dead-end complex 

with a binary complex, BA. Thus, the inhibition with respect 

to the first substrate (A) would be uncompetitive (equation 

7). . 

i . ( ! i A • M i • i/!b(1 + I / t l \ 
v \ V B V / A ' v \ B * J 

«*) 

(7) 

A random mechanism predicts that the inhibition by a dead-end 

inhibitor which is competitive with respect to the first sub­

strate or the second substrate would be noncompetitive with 
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respect to the non-varied subs t ra te in a l l cases (.equations 

11 and 13, see following). A number of pa t te rns for various 

mechanisms a*e specif ied in Table XIII. In the present 

s tudy, thionicotinamide-AD and N'-methylnicotinamide, com-

4. 

p e t i t i v e inh ib i to r s with respect to NAD , showed noncompeti­

t ive inh ib i t ion when glyceraldehyde was the var iab le sub­

s t r a t e . Conversely, chlora l hydrate gave competitive in­

h ib i t i on with respect to glyceraldehyde and noncompetitive 

with respect to NAD>. Thus , ' t hese . inh ib i t i on pa t t e rns are 

consis tent with a random mechanism in which the interconver-

sion of ternary complexes i s the ra te l imit ing step and a l l 

other s teps are a t approximate equil ibrium, i . e . , rapid 

equil ibrium random mechanism. In a random mechanism e i t h e r 

s u b s t r a t e , NAD+ or aldehyde, can bind to free enzyme as well 

as to a binary complex (F.-ald or E-NAD). The diagramatic 
representa t ion of a random Bi Bi mechanism describing the 

+ 
in te rac t ions of competitive i n h i b i t o r s , thionicotinamide-AD , 

tN"*-methyInicotinamide and chloral hydrate , with various en­

zyme species i s shown below: 

§ k ] 9 a ld 
E T N - N A P ^ - ETN-NAD atd 

k 'N A"<W 
E NADa "/£-PRODUCTS 

E C H ^ 

fcl7CH 

k 2 NAD(k C H > 
... ' ECH-NAD 
'22 



JABLE XIII 

DEAD-END INHIBITION PATTERNS 

Determined for ordered mechanisms by introducing (1 + I/K.) factors into equation 2 (equa-

tion 6 and 7) as described by Cleland (135). Determined for rapid equilibrium random mechan­

ism by the procedure of Cha, including steps for combination of inhibitors as shown in 

scheme given on page 158. 

Inhibitor 

Thionico-
tinamrde-AD,. 

i\"7Methylni-
cotinamide 

Chloral 
Hydrate 

Adenine 

Adenosine 

NADH 

' 

Variable 
Sub­
strate * 

NAD -
giyc. 

NAD 
glyc. 

glyc 
NAD 

NAD 
glyc, 

NAD 
glyc. 

NAD 
glyc. 

Inter­
action 
site 

NAD 

NAD * 

aide. 

NAD 

NAD 

NAD 

\ Inhibition 

Predicted 

Ordered 

NAD*first 

compet, 
noncompet. 

compet. 
noncompet, 

compet 
uncompet. 

compet. 
noncompet. 

compet. 
noncompet. 

compet. 
noncompet. 

Aid. first 

cpmpet. 
uncompet. 

- compet. 
uncompet-

compet. 
noncompet. 

compet, 
uncompet, * 

compet. 
uncompet. 

compet. 
uncompet," 

pattern 

Random* 

compet. 
noncompet. 

compet. 
noncompet. 

compet. 
noncompet. 

compet. 
noncompet. 

compet, 
noncompet. 

compet. 
noncompet. 

Observed 

-

compett 
noncompet. 

compet. 
noncompet. 

compe t. 
noncompet. 

compet. 
** uncompet. 

compet. 
uncompet* 

compet. 
noncompet. 

In 

Inhibitor combining with both E and a bmery ES complex. 
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where TN = thionicotinamide-AD+ 

f . . A 

*"»* 

Cll ~ chloral hydrate 

KTN* KTN » KcH* KCM = dissociation constants 

KNAD« KNAO • KoW * K a\d 

This formulation was used as the bxfsia for obtaining 

ra te equation 8.* \ '%"v>>«%,.-

Equation 8 was derived on the basis ofNr-apid equil ibrium 

assumptipns by using Cha's procedure (136) and incorporates 

terms for the dead-end combination of thionicotinamide-AD* 

and chloral hydrate . 

V^NAD.Ald 

NAD/ aid1- K C H K T H ^ aid ^ F ^ 

+ K'N A B .Ald(l + | rP~) + NAD.Ald (8) 

reciprocal form: 

1 * CI * CH/KCH * TN/^N)KrfAD,K-ald K-ald(l + qi/K-CH) 

_ » . VjNAD.ATa — * v ^ r a : 

* K-NAD(1 * TN/K-TM) 1 
+ _ — + v (9) 
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Equation 10 obtained'by rearrangement of equation 9 

describes the inhibition patterns obtained 'W* thionicotin­

amide-AD* and N'-methylnicotinamide whten NAD* is the variable 

substrate: 

1 
v 

**AD* aid (1 * TN/KtM) 
* K*MA»(1 * W*,". *»J 

1 
NAT* 

(10) 

• * 

Thus, competitive inhibition is predicted for these inhibitors 

and was observed experimentally. (Figures 13 and 15). 

Alternative rearrangement of equation 9 to give equation 

11, specifics the observed pattern when aldehyde is the 

variable substrate.: 

(U) 

1 + r^Q. 1» 
V 

• 

1 WW^*'™'*^ 
NAD 

1 • 1 
AT3 + V2 
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In this case noncompetitive inhibition is predicted and 

the experimental results conformed, as shown in Figures 18 

and 20. 

Similarly equations 12 and 13 describe the inhibition 

patterns obtained for chloral hydrate. 

When aldehyde is the variable substrate: 

(1?) 

