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ABSTRACT

The purificationnggjﬁuman liver aldehyde dehydrogenase
by both conventional ,procedurcs (1.e., ion:exchange chromato-
graphy and gel-filtration) and recently developed techniques
(e.g. isoelectric focusing).was carried out in an attempt
to obtain an homogeneous preparation.v Although, this goal
was not achieved, certain improvements were made in the exis-
ting purification procedurc. The addition of gl&tathione
and EDTA -during $EAE-cellulose column chromatography improved
recovery of enzyﬁé activity from the column. The inclusion
of a PAB-cellulose treatment before the DEAE-cellulose chro-
matography gave some additional increase, in spec1f1c activity.
Fractlonatlon by calcium pgz;phate gel after the DEAL-cellu-
lose chromatography step resulted in a further,2.5-fold
purification. Gel filtration studies have confzrmed a
molecular weight of 200,000 reported by this laboratory
which was twice that reported by other workers.

Kinetic studies of aldeﬁyde dehydrogenase were‘carried
out in order to défine thg mode of interaction of substrates
and coenzymes with the human cnzyme. The examination of a
number of NAD+-analogucs demonstrated that NAD® is the best
coenzyme for this enzyme. In}tia} velocity studies on the
~dehydrogenase reaction showed convergent linear double re-
ciprocal plots, indicating a"sequential mgghani§m in which
both substrates must bind to enzyme before any %roduct'is

released. Certain NAD'-analogues were dead-end inhibitors:

s



)

28

¥

L g V1

e P
competitive with respect to NADT and noncompetit;ve with re-
spe;t to aldehyde. :Canversely, aldehyde analogue gave com- L
petitive inhibition with respect to ﬁldehyde and noncompe-

titive inhibition with respect to NAD*. This dead-end inhi-
bition data is consistent with a mechanism in whicﬁ the or=

der of binding of substrates is not obligatory.

liuman liver aldehyde dehydrogenase was also found to be

capable of hydrolyzing p-nityophenyl acetate., The sup%y~
33

imposed elution pattern of both dehydrogenase and esterase
activities from a DEAE-scphadex column demonstrated that

one enzyme was responsible for both activities. Initial
rates of hydrolysis did not obey Michaelis-Menten kinetics,
but rather, exhibited substrate activat;;n at High ester
concentrations. Lvidence for the existence of a second site“
responsible for this behavior was ohtained#, Competitive in-
hibition of esterase activity by aldchyde and the analogue
chloral hyd}atelindicated.éhat p-nitrophenyl acetate was
hydrolyzed at the aldehyde binding site. Assuming that a v
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 kinctic data obtained for the NAD*
activation of esterase rcaction has demonstrated that NAD*
and ester bind randémly to the humannenzyme. Also, kinetic
constants cglculated 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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reaction. .

Metal chelating agents such as 1,l10-phenanthroline; 2,9-

dimethyl-1,10-phenanthroline and o,a”-dipyribdyl were found to
*

be inhibitors of the human enzyme. The results obtained for
these chelators have shown that the inhibition 1s not due to

" N <

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 theoNAD+?§?ﬁ%ing site.

Evidence wad$ also obtained for the effect of protein-
protein interactions betqeen’différent proteins on enzyme
activity. Among various proteins tested (including serum
hlbumins) it was observed that Dbovine serum albumin has a
specific activating effect. Fugthermore, the effect.was
more pronounced in the physiological pH range than at the
pH optimum for this enzyme. This [inding highlights the po-

tential importance of such protein-protein interactions in

vivo.

R
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INTRODUCTLON'

O
A. 7 THE FATE OF ALCOHOL

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

of effects on the human body: pharmacélogicaﬂ and metabolic. .
N

These effects are very different at high and low levels of

ethanol consumption. When consumed in moderate quantities,

. #
alcohol scems to act mainly as a nutrient. However, when
consumed 1n large quantities it becomes a drug that can. pro- .
L4
duce many serious metabolic effects (1). - %

It is generally accepted that alcohol is metabolize& by
a pathway which }nvolve§ initial oxidation to acetaldehyde
and further oxidation of dcetaldehyde to acetyl CoA, via the ’
intermediate formation of acetic acid. Alcohol dehydrogenase
{EC l.i.l.l), which catalyzes the ox}dation 0£ ethanol to
acetaldehyde, is mainly brcsent in liver although traces of . '
this enzyﬁ% have becn noted in other tissues (2,3,4). The

enzyme is found in the supernatant fraction of the liver cell.

X

‘However, more rccent studies indicate that in addition

-

to alcohol dehylrogenasce; liver microsomes are capable of
oxidizing ethanol. Normally, two-thifds tg three-quarters
of the ethanol is metabolized via alcohol dehydrogenase and
one-fourth to onc-third via an alternate pathway, possibly,

the microsomal ethanol oxidizing system {5,6,7,8).

°

q

-

'




I

’ B. ., ACETALDEHYDE.METABOLISM
Oxidation of ethan;E, the first step in the main path-
way of its metabolism, produces a more toxic metabolite:
acetal&ehyde. The main souyrce of acetaldehy&e in the”body'is
éhe ingestion of alcohol; however, therec i; evidence wiich
indicdtes that endogeneous production of acetaldehyde does -
occur (9,10). hcetaldehydevis toxic in the sense that it e¥-
erts pronounced pharmacological effects at low concentration
(11). Clinical symptoms of acetaldehyde admfgistration'in:
clude nausea, vomitiﬂé, and sweaying; moreover, it stimulates
the release of catechplamines and the depresslon of oxidative
phosphorylation,(12,}3,14,15,16,17). The fact that there is re
a mechanism which rapidly removes ace;gldeﬁydé as 1t is formed,
, prevents accumulation of highly toxic levels during ethanol
ingestion. The first biochemical characterization of the
system responsible for the elimination of acetaldchyde was
. provided.by Racker with the isolation of an NAﬁldependent ’
. a®dehyde dehydrogenase (EC 1.2.1.3) from bovine liver (18).
This enzyme catalfzes ihe oxidation of acetaldehyde to acetic
acid. It is Fespcnsible for the oxidation of 80% of acetal-
dehyde in the body {19). o
The oxidation of acetaldehyde to dacetic 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 pathw&x in mammalian ‘systems

ﬂﬁs not been confirmed. In addition, there are alternate

2
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pathways for acetaldchyde metabolism but the contribution of
these pathways to overall acectaldehyde metabolism is quite.
small comparcd to the major route. Alternate enzyme systens
can' be divided into twoe groups, i.b.,/oxidases and lyases,
Oxidases:
Tﬁe oxidases include xanthine oxidase (EC-1.2.3.2)
and aldehyde oxidase (EC,1.2.3.1). /Both theseq;nzymes have
a wide range of substrate specificity (22,23). Acetaldehyde
and other aldehydes arc 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 arce {lavoproteins and contain
stoichiometric amounts of iro;, moiybdenum, and coenzyme Q
(24,25,26,27%.
Lyases:
This group includes thosc enzymes which have the
capacity to condensc acetaldchyde with a sccond 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-
S-phosphate, ; reaction intermediate that links ethancl meta-
bolism. This enzyme is present mainly in liver and thymus
(28). ¢

{(b) Two distinct aldolases, threonine aldolase

(EC 4.1.2.5) and allothreonine aldolase (EC 4.1.2.6), catalyze

., the synthesis of threoninc or allothreonine from acetaldehyde
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and .glycine (29). Both enzymes are present in liver (29).

. Since both);;actions are reversible, it represents one of the
plausible sources of en&ogeheous acetaldehyde. The conversion
of acetaldehyde farmed }n this way to ethanol by alcohol
dehydrogenase action can explain endogenyous {ormation of
ethanol.

{c) Pyruvate dehy&;pgenasc system I

This system syﬁthesizes small amounts of ace-
toif from pyruvic acid in the presence of thiamine pyrophos-
phate and magnesium ion;i Pyruvic acid is £irst decarboxy-
lated td acetaldehyde which is then condensed with a second
molecule of pyruvic acid to form acetoin (9,30,31,32,33,34).
The’;yruvate dehydrogenase system is widgly‘distributed in
animal tissues (30,31,33).

{d) An enzyme which catalyzes the cond?nsation of
acetaldehyd; with 2-ketoglutaric acid to yield 5-hydroxy-4-
ketohexanoic acid has been found in homogenatéé-of most rat
tissues (35). The activity is prqsénp in both mitochondria
and microsomes. The significance of this product in alcohol

metabolism or in usual metabolic pathways has not yet been

determined. o

C. ALDEHYDE DEHYDROGENASIS

Broad specificity aldehyde dchydrogenases 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 isolated from many
sources among animals, plants and micro-organisms. Recently,

horse liver (36) Pscudomonas aeruglnoea (37), and yeast alde-

hyde dehydrogenasea (38) have been purified to homoggne1ty

- Jakoby has classified all aldehy@g dehydrogenases into
three classes on the basis of the type of the reaction cata-~
Iyzed (39). In generalj the reaction can simply be represented

I3

by the following equation:
RCHO + NAD(P)Y + IA = RCOA + NAD(P)H + H' .