1 _ 1 
v "' V 

HAD aid 
(I + CH/KCH) 

TJATT 
+ K'ald(l • CH/K-CR) 1 . 1 

A13 + V, 

Competitive inhibition is predicted for this inhibitor 

and was observed experimentally (Figure 26). 

»+ -When NAD i s t he ' va r i ab l e s u b s t r a t e : 
/ 

(13)' 

1 
v 

1 _ S I 3 — — i + 1 
NAD V 

1 + AT"! 

In this case noncompetitive inhibition is predicted 

and the experimental results conformed, as shown in Figure 28. 

Dead-end inhibition patterns for, adenine and adenosine 

were competitive with respect to NAD and uncompetitive with 

respect to glyceraldehyde, a pattern which might be inter­

preted to indicate that aldehyde is the obligatory first 

substrate. However,-these inhibition patterns can also be 
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expected in the case of rapid equilibrium random mechanism 

if it is assumed that adenine and adenosine form dead-end 

complex only with the E.ald comple*. Such an interaction is 

represented in the"following diagram 

EAI 

EAB-
*9 

"10 

where A 

B 

I 

= NAD 

aldehyde 

* + 

inhibitor (adenine 
or adenosine) 

The rate equation 14 derived for this mechanism by. using 

Cha's procedure is as follows: 



«v» 

/ 
Htk9 AB/KA(EA)KB(EAB) (14) 

v * 
1 + AB 

CA(EA) KB(EB) KA(EA)"KB(EAB) KA(EA)" *I(EAI) 
AI 

In reciprocal form: 

I = KA(EA)'KB(EAB) +
 KA(EAB) +

 l___ +
 KB(EAB) +

 KB(EAB)* (15) 

V 1 A B - V i A ' Vl V 1 B ,. KI(EAI)'yB 

By rearrangement to equation 15 it can be shown that in­

hibition versus aldehyde (A) would be uncompetitive. 

1 
v 

1 
V, 

(16) 

'*<"£("»' * ho:m 1 + 1 i + !!BIBABI(1 + j£ 

Simi la r ly , by rearrangement to equation 15, i n h i b i t i o n 

versus NAD (B) i s seen to be competi t ive. 

1 s
 KB(EAB) 

v V 

VA(BAhu I 
A K 

I(EAI) J 

I + 1 (KA(EAB) + % 

B V, 
(17) 

Equation 16 and 17 indicate that the experimental in­

hibition data obtained with adenine and adenosine are con­

sistent with a rapid equilibrium random Bi Bi mechanism. It 
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is to be noted that adenine and adenosine are very weak "in­

hibitors (Kĵ  slox>e = 1-92 i 0.16 mM and 0.58 ± 0.06*mM re-

spactively) compared to'the NAD -analogue, thionicotinamide-
+ « * ' 

AD . . j 

NADH, a product of the dehydrogenase reaction, inhibitŝ  

dehydrogenase activity but this can not be treated Jte a 

typical product inhibitor because the reaction catalyzed by 

the aldehyde dehydrogenase is irreversible. Inhibition by" 

NADH was competitive with respect to NAD and noncompetitive 

with respect to glyceraldehyde. These results are consistent 

with a rapid equilibrium random mechanism and they fit 

equation 8, However, a similar inhibition pattern is also 

expected in case of an ordered mechanism in which NAD is the 

first substrate. Such a pattern of NADH inhibition was also 

observed with pig brain aldehyde dehydrogenase (115). In 
u 

contrast, NADH gave competitive inhibition with respect to6*1 

NAD and uncompetitive inhibition with respect to aldehyde 

for yeast aldehyde dehydrogenase (117). This finding was 

consistent »ith an ordered mechanism In which aldehyde is 

the first substrate. In studies on the horse enzyme NADH 

was reported to be a competitive inhibitor with respect*to 

NAD but data were not reported for the pattern with alde­

hyde as the variable substrate (116). : •».. 

The results of dead-end and substrate inhibition 
t 

studies with the human enzyme fit a rapid equilibrium ran­

dom Bi Bi mechanism. With respect to random addition, it 

has traditionally been thought that linear initial velocity 



166 

V"i 

*> 

reciprocal* plots are indicative ^f a quasi-equilibrium ran-

dom mechanism^;ince the rate equation derived on the basis 
i 

of this formulation is first degrbe in both substrates. The 

equation deuived on the basis of a steady state fully random 

^mechanism tantalus terms in S , leading to ,the expectation 

of experimentally non-linear reciprocal plots. However,"r 

Cleland dnd Wratten, as well as others, have pointed out 
, <• " \ ' 

that linearity of initial velocity reciprocal plots does not 

necessarily mean that the mechanism As not a fully random 

one. .Such,plot's becdml'lilnear when there are special re­

lationships between the rate constants (137,138) or at low 

substrate concentration (139). StHudî 's of esterasa-gictivity 

, now bejcome pertinent to further defining the dehydrdgenase 

mechanism. _, * 

First,.the conclusion that NAD as modifier does not 

bind solely to free enzyme in the esterase reaction and, 

second, the observation that glyceraldehyde can bind to free 

enzyme in the absence of NAD (see Discussion, Section D for 

"ih3tai°ls), are consistent with random , addition of NAD 'and 

aldehyde to"the enzyme during the dehydrogenase reaction. 

Inspection of certain" kinetic'parameters of the esterase and 

dehydrogenase reactions suggest that the mechanism for the 

dehydrogenase reaction may, m fact, be fully random rather 

than rapid equilijBltum random. If the rapid equilibrium 

.assumption is valid for the 'dehydrogenase reaction, K.~ for 

glyceraldehyde at pH 7.3 estimated from Figure Svshould" 

" agree with the inhibition cohstant (s'lope) obtained for « 
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glyceraldehyde inhibition of ester hydrolysis in the absence 

/of NAD (Figure 70). These constants would be,dissociation 

constants for glyceraldehyde from free enzyme in both cases. 

The fact that they do not agree *(K- *0.1mM; K. s l o D e * 7 mM) 
f s 

suggests that the dehydrogenase mechanism is fully random in 

spite of the experimentally linear double reciprocal plots. 

The very high value of 7 mM. for K^ s l e may be taken to im-

«>ply -that the dehydrogenase reaction flux is mainly via the ' 

enzyme-NAD pathway but substantiation of this' inference" "**r*r~~ 

would require determination of individual rate constants 

rather than a thermodynamic equilibrium constant (K. siolle)« 

„ A parallel comparison of K- for NAD and the kinetic activa-

' tion constant for NAD with respect to ester hydrolysis/:cAn-

not be made. This is because the dissociation constant for 
4. ' • \ -

NAD from free enzyme cannot be unequivocally calculated 

from this kinetic constant., (see Discussion of Esterase Mechan­

ism*) r However, the vast difference between the activation 

constant for NAD (75 uM) and the inhibition constant for 

glyceraldehyde (7 mM) also,implies tH&t the pathway in which 

NAD binds first predominates under certain .conditions in 

the dehydrogenase reaction. Thus, one might expect chloral 

hydrate to give uncompetitive inhibition with respect to WAD 

as variable substrate at a sufficiently low fixed concentra­

tion^ of glyceraldehyde. Nevertheless^ the experiment (Fig­

ure. 30) performed for chloral hydrate using al concentration 

of glycerald&hyde slightly higher than its X m<\ NAD ,asl 

the variable substrate still rosulted in noncompetitive in 



168 

hibitlon. If one accepts the implications of ,,the esterase 

data, this would indicate that both steady state pathways ; 

• are operating at these concentrations of glyceraldehyde. At 

still lower concentrations of ̂.glyceraldehyde the flux 'should 

shift to an "aldehyde-first" pathway at aldehyde levels ap-

" proaching saturation. 

Pettorsson(140) has recently carried out theoretical 
, - " i • % 

analysis of initial rate behavior of ternary complex mechanisms 

and suggested that the so-called compulsory order mechanism 

is never fully ordered but rather should be considered ran­

dom-order in which one of the pathways carries most of the 

reaction flux. The existence of binary complex, EB, shpuld/" 

not be ignored..^,It should be mentioned here that the be­

havior of such mechanisms in relation <to dead-end and product 

•inhibitions was not discussed by Pettersson. This author's 

theoretical analysis was limited to initial- velocity studies. 

Tne rapid equilibrium assumption was applied 'in this study 

of aldehyde dehydrogenase to the analysis of dead-end inhibi­

tion patterns to simplify the mathematics requited. The 

steady state random mechanism equations for dead-end inhibi-

•K 

tors have"never been derived. -However, Rudolph and Fromrn 

(138) have recently, pointed out that the inhibition patterns 

predicte'd by computer simulation of steady state random 

mechanism for dead-end inhibitors are similar to those ex-
* ' - ' i 

peered on the basis of the more res t r ic t ive rapid equilibrium 
assumption, use,d, for the interpretation pf data obtained in 

"/ ' . . -- ' ." 
this^study. jlfratten and Cleland (141) have. re^tyxe^JtigjUjed 

* 

#« 

fr 

Si ' . 1 
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the kinetic mechanism of alcohol dehydrogenase which had been-

• believed to be compulsory-order' (NAD -fir̂ Tt) ior many years. « 

They showed that the pathway m which alcohol (B substrate), 

binds to free - enzyme doê s exist" for this enzyme but that 
* + , i 

most of the reaction flux goes through the NAD pathway. 

This conclusion was 'reached cfti the basis of the results ob­

tained for'methanol inhibition of either ethanol oxidation ' 

or acetjjjflehyde^reduction.. Methanol inhibitednoncompetitively 
+ " 

with respect to NAD and gave a non-linear inhibition pattern 

with respect to ethanol or acetaldehyde. When ethanol was 

varied in the range of very high concentrations, noncompeti­

tive inhibition with respect to ethanol was observed. 

In summary, the sonly-mechanism which rea~di-ly accomodates 

all the kinetic data reported here for human liver aldehyde 

dehydrogenase, is a fully randpm Bi JJi mechanism. The addition 

of coenzyme and ,aldehyde ancf release of products can be 

diagrammed in tne following simplified form: 

NAD Aid K . ACID NADH 

£ i i—t 
/^^E-NAD-A.d . .E-NADH-AC!^;^^^ 
\E-A<d / . \ £ - A C I D X ^ 

w ; , • YT 
A , d N A D ^ . ' „ NADH ACID \ 



This mechanism is in ̂ contrast to that reported for pig 

brain aldehyde dehydrogenase by Duncan and Tipton (115) yeast 

aldehyde dehydrogenase by Schwarcz and Stoppani (108), and 

'bovine liver aldehyde dehydrogenase by Freda and Stoppani 

(107). In all these cases it was.concluded that an ordered 

, mechanism in which NAD' binds first was operative. In fact, 

very limited kinetic studies were carried out by these workers.1 

In case of pig brain aldehyde dehydrogenase, NADH inhibition 

was competitive with respect to NAD and noncompetitive with 
f i 

respect to aldehyde. This and the observation of competitive* 

substrate' inhibition by aldehyde were the only criteria used 

to define the reaction mechanism. ' Substrate inhibition can 

not typically differentiate between random and ordered median*-
* l I ' . <! 

isms unless supported by other inhibition .data. 'Ping pong, 

ordered and random mechanisms all can sfjow competitive .sub­

strate inhibition. Similarly, the same NADH inhibition, pat-
V j t ' J 

terns i.e., competitive wJUh respect to NAD and noncompeti-

'tive with respect to glyceraldehyde, are shown by a random \ 

mechanism as well as by an "ordered mechanism in which. NAD 

•binds first. " ' ' ' 
- ' ' <4 * 

Competitive and uncompetitive inhibition patterns ob­

tained for hydroxylamine with respect to aldehyde, and'the 
Hr 4* 4-

NAD -analogues, 3-acetylpyridine,-AD andldeamino-NAIL,*. x©— 

' spectively^ were, used as a bas is for proposing an ordered 

(NAD.-first) mechanism for yeast aldehyde dehydrogenase (108). 