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

When A represents phosphate, arsenate or a mercaptan, the
enzyme is placed in;o Class Il. FEnzymes belonging to Class
ITI combine another function with those lisped above, e.g.,
malonic semialdehyde oxidative decarboxylase catalyzes the
oxidation and decarhoxylation of malonic semialdehyde.to
acetyl CoA. Aldehyde dehydrogenases which have been discussed
by Jakoby as well as thosc isolated morerrccently are listed
in Table I. The properties of Class I 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 firsi group, including aldehyde, dehydrogenases from human
(44,62), beef (18), horse (36) and rabbit liver (40), yeast

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




o

TABLE I

.+ ALDEHYDE DEHYDROGENASES

¢

+*™

Dehydrogenase | Source Substrate NN Cosubstrate Ref
; . oxr Cofactor
Aldehyde Bovine liver  Wide NAD® " - , 18
variety )
Aldehyde Rabbit liver  Wide NAD® _ stereoid 40
variet
‘\w\ * y
Aldehyde Rabbit liver  Aromatic  NAD* - e 41
Aldehyde Mouse liver Wide NAD* - 42
variety
Aldehyde Rat kidney -Wide NAD* - 43
- variety ‘
Aldehyde Human liver Wide NAD* - 44
variety
Aldehyde Bovine brain  Aliphatic NAD® - 45-
Aldehyde Pig brain Wide Nap* - 46
 variety
Aldehyde Horse liver Wide NAD® - 36
variety
Aldehyde Yeast Wide Nap*, X', mot a7
. variety  >NADP
Aldehyde Yeast Alighatic NADP®  Mg't 48
Aldehyde Acetobacter Aliphatic §ﬁ§¥+ - 49
p-2
Wide + '
Aldehyde Pseudomonas Wide NAD phosphate 50
- +
variety ->NADP )
Aldehyde  Pseudomonas Wide Nap', «*, " 37
¢ variety  >NADP
Aldehyde Germinating Wide NAD"  phosphate 51
seed variety .

2
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w - TABLE T (€Cont.)
W e

S
ALDEITYDE DEHYPROGENASES

5

L4

A

Dehydrogenase  Source Substrate NN  Cosubstrate Ref
: or Cofactor
Succinic Pseudomonas Specifyc NADg+ ' - 52
semialdehyde >NAD
Succinic Monkey Specific  NAD' - 53
semialdehyde brain
Succinic | rat brain Specific  NADY - 54
semialdehyde
_Aminobutyr- Pseudononas Specific’ NAD® - . 55
" “aldehyde . s
Benzaldehyde Pseudomonas specific ~ NADP* K',Rb”,NH," 56
Glutamic _ Ox liver Specific ~ NAD®,_ - 87
semialdehyde . >NADP
a~keto- Sheep liver a-heto NAI)_I:+ - 58
aldehyde aldehyde  >NAD
Aldehyde Clostridium Aliphatic ~ NAD' CoA 20
Aldenyde E. coli Aliphatic  NADY CoA 21
Formaldehyde Bovine liver  Specific  NAD®  GSH 59
Formaldehyde Yeast Specific  NAD' GSH 60
Aspartic Yeast Specific NAD® phosphate 61
semraldehyde ’ ‘
N
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of simple aliphatic as well as aromatic aldehydes. Aldehyde ’
dehydrogenases bresent in the liver, kidney, and small intes-

- o m———— i
tine of rabbit (63).as well as in bovine liver have also been

» s

shown to oxidize vitamin A aldehyde. An aldehyde dehydrogenaée
in rabbit liver is specific for aromatic aldehydes- (41).
Aléehydeudehydrogenaée from bovine and monkey brain has been
reported jto oxidize aldepydes derived from.biogenic amines aswell
as aliphatic aldehydes ranging from formaldehyde to palmit-
aldehyde (64). At least two aldehyde dehydrogenases exist
in the supernatant fraction of rat 1ive;, one of which ex-
hibits bfoa% substrate specificiﬁy whereas the other is more
restrictive (65). | *

Th; second group: uses only one specific aldehyde.
f&rmaldehyde dehydrogenase (EC 1,2.1.1) present in bovine
liver and yeast (59,60), glutamic semialdehyde dehydrogenase
preseng in ox liver (57) and suecinic semialdehyde dehydro-
genase {(EC 1.2.1.167 from moqkey and rat brain and Pseudomonas

(53,54) belong to this second category.

Substrate form: .

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 substrate for alde-

hyde dehydrogenases. Xanthine oxidase from milk and chicken

liver uses the free carbonyl form of acetaldehyde (66l67). I

Aldehyde dehydrogenase from yeast uses the free carbonyl form



of acetaldehyde and hutyrn{dohyde (67). Human liver aldehyde
dehydrogenase, which oxidizes several aldehydes differing in
the extent of hydration in aqueous solution, has also been
~ghown to utilize the [ree carbonyl form of acetaldehyde and |
formaldehyde (68). Therc is no instance in thenliterature
where aldehyde dehydrogenase has been shown to use the hydrated
form of aldehyde.

H

Sub-cellular distribution: P

—

e —

Walkenstein and Weinhouse observed that mitochondria
of rat and pigeon liver and rat kidney could oiidize a v?riety
of long and short chain aldehydes to the corresponding acids
(69). NAD+'dependent aldchyde oxidizing capacity was also
observed by Deitrich in Ege suPexggggg%, mifochondrial a;d
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 dehydrqggnase activities in each
fraction were catalyzed(hyfﬁwﬁtiﬁrr gfbt@in§“~?qaiﬁgﬁore
recently, Marjenen has also analyzed sub-cellular fractions
of rat liver for aldehyde dehydrogenase activity. The re-
sults indicate that 80% of the total activity is localized »
in the mitochondrial fraction and the remaining 20% in the/
cytoplasm, under his particular expcrimental conditions (71).
Neither the microsomal fraction nor the nuclear fraction/
possessed aldehyde oxidizing capacity. DLvidence presen;édwﬁrﬁmﬁ
by Smith and Packer suggests that the NAD+-depe;dént aldehyde

dehydrogenase is localized on the outer membrane of rat liver




mitochondria (72). )
“The presence of more than onc aldehyde de@ydrogenase in

an orgawism; tissue or sub-cellular {raction has also been

observed.”vThree aldechyde dchydrogenases are present in the

rabbit livéa. Two of thesce have similar, broad sbecifici-

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 aldchydes (41). Similarly, yeast

contains two aldehyde dehydrogenases diffegzng in their ion /

requirements. One is actiyated by potaésium and the other

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

1.2.1.4) is specific for NADPY whereas the pota551um actxvatéd

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 becn prescgted

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

indicated that therc are twg,NAﬁtdcpcndent aldehyde dehydro-

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

zymes differ with rcbpcct to their substrate specificity,

response to thduction by ph@nobarbltal, disulfiram inhibition \

v

and heat stability (74). Shum and Blair have also reccently
provided evidence that two dld@hyde)dcﬁydrogenases, separable
by DEAEL-cellulose chromatography, cxist in the gupcf%atant
fraction of'rat liver {65). ! ;)fx

Sub-unit structure:

1

Most of the aldechyde dehydrogenases are relatively high

molecular weight protewns. Thercfore, it is quite likely
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that they are composied ol subunits. The homogencous prepara- .

tion of potassium activated aldehyde dehydrogenase from baker's

§easq consists of four:subunits cach with a molecu}ar weight

of 56,000 daltons (75). ¥Feldman and Weiner have also reportqd:

a subunit structure for horse liver aldeh?de dehydrogenase. -

The cnzyme is a tetramcer composed ‘of subunits,ofhgclecular

weight 5;,000 (36). *
The existence of association and dissociation phenomenon

in aldehydé dehydrogenases has been' shown by the findihg that )

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

chloride, (dissociation into subunits) could bc 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 becen experimentally reversed. The free @' :

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

CH3 and NAD(P)+ represents NAD® in cquation 1) has been de-

termined to be -12.5 Kcal (70,77}. A change of free energy N\i_#‘/*l
of -4.2 Kcal, calculated [;;mcquilibrium data by Burton and °

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

ip which CoA represents lIA in cquation 1. '

Michaelis constuants for aldchydes:

Many aldehyde dchydrogenases exhibit very low K, values
for aldehydes. The K values for simplc aliphatic aldehydes
with the dehydrogenases isolated from bovine brain (64) and

human (44}, heef (18) and horse liver (36) are in the range
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Aldchyde dehydrogenases can be inhibited to different ey
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dogrees by a variety of sulthydryl rcagents, e.g., p-UMB, ’ ”’“’
N
iodoacetamide, iodoacctate (39). p~CMB has proved to h¢ the
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. stromgest inhibitor among tpesc sulfhy&ryllreagenfs. The
finding tha% some of the aldehyde dehydrogenases are activated
by eAogenRCcous mcrcaptghs, whtle others huveAan absolute re-
qbircmont for them provides additronual cvidence for the par-
tig;put§cp of sulfhydryl groups ;nnthe catalytic acgivity
(37;43,80) These findings have encouraged several investi--
 gators to’ qpcuulatc that nldehydr dehydro&cnases bear sulf-
hydryl groups at éu:agttve site and that the blockage of
thesc groups by oxidatiQp, alkylation or mercaptide formation .
lcads to a loss of enzyme aé%ivity (18,81,82)." Sulfhydryl
groupsAhave frequently been tﬂ?ught to react with the pyri-
dine nitrogén ofetﬁb coenzymeﬂ§§§,84,85,86). However, there %
is no cohcret? cvidence for the dircct participation of s@if—
hydryl groups in the catalytic reaction. Lnzyme inhgbltlon
by sulfhydryl reagents might also be the result of changes in

enzyme conformation. -

»

o
a

Lvidence for the presence of sulfhydryl groups in the
‘active center region has comé~fr2m substrate protcction stud-
ies. Inhibition of aldchyde dchydrogenase bf’sulThydryl re-
a%ents tan be pfotccted against by prior incubation of the
enzyme with sub%xrates or cocnzymes, provided of course that
the substrate chosen binds sufficiently sg}nngly at the active
site COmpared%%o the inhibitor. NAD+~spccjf1c bovine liver
aldehyde dehydiogenase i1s protected against 1nactivationﬁby
p-chloromercuribgnzoate, o-iodosobenzoate, 3~umin0*445ydroxy-

phenylarsenoxide by NADY but not by NADP® (82,87). Similarly,
the NADP+—specific yeast cnzyme is%hrotected by NADP*, but
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not by NAD+, against indctivation by N-ethylmaleimide, ©o-iodo-
2 sobenzoate, iodoacetate and p-chloromercuribenzoate (82,87).
The NAD(P)+-spccific yeast aldchyde dehydrogégasé is protected
against indctivation hy 3~amino-A~hyd;oxyphqn}13rsenoxide,
N-ethylmaleimide, iodoacetate and o~iod050benzoat§ by both
NAD® and NADP#N(82,87). NAD" protection against inhibition
- by phenylmcrcurlé acetate and arsenosophenylbutyrate was re-
ported by Decitrich for the bgﬁinq en;yme (88)."
In comparison to the results - -with coenzymes, the data
on aldehyde prdtectioﬁ against inhibition by various sulf-
hydryl reagents 1s rclatively inconclusive. Studies with the
bovine liver cnzyme have jindicated that acetaldehyde afforded
. protection §gainst inhibition by mapharside, iodosobenzoate,
S ﬁ-eihylmalc%midc but not against that caused 6y p-chloromer-
. wﬁ‘curibenﬁéaté (87). 'The NAD(P) ~spCC1ch ycast aldegyde de-
hydrogenase but not the. NADP® -specific enzyme is protected
by acetaldehyde against inhibition by N-ethylmaleimide, iodo-
sobenzoate and p-chloromercuribenzoate (87).
‘The functional importance of disulfide groups is implied
: by the fact that aldehyde dehvdrogenases are characteristi-
cally inhibited by arscnite and this jnhihitionvis greatly
increased in the prescnce of exogeneous mércaptan (89). The
inhibition 1s reverscd only by d1morcupténs and not by mono-
mercaptans. The mechanism postulated for this interaction
"is that exonegeous mercaptan is required to first reduce a
disulfide linkage, therchy generating adjacent sulfhydryl

groups for the arsecnite attack (90).
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Using ah uncharged ftrivalent qrsonical (ar;enosophenyl
butyrate) Deitrich found that inhibition of bovine liver
aldechyde dohydrogehasc did not require exogeneous mercaptan.
Morcover, inhibition was grecater than that obtained using
arsenite and thiol togvthbr (88). These results cast doubt
on the validity of the mechanism  generally believed to ac-
count for arsenite inhibition and #lso on the existence of-
closely situated sulfhydryl groups in the active center of

aldchyde'dchydrogen&soq. 5\\\&/ ‘

Pisulfiram Interaction

rr

o
i
»

It v 35 found a number of vears ago that disulfiram .
{(Antabuse) interferes with the normal metabolism of ethanol
and thereby causes the accumulation of a toxic metabolite
which induces an aversion responsc to alcohol (91,92,93,94).
According to Hald's original theory, disulfiram causes an
accumulation of acctaldehyde by inhibiting aldehyde dehydro-
genase, the cnzf%e responsxblqﬁfor its elimination (92,93).
Bovine liver aldehyde dehydrogenuase 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
dehyhrogengse {44). More recent woré by DPeitrich and Erwin
has indicated that administration of disulfiram to rats ir-
reversibly inhibits aldchyde dehydrogenasc aetivity and re- .

turn of activity is dependent on protein synthesis (98)..
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NAD*conformation:

By labelling the coenzyme at its reduced site with deu-
terium VeQnesland and Westheimer (99) were able to show the
non-identical nature of two 64 pyridine hydrogens in the re-
duced nicotinamide coenzync. Two forms of both nicotinamide
nucleotides (NAD+ and NADP+} may be specified on the basis
of these observations. These £WO forms, ygfcrred 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 Cy hydrogens are ]
specified as A ?nd B ‘dehydrogenases, rCSpectivel}.

Kaplan and Sarma have rcecently applied high frequency
proton,nucle;r magnetic rcsonance to the study of the con-
formation of nicotinamidé cognzymes in thivfolution. .They
have postulated thTee structures: an open form and two folded
forms. The folded'forms, distinguishablg by the re14t1vc
positions of ‘the pyridine&qu purinc rings, 'are referrcd to
as the right (P) and 1lcflt (M) helices. According to their
hypotﬁé%is (P) and (M) helfééq arc in cquilibrium with cach
other and their 1nterconverézoﬁ proceceds through an open form
(100). Furthermore, they proposc that the difference in
specificities of A and B dehydrogenase may be related to
their ability to rccognize the (M) and (P) helices, Attempts’
are being made in Kaplan's laboratory to determine the duf-

ferences in the binding ol the two helices to the various

nicotinamide nuclcotide linked dehydrogenases (100).
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NAD+~analegues: n

The study of the mochaniQEs ol nicotinamide coenzyme
dependent en:}me reactions has been greatly aided by the .
present availability of structural analogues of nicotinamide
nucleotides. A list of important NAD+—analogues with modifi-
cations in the pyridine and/or adenine rings is given in
Table I1. The piopncer work in the preparation of NAD"-ana- .
_logués and in their use.as coenzymes in the d;hydrogenase
’syétems was done by Kaplan (101,102,105,}04). Kaplan et al.
tested various dehydrogenases fgr their affinities towards
different NAD+—analogues with a view to demonstrating differ-
ences between d;hgﬂrogen;scs from differentﬂtissues or species '
(105). They pointed out that it is possibie to classify
a;imals not only by’thcir physiological and morphological
characteristics but also by the affinities of their dehydro-
genases for the cocnzymes or their analogues (105)..

Lactic dehydrogenases [rom lobster heart and thorax
muscle reduce 3-acetylpyridinc-AD*faster than NAD" whereas
beef heart and rabbit skeletal muscle lactic dehydrogenase
reduce this analogue at a lo;er rate than NAD', 3-acelyl-
pyridine«Aﬂ*is reduced more rapidly by horse liver alcohol
dehydrogenase and beef liver glutamic dehydrogenase. 1In
contrast, yeast alcohol dehydrogenase and glyceraldehyde-3-
phosphate dehydrogenasc reduce the analogue more slowly
than NAD" (103,105). OQOverall, NAD*~analogues are more

readily reduced by horse liver dlcohol dehydrogenase system

than by the yeast system (106).
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TABLE II
hY . .
SOME NAD -ANALOGUES SUBSTITUTED IN THE NICOTINAMIDE,
AND/OR ADENINE RINGS
Substituents |
Analogue
: Pyridine Ring (Cs) Purine Ring (Cé)
Peamino-NAD — —0H
Nio! -
3-A¢ety Ipyridine~AD ---C-~-—CH3 N ) . —_—
'O1 i ~
§-Acetylpyr1dine~HD ——C*~CH3 . —0H
i
Pyridine-3-aldehyde-AD ~—C~—H - —
I
Pyridine-3-alaehyde-HD —C—H —OH
. S ‘ ‘

-
Thionicotinamide-AD

81
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NAD+~unaloguos have recently been used in the study of
kinetic reactipn mechanisns of yeast and bovihe liver alde-
hyde dehydrogenase. The results indicate that bath aldehyde.
dehydrogenascs are distinct in their behavior towards differ-
ent NAD+~anangucs (107,108). Neither the yeast enzyme nor °
the bovine enzyme reduces NAB*-analogues at a greater maximal

wrate than NAD". The NAD+-aualogﬁes are less reactive with

§

yeast aldehyde dehydrogenasc than with the bovine liver enzyme.
£

NAD+—analogues have not onlﬁ helpe&hin the understanding
of the reaction mechanism of various dehydrogenases gut also
they hWave been found usefgl 1n obtaining information on the ¥
conformation of nicotinamide coecnzymes (107,108,109,110,111,
112,113). '

Kinctic reaction mechanism:

%" N
According to Clcland all cnzyme catalyzed reactions can

be classifed according to two major kinetic mechanisms:

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

A sequential mechamism requires the addition of all the sub-
strates to the enzyme beforce any product is relcased. On the
ofﬁer hand, in ping pong mechanisms, one or more products

are released before all the substrates have bound to the
enzyme.q Sequential mechanisms are Turther divided into two
sub-groups: (1) ordered {2) random. An ordered sequential
mechanism is one in which the order of addition of substrates
and relcase of products is ohligatory. The mechanism is

random when the order of addition of substrates and dissocia-

tion of products is not obligatory. Scveral scquential and
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I
ping pong mechanisms for enzymes with two substrates and two

products (Bi Bi) are diagrammed below: - S

Sequential Mechanisms: BN A

A | P Q" *

l 11

E EA EAB=EPQ ' EQ .E_

Ordered Bi Bi

9-
: P a. -
loe T s ® s
4 ol [+ -
e
‘ ¥ -

f‘ép/ EQ \ -

EAB - E

EPO. EP
Ran m Bi Bi

Ping Pong Bi Bi Mechanls

/'f T

E B F @ ¢

—0
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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’oi rapid equilibrium *

random}
\\\" B
v =" L VAB 2)
: ) KiaKb + KaB + KbA + AB '

-

+

2. . Ping Pong Bi Bi mechanism

VAB
v = (3)
KaB + KbA + AB
A _ .
ow B X
Where v = initial velocity in the absence of
¢ products ’
&
Aand B = substrates .
K, =  inhibition constant for A .
Ky =  Michaelis constant E%r B
. a =  Michaelis cdﬁs{gnt for A
1 "' =  maximum velocity

»

It is particularly interesting to note that the rate
equation for the ping pong mechanism does not contain a »
- constant term. Initial velocity studies can easily distinguish

seda\htial from ping pong mechanisms. In double reciprocal

plots of initial velocity versus substrate concentration,

a2
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an intersectingnanitial velocity pattern i; characteTistic
of a sequential mechanism, a parallél pattern of a ping pong
mechanism.

All aldehyde dehydrogenases which havéibeen 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 livér“aldehyde dehydrogenases
have been reported to-follow a compulsory~grder mechanism in
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 NAD® and aldehyde.

Bradbury and Jakoby have shown that the yeast enzyme
follows a mechanism in which aldehyde binds first (117).

Thls conclusion was reached on the basis of the results ob—°
ta1ned with NADH”IﬁHibltlon and equxllbrlum binding experi-
ments. NADH inhibition was cumpetitive with respect to NAD®
and uncompetitive with respect, to aldehyde., Their ?quilibrium
binding data indicated that NAD® does not bind to the yeast
enzyme in the aﬁsence of aldehyde. '

Esterolytic activity:

.

Glyceraldehyde-3-phosphate dehydrogenase (118) was the
first non-hydrolytic enzyme reported to catalyze-hydrolysis
of J-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 1.2.1232) revealed the involvement of sylf-
hydryl (-SH) and amino (-Nﬂz) groups in the formation of an
acyl-intermediate which was then considered as the common
intermedi‘ate in both the dehydrogenase and the estetase re-
actiono(llg). Later o1, carbonic anhydrasé (E€ 4.2,1.1)

was also found to hydrolyze p-ﬁitrophenyl acetate. Both the
esterolytic and hydrolytic reactions took placé at the same
ﬁctive 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,
116). Feldman and Weiner proposed the formation of .a common
acyl-enzyme intermediate in both the dehydrogénase and esterase
reactions on the basis of kinetic data f&f the esterase re-
action.(116). The authors also suggested that acylation is
the rate limiting step‘in both reactions.

k The hydrolysis of p-nitrophenyl acetate ﬁy glyceralde-
hyde-3-phosphate dehydrogenase, carbonic anhydrase and horse
liver aldehyde dehydrogenase was shown to follow nermal
Michaelis-Menten kinetics. Howevér, it was observed by
Serareg 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-

taiied 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: .

3

Investigations in the area of induction of liver aldehyde
dehydrogenases are currently being pursﬁéd because these might
pfovide answers to an unresolved aspect of alcoholism; namely,
ethanol tolerance. Horton has reported an inprqase in aide:
hyde dehydrogenase activity in a @itochondrial féagtion, but -
not in a microsomal fraction, isolated from liver of rats
given ethanol oyally.% Hé has also postulated the p?esence
of an aldehyde oxidizing system in peroxisomes or lysosomes
{125). More recently, a possible biochemical ba;is for al-
cohol preferenée and tolerance h%s been suggested by the
observation that mice from.a strain which prefers to drink
ethanol have an increased aldehyde 6xidizing capacity in the
liver compared with mice from a strain characterized by
avoidance of alcohol. Aldehy&e dehydrogenases from both
strains are indistinguishable by electrophoresis and chro-
matography (126).

Redmond and Cohen (127) have recently observed a two-~fold
increase in aldehydé 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
K.
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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

s e

controlled and is inherited as a dominant characteristic
(128). ‘
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Humah 1iver aldéﬂ&de dehydrogenase oxidizes a wide variety
of differently substituted aldehydes, including bioge;ig amine
and vitamin A metaﬁolites; as well as acetaldehyde. Accord-
}ngly,, this enzyme may affect the metabolic flux in diverse
pathways. Also, inhfbition of aldehyde dehydrogenase has
been postulated to play a role in the physiological action %
of various druég which produce an aversion reaction to alcochol,
Thus, it was of interes£ to obtain a deeper understanding of
the kinetic steps in the reaction path and of the mannér 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

-
e R

and Foeni?mes to the enzyme form the major component of this
thesis. In addition to oxidation of aldehydes, the hum;n

enzyme was found to catalyze ester hydrolysis. Study of es-
terolytic properties of this enzyme led to important imsights

into the kinetic mechanism and the relative rates of various

- . g

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. )
Interacti?ns between subunits of allosteric enzymes play
an important rol&; in the regulation of their activity. The
importance of protein-protein interactions between different

proteins has not been as extensively investigated. The



[

- 27

act1vat1onﬂof human liver aldehyde dehydrogenase by bovine -
serum album1n observed in this study presente& a situation
whsre the contribution of such interactions to the catalytic1
power of tﬂis ennzyme can be studieh.

Inhihition'gf certain aldehyde dehydrogenases b§ metal
complexing agents has led to reports that they are ziné
metalloenzymés, but this hypothesis remains unproven. Human
liver aldehyde dehydrogenase is alsoninhibited by such agents
but analysi% 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 pro&ided an answer to this problem and are pre-

sented here.
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MATERIALS AND METHODS P
A, MATERIALS ’
1. Chemicals v )

All chemicals%used for enzyme isolation were reagent
grade unless othérwise specified. DEAE-cellulo;e (DE 32) was
a product of Whatman_Company. PAB-cellulose was purch;sed
from Serva FeinBiochemica, GmbH § Co. DEAE-sephadex (A—ﬁoa

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

Chqmicals. BD-cellulose was obtained from Schwarz. BioRe-

- s

search, Inc. Cdlcium phosphate gel was a product of CalBio+-
chen, Inc. -

B-NAPT, B-NADH{ p-nitrophenyl acetate, p-nitrophenyl
propionate, p-nitrophenyl butyrate, benzoic acid, adenine
~hydrochloride, ovalbumin‘(crystallized), reduced glutathione,
and N”-methylnicotinamide were puréhasqd from Sigma Chemical
Co, Adenine, adenosine, nicotinamide hypoxanthine dinucléo~
tide, 3-acetylpyridine adenine dinucleotide, 3-acetylpyridine
hygqxanthine dinucleotide; pyridine‘§5aldehyde adenine di- ‘
nuciéotlde, ﬁ&ridine-s—aldehyde hypoxanthine dinucleotide,
andwiﬁionicoginamide adenine dinucleotide were products of
P.L. Biochemicdii, Inc. 2,9-Dimethyl—1,10-phenanthroline,
a,0”~dipyridyl, quinoline, hexadecyltrimethylammonium bromide,
and chloral hydrate were obtained from/Eastman Organic Chemi-
cals, and v,y -dipyridyl hydrochlor{ae from K § K Labora-

_ tories, Inc, 1,10-Phenanthroline and gelatin were purchased

from Fisher Scientific Company. Acetaldehyde was purchased

-
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from Matheson Coleman and Bell, Inc. Glyceraldehyde was ob-
tained either frow Sigma Chemical Co. or Mann Research Labox-
at&ries. Etﬁylenediamine tetradgetic acid, disodium salt,
was purchased from J.T. Baker Che;§ca1 Co. Bovine serum
albumin {Pentex crystallized), bovine serum albumin (Frz§,
Fatty acid’free), human albumin (crystallized), human albumin
(Fr V, Fatty acid’ free), rabbit albumin fcrystallized),
horse albumin (Fr V), sperm whale myoglobin (grystallized)
and lysozyme (crystallized) were purchased from Miles Labora-

<

tories, Inc. -

2. Solutions . e
Substrate and inhibitor solutions were prepared

just prior to use. Acetaldehyde was distilled under nitrogen
before use., Solﬁtions 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 0.5% v/v). The resulting stock solutions
remaineé t;ansparent during the course of a series of ester-

L

ase measurements. iy
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B. EXPERIMENTAL PROCEBURES

1. _lon-exchange and Gel Chromatography

AR PR DEAE~ccllulese

* The ion—cxch«mgef was susp.ended in 15 volumes
{v/w) of 0.5N HC1 and allowed to stand for at least Sdﬂmin-
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 volumcs of 0.5N NaOH.
After 30 min the supérndtdnt liquor was decante&ﬁ‘ This NaOH
treatment was repeated once. The DEAL-cellulose wasvfreed

of alkali by washing with distilled water in the funnel un-
til the pll of the {iltrate was close to neutrallty. The
washed ion-exchanger was then 9qucghcd in the equilibrating
buffer (0.01M sodium phosphate, pi{ 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/thc same as that
of the equilibrating buffer.