I t should be mentioned tha t hydroxylstoine did not i nh ib i t 

t h i s enzyme when NAD was used as a'coenzyme. 

A J . •' 
•%>. 
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The effect of structural analogues of coenzyme and 

aldehyde on the V „ , K for coenzyme and K for aldehyde 

were interpreted to indicate an ordered mechanism (NAD -first) 

for bovine liver aldehyde dehydrogenase (107). 

In the case of horse enzyme (116), esterase data and the 

competitive inhibition pattern* obtained for NADH w,ith respect 

to NAD were employed to assign an ordered mechanism (NAD r. 

first) for this enzyme. The inhibition constant (K-.) for*NADH 

in the dehydrogenase reaction was similar to its activation 

constant calculated from the esterase activation data.—Alsjr, 

the fact that glyceraldehyde did not inhibit esterase acti-

vity under the experimental conditions employed, was inter­

preted to indicate that a binary enzyme-aldehyde complex 

was not kinetically significant. 

Bradbury and Jakoby (117) have recently reported evidence 

for an ordered mechanism in which aldehyde binds first to 

-£**~ j 

the yeast enzyme. This interpretation was based"on the ob-
" + * i \ 

servation that NAD did not bind to free enzyme ih the equi­
librium binding experiments and that -inhibition obtained with 

NADH was competitive with respect to NAD and uncompetitive 

with .respect to aldehyde. ^ *"*! J<.\ 

Since the human'enzyme can now be prepared in almost 
t 

homogeneous form, it'would be interesting to perform eq̂ uili-
i i I 

,brium binding experiments on'the formation of binary complexes-
"' ' " . i J 

This approach should provide further information on the ] 

kineytic data presented in this thesis. 

\ 
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D. ESTEROLYTIC PROPERTIES 

Human l i v e r Aldehyde dehydrogenase possesses the a b i l i t y 

t o cata lyze the hydrolysis of a number of p-nitrdphenylr 

e s t e r s , e . g . , p-ni t rophenyl a c e t a t e , p-ni t rophenyl propionate 

and p-ni t rophenyl bu ty r a t e . I t appears tha t an increase in 

the length .of the carbon chain of the acyl moiety of the 

e s t e r decreases i t s a f f i n i t y - f o r the enzyme (Table V I I I ) . 

Dehydrogenase a c t i v i t y and es te rase ^act ivi ty measured in 

the presence and absence of NAD gave i den t i ca l e lu t ion pro-

f i l e s on DEAE-sephadex. column chromatography (Figure 59) , 

demonstrating that the same'protein i s responsible for both 

a c t i v i t i e s . NAD and ,N$DH, obl igatory p a r t i c i p a n t s f o r d e - ' 

hydrogenase a c t i v i t y , s t imula ted e s t e r hydro lys i s . This , 

behavior i s s i m i l a r to t h a t reported for horse l i v e r a»lde-
* 

, hyde dehydrogenase (116). Conversely, glyceraldehyde, a 

substrate for the dehydrogenase reaction, was a competitive 

inhibitor of esterase activity (Figure 70). This observa­

tion is consistent with ester hydrolysis taking place at 

the aldehyde binding site for dehydrogenase activity. Fur­

ther substantiation was provided by the fact that chloral 

hydrate, a ceaipetitiiM* inhibitor of dehydrogenase activity 

with respect to aldehfdc, also competitively inhibited ester 

hydrolysis (Figure 71). Competitive inhibition of esterase 

activity *y glyceraldehyde was not observed by Feldman and „ 

Weiner in the case of horse enzyme (116). The esterase re-

action kinetics, i.e;, glycjtraldehyde'ahd chloral hydrate 

inhibition and activation by NAD* and NADH, provide addition-
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\ 
al evidence that both activities are 'associated with the 

same protein and closely interrelated. t , 

NAD also effects the binding of an aldehyde analogue. 
+ ,r , -

The presence of NAD„ during the esterase reaction lowered * 

the slope inhibition constant for chloral hydrate from 0.8 mM 

to 5.0 uM. Furthermore, this K (slope) value for esterase 

inhibition by chloral hydrate in the presence of NAD Was 

similar in magnitude to K. (slope) found for its -inhibition 

of the dehydrogenase reaction (glyceraldehyde varied at pH 

9.5). The greatly' reduced inhibition constant for chloral 
4" " * d 

hydrate in the presence of NAD with the esterase reaction 

suggests that NADe not only acts as an electron acceptor in 

the dehydrogenase reaction but also induces a conformational 

change in the protein molecule. This hypothesis is, consistent 

with the "induced fit mjojjer* of Koshland (142).' Support for 

-such a role has been provided by Nlrcnberg and Jakoby (143)o • 

with the observation that NADP -linjced succinic semialdehyde 

dehydrogenase was more susceptible to trypsin digestion in 

the presence of NAD or NADP than m,their absence. 
t 

It has been proposed for a number of carbonyl group-

specific dehydrogenases that the reaction proaeeds via thio-

hemiacetal formation followed By. oxidation to th^ correspond­

ing thioester. This enzyme0intermediaCe in*turn hydrolyses 

to release an acid product (144). Recent results of Feldman 

* and Weiner have supported this mechanism for horse liver 

aldehyde dehydrogenase (116).- Acylation of a sufhydryl or 

other group of,the enzyme is a reasonable intermediate ste# 

3i, 
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in the esterase reaction* (119). Based on the observation ,of 

a" competitive interaction between glyceraldehyde and p-nitro­

phenyl acetate with respect to the aldehyde binding Siite, 

it is feasible to consider the formation of a common acyl-

enzyme intermediate in both the dehydrogenase and esterase 

reactions. Such a relationship "may be depicted as follows: 

%? 

J0_ 

H 3 X-Enz 

ACETALDEHYE 

CH3C 
. 0 

X-Enz 
ACYL-ENZYME 
INTERMEDIATE 

P-NITROPHENYL ACETATE 
\\ 

The,existence of such an intermediate has been demon- -

stra.ted in the case of p*nitrophenyi acetate hydrolysis by 

glyceraldehyde-3-phosphate dehydrogenase (119) arid postulated 

for aldehyde dehydrogenases in general (39). On this bas is , 
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the activation of esterase by NADH also provides information 
\ 

on the rate limiting step in the dehydrogenase reaction. 

Assuming a common acyl-enzyme intermediate, the esterase re-

action in the presence of saturating levels of NADH would 

proceed via the ternary complex illustrated below: 

# 

' ) # * . ' 
It'can be seen from the data in Table IX that V for * 

-̂  . , * max f,, 
the esterase reaction in the presence of NADH is twice the 
V for the esterase reaction in the absence of NADH but 
max —^""^t! 
less than Vm, . for the dehydrogenase reaction (pH 7.3). The 

max * I * * 
fact that v

m a x;f
0 1' the esterase reaction in the presence of 

NADH is-less than V_„„ for dehydrogenase reaction leads to 
< TUHX ' .-

the speculation that the rate .limiting step in the es terase action occurs pr ior to , the deacylation s t ep . That i s , de-

ftcylation could not be the. ra te l imit ing step in the esters 

reaction since th i s would require the same step in dehydro-
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genase action to be faster -- an impossibility if an identi­

cal complex is involved. A similar conclusion was reached 

for horse liver aldehyde dehydrogenase ,,(116). 

Data obtained for the effect of nicotinamide nucleotides 

on the Michaelis constant for ester also provides information 

on the order of binding of coenzyme and ester ,to this enzyme. 

Modifier (NAD or NADH) could either bind to free ehzyme or 

td binary enzyme.-ester complex or both. The ways in .which 

modifier (NAD ) ester and enzyme can combine to give various 

enzyme species potentially present in the esterase reaction 

are shown below: " 

E + S ZZ 
. k i 

E + M 

* 2 

* 3 

r.s E + p 

-*• Jiff 

* K i s 

J. I f l t, «. "T " 

ME + S 

ES + M ^ 

k* ' 
MES* 

MES 

—* ME *+ P 

f 

s(MES) = E , 

^ ( M E S ) = v ' 
K7 

where S *= s u b s t r a t e 

P = product 

M » . modifier (NAD+) 

""is"**iM '^sfMCSl* KM(MES1 a r c dissociation constants 

1 f V 

> 
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On the assumption of/rapid equilibration among various* 

enzyme species, the initial velocity equation derived by-using 

"Cha's procedure f&r the above mechanism is*f 

V S * ^ = - ^ — 

v . HmS) ' ' (18) 
K. „ SM' ' 

K- + S + TriS^ + v ' 
" - 1S HtA KM(MES) 

Under rapid equilibrium condition, steps governed by k„ 

and k»0 are considered slow compared to the other steps. 

Thus, kg and k*« in fact define the rate limiting steps in 

this mechanism. Possible estimates of certain"dissociation 

constants can "be obtained from the experimental data in 
- . - . ' ** 

Figures 63 and 68. In the absen.ce of NAD >th*S K value for 
. «• , m ' 

ester of 3.7 pM (Figure 68) will represent K. , the dissocia­

tion constant for the enzyme-ester (ES) complex. Since a 

high ,'concentration of p-nitrophenyl dcetate (approaching 
is? ' saturation) was used to determine the activation' constant 

* + 
fbr NAD of. 75 yM (Figure 67) this value will be a reasonable 
H * . , • ' - . 

approximation of K^MES")* tiie dissociation constant for 14 
from the ternary complex (MES). It- is apparent from the, data 

shown in Table IX that both NAD agd NADU increase the ob-
*• * » 

served K_ for ester. A value for K,„, the dissociation ,con-
m * lm - . 

* This derivation does not take into account substrate acti­
vation and applies only to velocities at low ester.con­
centrations. , ' 

http://absen.ce
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stant for the enzyme-modifier (EM) complex, may now be ob-

tained by using this apparent Michaelis constant for p-mitro-

phenyl acetate (8.3 uM), determine*d in the presence of a ̂ con­

stant level of modifier, NAD (Table IX). If equation 18 

is written in the form: 

i y 4- S*M__ )s 
V S ^*(MES) } 

^-__ _. ^ 
I K + ^^ \ 4- / 1 4- • . \ * 

^ is KiM* J \ KM(MES) / l" 

it can easily be seen that the apparent Michaelis*. constant 

"for ester is given by the following expression: 

Measured K, 
m is 

1 + 
M-

1 + M 
lW(MES) 

The value obtained for K-„ by appropriate substitution 

in (this, expression w&s 32 uM. Hero" it can be said that K,_ 

"for ester only'goes up when KMf'MtjS)'> KiM" l t is imPortant 

to stress that these calculations are based on the assumption 

of rapid-equilibrium conditions holding for this reaction. 

Such an assumption has usually been based on the observation 

of, linear double reciprocal-rate plots as-in this study. How­

ever, it is becoming increasingly evident that fully random 

mechanisms can give plots which are approximately linear 
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within experimental error or, in fact, truly linear for cer-

tain combinations of tate constants (see also Discussion of • 

the Dehydrogenase Rbaction). If modifier and ester add to 

the enzyme in a fully random mechanism the •'above calculations 

of dissociation constants would be invalid — * W M E S 1 COU^& 

be either larger or smaller than X. . The present data do 

not permit, a distinction to be made at this stage between a 

fully random or rapid equilibrium raridom̂  mechanism." Howsftver, 

the data rule .out a mechanism in which NAD or NADH can only 

bind tp a binary-ester complex. - ,. 