The column was packed by the pumped flow m?;hod. A
slurry of DHAE-celluiosp was prepared by-adding equilibrating
buffer to give a {inal volumc equal to 156% of the wet set-
tled volume of the exchanger. The stirred slurry was then
poured into a column f{itted with a extension tube half the

A
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length of the column. After addiﬁé the slurry, the e;tensi&?
tube was connected immediately to the buffer reservoir via a
peristaltic pump adjusted to provide continuous inflow of
buffer under low pressure. The {low of buffer was continued ‘:j”
Qntil the exchanger hed reached a sféblo height. Then, the g “
extension tube was removed and the outlet from the peristal-
tic pump was directly connected to the colu?n. The packed
column was washed with at least two further column volumes
of buffer.

b. DEAE-scphadex

Thc‘sephadef)ion—exchangcr (A-50) was first
allowed to swell in an cxcess of starting buffer (0.04M
sodium phosphate, pll 6.8) for two days at roam temperature.
The swollen gel was washed several times with starting buffer
until the supernatant layer had thp same pH and conductivity
as the equilibrating buffer. The f{ime 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 preparced by the usual method as
described in the Scphadex ion-exchanger Bulletin (Pharmacia
Fine Chemicals).

C. PAB-cellnlose

4

This 1on-exchanger was [irst suspended in dis-
tilled watér in Prde; to remove [ine particles. The sus-
pension wﬁs allowed to scttle {oF 15 min and then the super-
natant liquid décantcd. This procedure was repeated several
times.. The resulting relatively coarsc PAB-cellulose frac-

3
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.

j—
tion was equilibrated with 0. h}M sodium phosphate, pH 6.2,

until the supernatant solutlonjhad the same pgpand conductivi-

ty as the equ111brat1ng buffer. The GQUILig/d%Ed PAB-cellus__. °
losc was poured as a slurry into a column~of chosen size.
N
d. Bb-cellulosc 1 - P
'si / ~

Bﬁ'¢011ulose supplied by the manufacturer as J
a susﬁenSion in 2M 5odium chlofide, was equilibrated with
starting buffer bifore pouring into a column. Tge,packed
column was washeéﬁwith the buflfer until the ﬁﬁ ;ndﬁconductivi-
ty of ;he eluate were similar to the buffer.\

€. Calcium-phosphate Gel

T Tricalcium phosphate gel was used withsut fur-
ther treatment. ’

’ " f. Sephadex-gels “

Sephgdex G~100 and G-200 were allowed to swell
at room te;perature in the filtration buffér for-at deagt
three days. The swollen gels werc then eguilibrated with the
appropriate filtration bufferf®nd cooled to 4°. The columns
were packed at 4° according to thce method described in the
Sephadex Bulle;}n (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. ’



S ,..

i} ‘ 2. " Isoelectric Fécu51qg

An olectrofocusxﬁg column of 110 ml volume (LKB8101)
wagiLreparvd for use at 4° by following instructions given in
the’ LKB 8100 Ampholine Instruction Manual. The ampholine -
éarfﬁe{ dhpholytes‘ﬁgprﬂ gradients 3-10, 5-8 and 3-6 were

used in various runs. These ampholytes consist of a number

of differenlt aliphatic polyamino-pol&carboxylic acids.

3. Protein bDetermination

Protein was determined by fﬁ:ﬁﬁythod of Lowry et al.
T
(129) using bovine serum albumin, fraction V (Nutritional Bio-

. chemicals Corp.), as the standard.

rd

4. Conductivity Measurement . .

’ Conductivity was mecasurcd at 4 with a Radiometer

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

-

5. plf Determination . y

pll measurements werc made with a Radiometer pH
_meter 26, using a type GK2302C glass clectrode at 23%. The
i
determination of the pH .of fractian§ obtained from the iso- 4//

electric focusing column was carried out at 4°. .

6. Assay of Enzyme Activity
L a. Aldehyde dchydrogenase activity

Dehydrogenase activity at 22° was determined as ¢
described by Blair and Bodley (44) by mecasuring the/NADH
formation at 340 nm with a Cdry 16K spectrophoto%eter equipped
with a Honeywell Electronik 16 recorder and temperature con-

trolled cell holder. Reaction mixtures for routine assay
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* the presence of enzyme. NAD+ or NADH alone did not catalyze

34
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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. ;he
composition of reaction mixturesaused in kinetic experiments
is specified in the appropriate figure captions. The reaction
was initiated by addition of cnzyme. One unit of’ac%ivity

is defined as the amount of cnzyme %hat catalyzed the forma-
tionr of one umole of NADH per min under the above conditions.

b. Esterase activity o

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 figurec captions. The reaction was initiated by ,
addition of cnzyme. There was no significant increase in
absorbance at 400 nm at low concentrations of p-mitrophenyl
esters in the absence of-enzyme. 1f any significant increase
was observed at higher concentrations of esters itlwas sub~

tracted from the corresponding absorbance change obtained in '

any ester hydrolysis. at pll 7.0 under the conditions used.

7 xﬁn zyme preparation -

o~ e e e T T e

pr ERET S S

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 disgase. The

frozen liver sémples (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



35

added: 0.5M sodium pyrophosphate, pH 7.0, (volume equal to
1.34 times theiﬁeigit of yround liver), 1.05M sucrose (volume
equal to 1.34 times the weight of ground liver), 0.1M ugciz
{volume equal to 0.032 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, after which 10% aqueousm
hexadecyltrimethylammonium bromide solution (;olume equal
to 0.146 times the weight of ground liver) was added drop-
wise during five min. After stirring for amother 30 min, the
suspe;sion was centrifuged at 25,000 x g for 20 min and the
sediment discarded. Solid ammonium sulphate equivalent to
40% saturation was adged to the supernatant solution during
a 30 min period. The suspcnsion wids stirred for one hour;
then centrifuged at 25,000 x g for 20 min and the sediment
discarded. Additional ammonium sulphate was added to th;
supernatant sniution to bring the relative saturation to 55%
and stirring was continued for another hour. The resulting
suspension was centrifﬁgcd at 25,000 x g for 30 min and the
precipitate was collected. The precipitate, containing cn-
zyme activity, was:dissolyed in a qlnimum volume of 0.01M
sodium phosphate, pﬁ/ﬁ.z, and d{alyzed against ten volumes

of the same buffer for 17 hr. The dialyzing buffer was
changed three times during‘;he'dialysis run. After dialysis,
the enzyme solution was centrifuged at 25,000 x g for 30 min
‘and th; precipitated p;otein was discarded. The conductivity
of the dialyzed solution was adjtsted using distilled water

to 1.0-1.5 times the conductivity of the equilibrating buffer

-

-




vt

~

36

9

for the DEAL-cellulose column. The resultant enzyme solution

¢

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

ing 1.0 mM GSII and 1.0 mM EDTA., After loading, the column

was washed wi%h two column volumes of starting buffer. En-

L
¢

zyme activity was then eluted by g linear salt gra&gpnt ob—;mw
tained with 4rlitres of 0.01M sodium phosphate, pH 6.2, iﬂﬁv
the mixing bo;tlc 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-
dhbiate pH 6. 8, containing 1.0 mM GSH and 1.0 mM EDTA. Before
loadlng, the conductivity of the combined fractions was ad- ‘
Justed to a value equal te the conductivity of “the equ111—
brat1ng buffer. After adsorption of the enzyme the column
was washed with two column volumes of startlng buffer. ILn-
zyme activity was eluted by a linear salt gradient bbtained
with 600 ml of 0.04M sodium phosphate, pll 6.8, éﬁntainlng
1.0, mM GSH and 1.0 mM EDTA, in the rcceiver and 600 ml of -
0.2M sodium phosphate, plf 6.8, containing 1.0 mM GSH and 1.0
mM EDTA, 1n ‘the reservo%r:' Appropriate fractions from the

single peak were pooled and concentrated by ammonium sulphate

precipitation.

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



Sty . - 37

8. Kinetic Experiments ’

=

&

To get an accurate value of initial velocity, trip-
licate assays werr nerformed for every point present on the
velocity versus.substrate concentration line in all the kine-
tic experiments described here. Wherever two out of three
vaiues were ;oncordant 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 P

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

initial velocity versus subgtrate concentrations were pre-

pared in order i chfcy the linearity of the lines. When

the lines were 1inearj:tﬁé eﬁperiméntal data were fitted to -

rate éhuation a by a program which provided the values for

¢ /V, V’ standard errors of their estimates and weighting. ¢+

‘*ﬂﬂ*hﬂmmfﬁétors. Secondary plots of slopes ané intercepts (obtained
from fits to equation a) were made against inhibitor concen-
terion (inhibition studies) or reciprocal of changing fixed s o
suﬁstrate concentration (initial velocity'studies) toﬂdetermine }
the type of inhibition or 1nitial velocity pattern. The
replots.were also f1§med to a stré1§ht 1£ne using weighting

factors supplied by fits to equation a. The fits were then




made to an overall rate equation describing the observed
type of inhibition or initial velocity pattern.

locig? data displaying intcrsecting lines were fitted to the

38

Initial ve-

sequential mechanism rate cquation .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 inhibation

were fitted,.to equation c, d and e respectively. *The sub-

strate activation data (esterase feaction) were fitted to

equation

£.

i

VA
K +'A
VAB
KiaKb + KaB + KbA + AB

VA

K(1 + I/K;) + A

VA

K(L + I/K ) + A(L + 1/K,)

VA

K + A[1 + I/K,)

vV, + VIKZ/(I - VI/VZ)S

1+ Kz/(l - Vl/Vz)S + K1K2/(1 -

2
VIIVZ)S
/

(a)

(b)

(c)

(d)

(e)

(f)

7



: EXPLRIMENTAL RESULTS

)

- A, ENZYME PURIFICATION

= DEAE-cellulose Chromatography

Human liver alde@yde dehydrogenase was purified as
described by Blair and Bodley (44) with some modifications.
The isolation and purification procedure is déscribe@ 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 in;rcased recovery from this
column from 60% to 90%. The replacement of dsu with meicapto-
ethanol or cysteine also improved the'recovery, though to a
lesser extent than that obtained with GSHi. In order to rule
out the possibilif; of sulfﬁydryl compound activation, theJ
direct effect of GSH on cnzyme aqtivi%;/%ﬁiﬁhe assay sysiem‘
was studied. 1072 GSH in the assay system did n;t show any
effect on the enzyme activity. f ’

Some other commercially available ion-exchangers and gels

were also tried in an jftempt to increase the extent of

purification.

“

2. PAB-cellulose Chromaéograghz

The passage of a crude extract of this enzyme
ithrough a PAB-cgliulose colﬁmn previously equilibrated with
0.01M sodium pyrophosphate, pH 6.0, gave 1.5 fold purification.
Similar trcatment of thc dia¥yZed 40 - 55% (N!!4]ZSO4 pre-

cipitate rcsulted 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,

3. BD-cellulose Chromatography

The fraction obtained by §NH4)2364 precipitation
was dialyzed and loaded on a column which had been equili;
brated with 0.01M sodium phosphate, pll 6.0. The enzyme was
adsorbed so tightly that sodéum phosphate buffers of increas-
ing ionic strengths up to 0.08M did not elute it. The adhi~
tion of NAD' or acetaldéhyde to éhe eluting buffer (0.01M '
sodium phosphate, pH 6.0) was not found helpful. Attempts
were also made to elute activity by increasing or deqxéﬁsing
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 phogphate, pi 6.0) ;f compounds having
aromatic rings in their structgxe 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-cellulase. lowever, .,
this’ approach also failed to desorb the enzyme. The addition
of GSH or EDTA or both in‘éombination with some of the agents
referred to above was also incffective. No better results
werc obtained when sodium pyroﬁhosphate 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 tll% solidsi
14

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

o

enzyme fraction, adjusted to an ionic strength equivalent to
H

0.01M sodium ﬁhesphate, pH 6.0, until no enzyme activity was

®

detected in the supernatant solution. ) .

The gel was removed by centrifugation and washed
with an cqual volume of 0.01M sodium phosphate, pH 6.0.
After 5 min of stlrrlng, the gel was ?gazn collected by cen-

trifugation. The enzyme was eluted by st1rr1ng the gel w1th

, the same buffer contdining 10% (Nli4)2S04. This step was

repeated. The first clution step-gave 2.5-fold purification
with 72% recovery of the starting cnzyme activity. Seven-
teen percent of the “initial activity was detected in the,

T

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 en;yme whereas the mole-
cular weight reported by Blair and Bodley was 200,000 dal-
tons (44). This discrepancy suggested that either‘the
énzyme 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 condit}ons

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, cmerged at the void volume of a
sephadex G-100"column (2.5 x 30 cm).{ Proteins of molecular
weights above the upper limit of fracgionation range (4,000-
150,000) are excluded from sephadex G-100. In order. to see
whether the enzyme behaved differently at different con-
centrations,jtwn solutionsi one at 60 mg protein/ml, the
other at 4 mg protein/ml w;;e run through sephadex‘G-IOD
(2.5 x 30.cm) and G-200 [Z.Q’;“QU cm) columns both in t@e
presence an& absence of EDTA. The elution volume was thé

-

same at both concentrations. -Furthermore, a parallel ex-
periment run in 0.01M sodium phosphate, pH 7.0, gave the
same results. Finally, no change was observed in enzyme

elution tern as a funct&:n of flow rate.

6. oelectric Focusing
s

=

Further purification of DEAE-cellulose purified
enzyme was attempted by the recehtly developed technique of
isoelectric focusing. However, the enzyme precipitated dur-
ing every run and lost its activity. The observation of
wvirtually 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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0.005M sodium phosphate at pH 6.0 for 36 hrs, 50%, 72% and
75% of the origiﬁal activity was lost at ampholyte concentra-
tions of 2%, .4% aﬁd bv%, respectively. It was also obhserved
that 93% of fherenzyme 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 thgt enzyme inhibition by )
ampholytes was not due to the prese‘ of heavy metalsbin
commercial preparation of ampholine carrier ampholytes: Un-
fortunately, the use of a glycerol density gradient imn placé

of sucrose in the electrofocusing ceolumn did not prevent

precipitation and inactivation of the “yme.

B. KINETIC STUDILS . -

1, Dehydrogenase Reaction

Initial velocity and inhibition studies were used
in order o investigate the kinctic 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 meshfhism). The very low
Ky value for acetaldehyde makes 1t/}mpossib1e to obtain ac-
curate initial rates with this compound as variable substrate.
To solve this problem, two approaches were attempted. First,
certain NAD*~analoéues have ®ecen found to increase the con-
centration of acetaldehyde required for half-maximal velocity

!

/
with alcohol dehydrogenase (109), 1t was hoped that this

€
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might occur with human liver aldehyde dehydrogenase. Apart
from this, compafison of the kinetic data obtained with
various NAD®-analogues could srovide information on the es-
séhtiality of the functional groups of the NAD* molecule in
the dehydrogenase reaction. Second, the use of other aldeh;de
;ubstratés of higher K 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) andﬂécetaldehyde as the
fixed saturating subsStrate arc compared with corresponding

“F valdes for NAD" in Table ITI. It is apparent that the-high-
5 est Vpax Vvalue for these analogues (obtained with 3-acetyl-

pyridine-AD*) is only 6% of the V . value for NAD® while

X
Km values vary from 5.5 x IO'GM, for thionicotinamide-AD",
to 1.1 x 10"2M, for deamino-NAD®. 1In contrast, the highest
Vpax values for NAD*-analogues with yeast aldehyde dehydro-
genase and bovine liver aldéhyde dehydrogenase were 53%
(deamino-NAD+) and 85% (3-acetylpyridine-AD"), respectively,
of the V. value for NAD" (107,108).

Whep equal amounts (0.6 mM) of NADT 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—ﬂp*, 3-
acetylpyridine-AD+ and 3~acety1pyrid1ne~lm+ had no éffect.

The kinetic data presented in Table IV were substituted into

&5 ’J(T
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TABLL III .
MICHAELIS‘CONSTANIS AND MAXIMAL VELOCITIES FOR NAD'-ANALOGUES
TESTED AS COENIYMES FOR HUMAN LIVER ALDEHYDE DE:YDROGENASE

K, and V. values were calculated {rom data plotted in

conventional double reciprocal form. Reaction mixtures con- |
tained: 33 mM sodium pyrophosphate, pil 9.3; 2 mM acetalde-
hyde; 0.07 unit of enzyme and the NAD'-dnalogue varied over

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

S

N
3
o

Analogue ; Km prelatlve Vmax
M 5
+ -4
NAD 4.0 x 10 100.0
Jeamino-NAD" 1.1 x 1072 4.1

3-Acetylpyridine-AD" 3.4 x 10 6.2
3-Acetylpyridinc-HD"* 6.6 x 10°% -1

, ~~ + 4 o
Pyridine-3-aldehyde-AD 1.0 x 1077, | 3.5
Pyridine-3-aldehyde-HD" 2.5 x 1073 1.4
Thionicotinamide-AD" 5.5 x 1070 3.0
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equation 4 for competing substrates to obtain a theoreétical
. # +
reaction rate valuve (or cach NAD -analoguc.