E -m-r-

where S == substrate (ester) 

M = modifier (NAD+) 

P = product 

The rapid equilirbium initial velocity equation which 

specifies this'mechanism is: , * i 

VCS *+ ^"-L-
v » S '. KM(MES) 

S + SM l 

RW(MES) 
+ 1 K.« 
- is 



-v^-

I I 
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which requires a reduction in apparent K for the-^ssfec^^^r^^ 

strate in. the presence of modifier. , This conelusion vas the 

samV when the corresponding steady state formulation was 

used as a basis for obtaining the î ate equationH&y the com­

puter procedure "of Hurst (145): 

*« ~ < K ^ K 2M S 

rK3 + K4M + K5M
21 S + Kg + K7M. ' 

K*s refer to complex expressions 

made up of groupings of individual 

rate constants specifying steps 

in the mechanism 

The apparent Michaelis constant is equal to: 

K5 + K?M 

K 3 + K4M + K5M
2 

n V 

The value of this expression must decrease at high values 

of M. Conversely, the fact that^esterase activity was ob­

served in the absence of any nicotinamide nucleotide disposes 

of a formulation in which NAD is tne obligatory first Hgand /• 

binding to free enzyme.* Hence, the observation that nicotin­

amide nucleotides increase the K for the ester substrate is 

consistent with random order of addition of ester and activa-

tor to the-Jiujnan -enzyme^ Such a mechanism may be diagrammed 

in a simple way: 

,> 
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n 

NAD ESTER 

PRODUCTS 

This hypothesis for the esterase reaction is consistent with 

that proposed for the dehydrogenase reaction (see Discussion 

under Kinetic Reaction Mechanism). 

E. ESTERASE REACTION SUBSTRATE ACTIVATION HYPOTHESIS 

According to the Michealis-Menten formulation, the p l o t 

of v as a function of S i s a. hyperbola, with hor izonta l 

asymptote ^2E. The Michaelis-Menten equation may be rex 

presented as follows: ' 
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VS 

m 

In reciprocal form: 

X 
1 _ Km 1 1 

* v" *" v s- v* 

The1 downward curvature of the double reciprocal plot in 

Figure 58 indicates a deviation from normal~Michaelis-Menten 

kinetics. It has been proposed that such downward curvature 

is due to the activating effect of a second molecule of sub­

strate binding at a site'other than the catalytic site but 

this concept has not been welT established experimentally 
ft 

(146,147). The observed downward curvature seen in these 

double.reciprocal plots can be explained by postulating two 

^binding sites for prmtrophenyl acetate on the same enzyme. 

Bindings of a second molecule of ester at a non-hydrolytic 

site other than the catalytic site would'then alter the 

properties of the catalytic site. Such a substrate activa­

tion mechanism can "be represented as follows: 

v E + S « • •• . * ES 

S + E *, , •,, , JL SE 

ES + S ", » SES 

SB + S ', • *- SES 

SES •* SE + P 

ES <-*- E + P 
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It can also be represented in a mere simplified form: 

" ^ SES ̂ C 

•*- E + P 

SE + P \ 

ES represents the enzyme-substrate complex in which S 

is bound at the catalytic site, Sf. is enzyme-substrate com-

plex in which substrate is bound at the second site (nan-

catalytic site), and SLS is activated*enzyme-substrate-sub­

strate complex. Both ES and SES are assumed to break down 

to products + E and E + SE, respectively. . 

The following quasi-equilibrium rate equation has been derived 

on the basis of above mechanism (148): 

V2 • VlK2/(l --VJ/V^S 

1 + K2/(I - V1/V2)S + K ^ / d - V1/V2)S
2 

2 This rate equation has an S value in the denominator 

which will lead to non-linear reciprocal plots. The inter­

cept term is affected due to the stimulatory effect of sub-

stfate at high concentrations. If, k10 > kg, the double re-

ciprocal plot will show downward curvature at high substrate 

# 
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concentrations. Results were fitted to this rate equation 

and found to be in good agreement as shown in' Figures 57 and 58. 

Additional insight into the mode of interaction of p-

nitrophenyl acetate is provided by the following observations.' 

The plot of initial rate of hydrolysis as a .function of ester 

concentration in the presence of NAD gave"a normal hyperbolic 

curve (Figure 6'6). In fact, the double reciprocal plot of * 

the data obtained in the presence of NAD over the otherwise 

stimulatory concentration range,of ester is a horizontal line" 

(Figure 69)', This result can be interpreted to indicate that •' 

NAD blocks the binding of substrate at high concentrations . * 

at the second site which is responsible for the activation. 

There is then no site other than the catalytic site left 

for the binding of substrate. These results also constitute 

good evidence that the second binding s'ite for<ester is the 

coenzyme binding site for dehydrogenase activity. In general, 

an agent which blocks substrate activation could in itself 

be either an activator or inhibitor of hydrolysis. SAD " 
r, -

which blocks the binding of the ester substrate at the sec-

ond site is an activator of the esterolytic activity of human 

aldehyde dehydrogenase. The binding of p-nitrophenyl acetate 

or NAD at the second site may rWuce a similar conformational 

< change in the polypeptide chain which in turn enhances the 
» > 

catalytic power of the active site with respect to "hydrolysis. 

,ii',, Although, these results arc consistent with activation 

of the catalytic site m6diated by 'the second ester binding 

site, they do not rule out the occurance of hydrolysis also 
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at this second s i t e . Currently available kinetic techniques 

are unable to unequivocally distinguish between the two al-„ -
••' ' ° 

ternatives since the_xate equations derived for both mechan-

isms are "of the same form*". „. • 

The evidence presented here tends to favour the first * 

mechamsin without eliminating the contribution, if any, by 

the second mechanism. 'Substrate activation was observed in 

the case of chymotrypsin hut'ester hydrolysis at the second 

site was thought to contribute not more than 10% (149). The 

only method which can clearly distinguish both mechanisms is" 

the*chemical blockage of one site, leaving the other site 

untouched. However, such chemical modification might well 

expose other functional groups Which could also hydrolyze 

p-nitrophefnyl̂  acetate. 