[

VNAB{#APJ * VanaIOg KI\fAD [énalog]

Kanalog ,

v= : (4)

- Kyap * [NAD] * Xyap [analog] B "
Kanalog )
) ; o

As can be seen from Table IV, the experimentai reaction rate
values are in agreement with the theoretical reagtion rate

valugg in all cases except 3~acety1pyridine-AD+ and S-acétyl—
ﬁyridine—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 founq for hydroxyaldehyde§ {glycol-
aldehydeﬁhnd glyceraldehyde) that the concentrations giving
hal{-maximal veioc1ty were far greater than those fo; simple
aliphatic aldehydes (68). For example, the Michaelis con-
stants for glyceraldchyde and acctaldehyde were found to be
4 x 107 and m10"7M, respectively. Thus, it was decided to
use'glyceraldehyde as substrate and NADf as coenzyme in the

initial velocity studies.

!



TABLE 1V

-~ ——

INHIBITORY LEFECT OF NADSANALOGUES ON HUMAN
LIVER ALDLHYDL DLUYDROGENASE

Reaction miatures contained: 33 mM sodium pyrophosphate, pH
9.3; I mM acetaldehyde; 0.03 unit of enzyme; 0.6 mM NAD® and

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

~

Analogue added Calculated® Experimental Activity of
- v v \ mixture
LYV min™} LY. S min~ ! - %

None (NAD® ‘alone) — - 0.035 100
Deamino-NAD® - 0.035 0.035 " 100
3-Acetylpyridine-- -
* AD* 0.022 4.035 106
3-Acetylpyridine-

HD . 0.026 0.035 100
Pyridine-3-alde-~ ,

hyde-AD* 0.012 \ 0.016 48
Pyridine-3-alde- ’

hyde-HD* 0.033 0.032 92
Thronicotinamide-~ -
© AD* 0.003 0.004 11 :

a Equation 4 was used to calculate these values

b  Activity of mixtygg;yexpressed as $ of activity‘with NAD*
alone. CalculatZi?f)om the values shown in t‘ne‘Bxperi[ment-
al” column.




b. Initial velocity studies

i, Inifial velocity patterns

L4

- 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 werc linear (Figure 2). Therefore,

the initial velocity data werc fitted to rate equation 2 de-
scribing);/;;queﬁtial mechanism. However, this rate equation

does not provide any distinction between random or ordered

3

binding of the substrate. When mpe initial velocity data
were plotted with NAD' as the variable substrate and glycer- ’
aldehyde as the fixed substrate, the lines still appeared to
converge (Figure 3}, if those lines for fixed glyceralde;yde
concentrations giving substratc inhibition were not considered.
sTﬂe s?condary plots of intercepﬁﬁ and slopes from Figure 3
versus reciprocal of glyceraldehyde concentration were linear
and non-linear, respecctively (Figurc 4).\\The kine&ic constants

calculated from fits of initial velocity data to equation 2

assuming either NAD" binds First or glyceraldehyde binds first
i

¢ '

to the enzyme, are shown in Table V.
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\ FIGURE 1

Double reciprocal plot with glyceraldehyde “as the Yariable
substrate and NAD as the changing fixed substrate at pH 9.5.

Reaction mixtures contained: 33 pM sodium pyrophosphate, pH

»

9.3; 0.018 unit of enzyme; glyccraldehyde as indicated and
NAD*: (@) 0.25 mM; (0) 0.4 mM; (A) 0.8 aM; (®) 2.0 mM.

Total volume one ml. Solid lines were calculated from fits

to equation (b). . '
“ , %
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Secondary plotiof slope® and intexéepts versus reeiprocal

of NAD' concentration () slope; (o) intercept. Data taken

il

from Figure 1. .

°



0 ] 2 3 4 ,
: 0 ETYR 5
[NAD] /
FIGURE 3 t

Double reciprocal plot with NAD® as ;he variable substrate
and glyceraldehyde as the chan;ing fixed subétrate at pH‘Q.S,
Reaction mixtures contained: 33 mM sodiu& pyrophosphate, pH s
9.3; 0.018 unit of enzgyme; NAD' as indicated and glyceraldehyde:
(o) 0.25 mM; (A) 0.4 mM; (0) 0.8 mM; (®) 2.0 mM. Total

volume one ml.
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- FIGURE 4 "

Secondary plot of slopes and intercepts versus reciprocal
of glyceraldehyde concentration (x) slope; (e) intercept.

Data taken from Figure 3.

v



TABLE V

KIXETIC COLSTAVTS FOR»BLHYDROGENASE REACTION

CALCULATED FROM EQUATIO\ 2
Nomen;lature of Cleland (114)

-
-

Supstrate h, - Ky v L
. i1 "
t_/m.\{ M AAgyq min |
A = (Glyceraldehyde 0.43 20.07 0.54 20.109 0,045 =0.003 0.15 %0.09
B = NAD :
A = NAD 0.47620.154 0.3850.111 0.043+0.005 0.24620.164
B = (lyceraldehyde " ‘
. D
’ 4

-
e
-
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ii. Substrate inhibition

At ‘pH 7.3, the double reciprocal plot of
° initial velocity datz obtained using glyceréldehydg as the
variable substrate and NAD* as the fixed substrate éisc gave
intersecting lines, consistent with a sequential mechanism ,
(Figure 5). Substrate gnhibition (variable substrate glycer-
_aldchyde) at low fixed concentrations of NAD" was much more;’ - \
pronounced at low pll, as evident in the upward curvature of -
the initial velocity patterns. The reciprocal plot of initial
velocity ag;inst varying concentrations of NAD® at-different "(
fixed concentrations of glycerafaehyde showed that substrate :
inhibition by glyceraldeﬂyde was competitive, [Figure 6). In
other wordss; only the slopes were affected. Sa;urating con-
centrations of NAD overcame the inhihition ca;sed by high

concentrations ofoglyceraldehyde.

iii. Distinction betweewy sequential and ping

pong mechanisms .

L4

In Figurcs 1, and 3, the lines appear to

o

be converging as required by a sequential mechanism. However, :

(3

the lines are not very fat from parallel which would be
characteristic of a ping pong mechanism (Substrate inhibition R
introduces an additional complication in interpretation). ) ?Q~
This type of behavior can easily be mislcading in the assign-;

ment of a particular mechanism to any enzyme under kinetic
investigation. It can be seen that the sequential rate

egquation 2 has an éxtra-term, Kiaxb’ when compared to the .<:i
i
4

rate equation 3 for, a ping pong mechanism. In cases

.
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o FIGURE 5

Double rébiprocal plot with glyceraldehyde as the variable
« substrate ananAD+ as_the changing fixed substrate at pH 7.3.

. e i
¢ "Reaction mixtures contained: 33 mM 'sodium pyrophosphate, pH

7.0; 0.08 unit of enzyme; glyceraldchyde as indicated and NAD*
(D) 0.25 mM; (A) 0.4 mM; (o) 0.8 mM; (e ) 2.0 mM. Total

a

volume one ml.
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; ' FIGURE 6

e

D&uble re(cipz:qcal plot with NAD® as the variable substrate
and glycerald%hyde as the changing fixed’ substrate at pH 7.3.
“ Reactieon mixtures ‘ contained: 33 mM sodium pyrophosphate, pH
5.0; 0.08 unit of];enzyme; NAD' as indicated and glyceraldehyde:
(a) 0.25 mM; (of 1.0 mM; (@) 2.0 mM. Total volume c;ne ml.
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where the K, K, term is very small 1 comparison to the KB
and KbA terms, the sequential rate equatkon hecomes similar '
to that for a ping pong mechanism. Thercfore, the initial
velocity pattern would appear parallel rather than clearly
converging. A dead-end inﬁxh}tor may be employed to aid in
making a distinction Bctwécn these mechanisms. The addfiion
of a constant amount of a4 competitive inhibitor in the initial(ilf\
velocity studies does not changé the actual mechanism (e.g.,
sequential or ping poné). This 1is becausg*hoth‘the inter-

cept and slope terms in the‘sequential rate equations, but t ®

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

F

-multiplied by an inhibition factor (1 + I/Ki), In a ping

pong mechanism onc of the substrate terms will be mu$tiplied
by an appropriate‘{l + 1/K;) factor but%o new consta%t term
will be introduced in the process, i.e., no change in slope
occurs. Under certain conditions ;n a scyuential mechaﬂigm
where the KiaKb term of the rate equation is very small, ;he ) , ,
presence of an inhibito;; competitive with respect to the
variable substra{é? would bring the intersecting point of the
cdouble redip;ocal plot closer to the intercept-axis. This
will occur when the K, K term is multiplied by a (1 + I/Ki)
factor. In contrast, the parallel pattern given by a ping
pong mechanism will remain parallel in the presence of an in-
hibitor competitive with respect to ; 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-
n;cot1nam1de -Ap* (compct1t1ve with respect to NAD") and chloral
hyﬂrate (competitive thh reSpect to glyceraldehyde) respec-

- 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 discussel

~ = -

below. : .
|

C. JDead~end Inhibition Studies [

Various coﬁpcund; such as adenine, ‘adenosine,
inosine, uridine, caffeine, cytidine, hypoxanthine, guanosine,
ADP-ribose,ANI—methylnicotinamide, nicotinamide mononucleotide,
N“-methylnicotinamide, thionicotinamide-AD" and chloral hydrate
were tested for their(;rfect on the dchydrogenase activity.
Among compounds reldted to NAD® » adenlne, adenosine, thio-
nlcotlnamlde—AD s N —mcthy1n1cot1nam1dc, and ADP-ribose were
found to be inhibitory. %iloral hydrate, an aldehyde anaé\“

logue was also found to inhibit the dehydrogenase reaction. -

i. NAD*~gnalogues wr

As illustrated in Figurés 9, 11, 13, 1Sl
and 17, adenine, adenosine, thionicotinamide AD+, N”-methyl-
nicotinamide and ADP-ribose gave competitive]%nhlbition when
NAD* was uscd as the variable substrate at a éonstané concen-

t
of acetaldehyde equal to 2000 times its X value. The secon-
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FIGURL: 7

2 @

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-sc‘;dium- p&rophosphaté, pH 9.3; 1.0°mg BSA; 0.05
mM thionicatinamide*AD*; 0.056 unit of cnzyme; NAD* as indi-
catgd and glyceraldehyde: (1) 0.25 mM; (A) 0.4 mM; (0O)
0.8 ij; (e) 2.0 mM.. Total volume one ml.