F. ACTIVATION OF THE DEHYDROGENASE REACTION BY BOVINE SERUM 

ALBUMIN 

All aldehyde dehydrogenases which have been purified to 

homogeneity axe composed of subunits (36,75),° The nature of 

interactions between subunits responsible for the molecular 

integrity and their influence on the catalytic process*are 

not yet known. In the present study, a number of different 

unrelated proteins of diverse physical and chemical properties 
i n -

t l l t J • "*'.• 

* A mixture of two enzymes utilizing the same substrate would 
also give Jhis type of rate equation. However,- chromato­
graphic and kinetic-studies have ruled out the possibility 
of any contamination being ̂ 'sponsible for substrate activa­
tion and/or esterase activity (see Discussion, Section D), 
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have been examined for effects on native human liver aldehyde' 

dehydrogenase activity,. Among these proteins, only bovine 

serum albumin produced substantial changes in catalytic be­

havior. Comparisons among other proteins Indicated that mole-

cular size, overall charge character, or sulfhydryl and di-

> sulfide content individually, are not major factors responsible 

for the activation. Failure to observe effects of similar 

magnitude with albumitfs from other species suggested that 

activation of the dehydrogenase reaction is due to a specific 

interaction between bovine serum albumin and tlie human enzyme. 

The effect of bovine serum albumin on other aldehyde dehydro­

genases has not. been reported. The reduced activation ob-

tained with fatty acid" free bovine serum albumin might be 

due to a change in conformation of bovine serum albumin by 

the treatment used to remove fatty acids from it. 

Activation by bovine serum albumin was "strongly pH 

dependent. The most dramatic relative,, increase" in dehydro-

genase activity in the presence of BSA occurred at pll values 

close to neutrality, both with low and high concentrations 

of NAD+ as illustrated by the data'in Figures 73 and 74. This 

behavior raises the possibility that the interaction of BSA 

with the human enzyme induces a conformational change which 
e 

is favourable for enzyme catalysis. Such a change* might be 

similar to that caused by'a change in the ionization state 

of some functional group(s) in the protein since enzyme acti­

vity reaches a maximum at high pH (above pH 9.0). 
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—-̂ h#-=gr̂ «tei?===e=#feet'̂ iP̂ !A on the pH-activity relationship 
^ i , 

4- '* ' 4- „ 

at low NAD levels compared to high NAD levels' suggests that 

interaction of bovine serum albumin with the, human enzyme in-

creases,-its affinity for NAD , This is further supported by " 

the following observations- First, the double reciprocal 

plot of initial velocity versus NAD concentrations m the 

presence and absence of BSA shows a "competitive"- activation 

pattern.- In other words, aldehyde dehydrogenasei activity 

was the same both in the presence „and; absence of, BSA when 

NAD was saturating (infinite concentration). » Only the , 
4- *•' 

. Michaelis constant for NAD is affected, not the V (Figures 

I 77 and 78).-, It should be mentioned that the acetaldehyde 

concentration in this experiment was 2000 times its X . * ' . m 

Second, when a similar experiment was performed with .glycer-

aldehyde as"variable substrate the Michaelis constant was 

Sot affected but* V was increased, as shown in Figures 75 

and 76. In this case the effect on V was expected since' 

the NAD* concentration used was not saturating (5 times K ). 

Accordingly, true saturation with NAD woujd eliminate any 

effect of albumin under these conditions. Thus, albumin 

appears to activate aldehyde dehydrogenase by reducing fhe 

Michaelis constant for NAD , i.e., increasing its affinity; 

for the enzyme. ' * ' - ' " 

According to Frieden, activation of two substrate re­

actions can be,, treated in the same way as activation of 

single substrate reactions if the modifier affects only one 

substrate and not the other. Activation by albumin may then 

\ 



be r e p r e s e n t e d by the fol lowing s i m p l i f i e d scheme: 

k l k 5 
E>,+ S ,^. ' , •*• ES ' -^I=-E + P 

k - 2W k2 k, k-3 t k3 k, " 
4 _ II 6 

EM + S-Sir~. ^ I ' E M S - ^ ,.-^=:EM + P. 
- 4 k - 6 

where S = 

M = 

NAD 

albumin 

I f kr = kfi and k . = k , , i . e . , % f bovine serum albumin does 
h 

no t a f f e c t the r a t e of breakdown of ES or EMS, the fol lowing 

e q u a t i o n , adapted from Fr ieden ( see equa t ion 11 i n r e fe rence 

150) h o l d s : , 

? VS 

X.( l +*M/K?) 
S 4- - i £ -

(1 + M/X3) 

Activation occurs if X,» the dissociation eons'tant for the 

enzyme-modifier complex, is greater than K,, the dissocia­

tion constant for the enzyme-modifier-substrate complex with 

respect to M. Since K.K, must equal X,X. on thermodynamic 

grounds, this implies that X, > X., which corresponds to in­

creased affinity for NAD in the presence of albumin. This 

formulation must remain tentative since data are insufficient 

for determination of all the various constants involved. 

From these observations the hypothesis is advanced that 
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activation of human,aldehyde dehydrogenase by bovine serum 

albumin 'occurs through a change" in the conformation o* the 

protein andvthat the altered conformation has a higher/affini-

+ ' '* •! 

ty for NAD . „ f 

Physiological Implications of Activation by Bovine Serum 
* ~~'~' ' "~i ' ~~^ ' *** ll 

Albumin 

The role of protein-protein interactions between "func­

tional subunits of alloste'ric enzymes in the regulation of 

their activity is well recognized. The present study with 

Jhpviwe se'rinir^S^Srun^raws special attention to the potential 

importance of protein-protein interactions between different' 

proteins in the physiological s'ystems. The<activating effect 

of bovine serum albumin has been observed Vith many ofchei* 

enzymes in vitro, but in no case reported so far, has it been 

studied m detail in order to delineate the mechanism of 

activation. It has generally been considered to stabilize 

enzymes non-specifically at the,.,high dilutions encountered 

under assay conditions. 

Bovine serum albumin activates this enzyme maximally in 

the physiological pH range where activity in the absence of 

bovine serum albumin is relatively low. It Is tempting to 

speculate that human liver aldehyde dehydrogenase may be * 

activated in vivo by some specific protein or proteins, with 

a concomitant effect on aldehyde metabolism under physiologi­

cal conditions. It may well be the case that the human enzyme 

occurs in a'complex with some protein in the cell and this 

associated protein is lost during enzyme isolation and frac-

y 
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tionation. It is generally thought that enzymes, in vivo, 

operate most efficiently at a substrate concentration in the 

region of their apparent Michaelis constants. The present 

observation that_activation of human liver aldehyde dehydro-
.1 4-

genase by BSA is higher with NAD concentrations close to X_'* 

than at concentrations above X both at low and high pH, is 

also m keeping with this speculation on the contribution of 

protein-protein interactions between different proteins to 

the catalytic efficiency.of the human enzyme in vivo. This 

suggestion raises the further possibility that many other 

enzymes which are not maximally active at physiological pH 

range in vitro may be activated or ̂ regulated in vivo by such 

protein-protein interactions. 

G, MODE OF ACTION OF CHELATING AGENTS 
p 

Zinc is a structural and functional component of many 

dehydrogenases, e.g., alcohol dehydrogenase from yeast (151-^ 

153)", horse (153-157) and human liver (158-161), D-glyceralde-

hyde-3-phosphate dehydrogenase from hog muscle (167), glutamic 

dehydrogenase from bovine liver (153,162-166), bovine muscle 

(168)'and yeast (168,169), lactic dehydrogenase from rabbit 

muscle (170) and malic dehydrogenase from bovine heart (171). 

Inhibition of an enzyme by a chelating agent has generally 

been considered due to the co-ordination of metal atoms pre­

sent in the enzyme. ^Thus, zinc-metallo* enzymes are inhibited 

by zinc-complexing agents. In the present study, various 

chelating"agents such as 1,10-phenanthroline, 2,9-dimethyl-l, 
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10-phenanthroline and ot .a ' -dipyfidyl , were found to i n h i b i t 

the dehydrogenase reaction instantaneously. Inhibi t ion was 

competitive with respect to NAD . I t is*~interesting to note 

that the inhibi t ion constants for 1,10-phenanthroline and 

i t s analogue,, 2,9-dimethyl-l ,10-phenanthroline, are qui te 

s imilar whereas the s t a b i l i t y constants for zinc complexes 

* of these chelators are qui te different (Table VII ) . Since 

there i s a s t e r i c hinderance in 2,9-dimethyl-l ,10-phenanthro-

l ine^Jthe zinc Complex with th is chelator i s less s tab le than 

thltMEormed with 1,10-phenanthroline. The-low s t a b i l i t y con-

s t an t for 2,9-dimethyl-l ,10-phenanthroline would suggest 

tha t a high inhibi t ion constant should be observed for the 

enzyme compared, to that obtained with 1,10-phenanthroline. 

However, th i s was not the case. Similar behavior was observed 

with a ,a ' -d ipyr idy l and i t s analogue Y»Y*-dipyridyl. These 

two dipyridyls d i f fe r great ly in t he i r a b i l i t y to form zinc 

complexes. Two heterocycl ic ring nitrogens are present in 

both compounds, but these donor nitrogehs are too far apart 

to form a bidentate complex in the case of y>Y'-dipyridyl. 

Therefore, i t i s expected that the inhib i t ion constant for 

Y»Y'**"dipyridyl should be greater than that for a , a ' - d ipy r idy l 

i f chelat ion of zinc (or some other t r ans i t i on metal) wetfe 

involved in ,the inhib i t ion of the dehydrogenase react ion. In 

r 

fact, the inhibition constants were similar in magnitude for 

both dipyridyl compounds. Quinoline, a'bicyclic compound 

with a single he'terocyclic nitrogen, cannot form a bidendate 

chelate complex. In spite of this, it inhibited-the dehydro-
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» » 

genase reaction. Benzoic acid, is another example of an in­

hibitor which does not form a stable complex with zinc since 

there' is only one donor group ( —COOH). 

The similar,inhibition constants obtained for these 

various agents,'differing widely in their ability to form* 

zinc complexes, strongly Suggests thatthe basis of inhibition 

ô lkthe enzyme is not due to the chelation of any metal atom 

present in' the humano enzyme, but rather, "is the result of a 

competition between NAD and inhibitor for the NAD -binding 

site. The competitive nature of the inhibition by thesis 

compounds suggests that the NAD^-binding site, has an affinity 

for aromatic ring structures. Since these are non-polar, it 

suggests that a hydrophobic area is present in the region of 

the NAD.-binding site and the inhibition of the dehydrogenase 

reaction occurs through hydrophobic interactions between 

this area and the chelating agent described here. 

Comparison of inhibition constants also showed ̂ ut com­

pounds in which aromatic rings are attached to a common C—-C 

bond and. can freely rotate, were less inhibitory than those 

which have fused ring aromatic structures, Dipyridyls (bi-

phenyls) belong to the first group of compounds and phen-

anthrolmes to the latter group. The inhibition constants 
A 

for dipyridyls were ten times higher than those M r phen-

anthrolines. Data also indicated that biphenyl's and compounds 

with single aromatic rings act in a .similar manner. For 

I -
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instance, the inhibition constant for'lienzoic acid, a single 

aromatic Sring compound,°was not considerably greater than 

that for the dipyridyls. The' geiircal conclusion drawn from 
0 j- tvtvj^mr* . t->i If -iixi milt. " 

the* present data i s in contras t to that reached by Stoppani 

e t a l . for yeast and bovine l i v e r aldehyde dehydrogenases (79) 

These authors concluded tha t the competitive inh ib i t ion of 

both enzymes by 8-hydroxyquinoline, 1,10-phenantholine, <x,a"*-

dipyridyl and thiourea was due to"the co-ordinaiton of zinc 

with" these^ che la to r s . In f ac t , Jakoby e t a l . (38,47) have 

not reported zinc to be present in homogeneous preparat ions 
° a 

» of yeast aldehyde dehydrogenase. 

^c^te.^." *| . 
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