.
Y
:

%
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FIGURE 8

Double reciprocal plot with glyceraldehyde as the variable
substrate and NAD* as the changing fiked substrate in the
presence of chloral hydrate. Reaction mixtures contairged:

33 mM sodium pyrophosphate, pH 9.3; d.l vnit of enzyme; 25 uM
. Cchloral hydrate; glyceraldehyde as indicate“d and NAp+: (n)
0.4 mM; (0) 0.6 ;nIVI; (o) 2.0 mM. Toi:al volume one ml., -
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FIGURE 9

[l

Double reciprocal plot with NAD' as the variable substrate
and adenine as the inhibitor., Reaction mixtures contained: 33
nM sodium pyrophgsphafe,lpu 9.3; 0.022 unit of enzyme; 1.0 mg
BSA; 2.0 mM acctéldchyde; NAD+¢as indicated and adenine: (@)
absent; (0) 4.0 mM; (A) 6.0 mM; (g) 8.0 mM. Total volume

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

[2
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Secondary plot of slopes .versus adenine concentration. . if

! Data taken fyrom Figure 9.
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FIGURE 11

Double reciprocal plot witn NAD' as the variable substrate ”
anfl 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 adenogine:
(e ) absent; (0) 0.5 mM; (A)‘ 1.0 mM; (o) 2.0 mM. Total vol-

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

e 4

tion (c).
<
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"\ Secondary plot of slopcs versus adenosine concentration.

v Data taken from Figure 11.
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X,
Double reciprocal plot with NAD* as the variable substrate

. - . . + . . o -
and thionicotinamide~AD as the inhibitor. Reaction mixtures

. contained: 33 mM sodium pyrophosphate, pH 9.3; 0.12 unit of
enzyme; 2.0 mM acetaldchyde; NAD* as indicated and thionicotin-
amide-ADT: (®) absent; (0) 0.1 mM; (A) 0.2 mM. Total voi-

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

o

{c).
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ﬁ FIGURE 14 -

Secondary plot of slopes versus thionicotinamide-AD"

concentration. Data taken from Figure 13.



5%

67

aw

=)
o
~N
w
F

_1_ -1
5] L I

» : FIGURE 15 .

Double reciprocal plot with NADY as the variablé suﬁstrate
and N -methylnicotinamide as the inhibitor. Reaction mixtures
contained: 33 mM sodium pyrophosphate, pH 9.3; 0.04% unit dfe
enzyme; 2.0 mM acetaldehyde; r{AD+ as in@icated and N -methyl-
nicotinamide; (@) absent; (0) 10 md; (A) 20 sM. Total volume

one ml, Solid lines were calculated from fits to eqpatioﬂ (c).
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Secondary plot of slopes vorsus N -methylnicotinamide

concentration. data taken Trom Figure 15.
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Louble reciprocal plot thh NAD® as thé’ vanat;le substrate

and ADP ribosec as the 1nh_tb1tor. Reaction mixtures contalned;

'33 mM sodium pyrophosphatq, pH 9.3; 2.0 mM acetaldehyde; (f'l).S’i

 unit of enzyme; NAD+ as indicated and ADP-ribose: (e ) absent;
(o) 5 nM; (A) 10 mM. Total volume onc ml. Solid lines were
talculated from fits ‘toiuation (c). = °
. \ . .‘ . .
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?ary plots of slopes versus the appropriate iﬁhibitor concen- ¢
trations were linear (Figures 10, 12, 14 and 16). X; values
(slope) for adenine, adénnsine; N”-methylnicotinamide and

thionicotinamide—AD+’were calculated to berl.gz * 0.16 mM,; 0

3
. 0.58 % 0.06.mM, 9,28 + 0 98 mM and 11.6 + 0.8 uM, respectively.

A 9.

4

< “Fhhibition by N”-methylnicotinamide and
thionicotinamide-AD" was noncompetitive with respect to gly-

- _ceraldéhyde whén NAD® was the fixed substrate at a concentra-

v 4
-

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

Both 1nhibitors gave linear secondary plots of slopes and
interceptg:against inhibitor concent;atigﬂ (Figures 19 and 21).,
K; values For N”-methylnicotinamide were 11.6 & 2M mM (slope)
ahd 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). >

N ‘

Adenine and adenosine showed uncompeti-'

»

. tive inhibition with respect to glyceraldehyde when NAD® was
present at & constant concentration equal to 5 times its K g
value (Figures 22 and 24). The secondary plots of 1n%ercepts
versus inh;bi;o; copcentration were linear, as rgpresented S

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

* adenosine were 7.68 * 0.36 mM and 2.16,% 0.12 mM, respectively,

' &
-+

v

11.  Aldehyde analogues

-

Chloral, hydrate, an analoguec ef acet-

aldehyde which is not oxidized by the enzyme gave a cohpeti-'

tive inhibition pattern when glyceraldehyde was the variable

g sub%trate and NAD" the fixed substrate {concentration equal
‘ s !

i . 3
. ' Co b |
¥
3
!

F] 1

i .
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, Double reélprocal plot with: glyceraldehyde as. the variable
substrate and N~ -met'hylnlcotlnamxdc as the 1nh1b1tor. Reaction
mixtures ‘conta,lned: 33 mM sodium pyrophosphate, pH 9.3; 0.017'.
unit of équme; 2.0 mM NAD+; glyceraldch}td‘e as indicated and

. N”-methylnicotinamide: (@) absent; (0) 5 mM; (A) 10 mM; .

(o) 20’ 'm!jl‘ Total volume one ml. Solid lines 'were calcula{:e‘d

- )
from fits to equation (dj. - , ;

B
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Secondary plot of slopes and intelrcepts versus N -methyl-

nicotinamide concentration. (e ) slope; (o) intercept. Data
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taken from Figure 18. ( ‘ .
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-

. Double reciprocal plot with glyceraldehyde as the variable
. ! s * . iy e ﬁ . L 5
substrate and thionicotinamide-AD+ as the inhibitor. Reaction
. ]

mixtures -contained:, 33 md sodium pyrophosphate; 0.054 unit of

enzyme; 2.0 mM.NAD*; g]yccraldeﬁydc as indicated aﬁ&(thionico—

v tudewAfﬁ&a) absent; (0) 0.05 mM; (A) 0.1 mM; (o) 0.2°

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

. fits to equatign (d).

4
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tinamide-AD concentration. (® ) slope; (0 ) intercept. Data

taken from Figure 20.
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FIGURE 2%
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Secondary plot of slopes and intercepts versus thionico-
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-Double reciprocal plot with glyceraldehyde as the variable

substrate and adenine’as the inhibitor. Reaction mixturgs con-

[y C

tained: 33 mM sodium pyrépﬁbsphate, pH 9.3; Otoiz unit of en-
zym'{ 1.0 mg BSA; 2.0 mM NAD*; glyceraldehyde as indicated and
adenine: (@) absent; $0) 4.0 mM; (A).6.0 mM; () 7.6.

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

o7 t

equation {e).
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Secondary plot of

Data taken from Figure
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intercepts vertus adenine
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Double reciproca%yplmT with glyceraldehyde as the variable

substrate and 5deno§ine as the 'inhibitar. Reaction mixtures

3

gontained: 33.mM sodium pyrophosphate, pH 9'3;00.037 unit-of "

enzyme; 2.0 mﬁ NAﬂf;'gLyceraldehyde as indicated and adenosine:
N ¢

(e} absent; (0) 1.0 mM; {(A) 2.0 mM; (©) 3.0 mM. Total

%
volume one-ml. Solid lipes were calculated from fits to, equa-
]

! 3

tion (e). " , , .
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to 5 times the K ), 2% shown in Figure 26. The replgt of
slopes versus varying Qoncuntratlon of thlbltor was 11near
(Figure 27). The kl ‘value (slope) was‘found to be 4.3 2 0.3

uM. Inhibition by chloral hydrate was foncompetitive with

-

‘respect to ~xap* when acetaldchyde at 2 mM was used as the

fixed buh&fldte (Flgure 28). " The secondary plots of slopes

.

and intercepts versus inhibitor concentration were, also linear

£

(Figlire 29). K, values were determined to be 64.2 # 11.5 uM

[}

(slope) andwvigg % 0.16 mM (intercept). A similar pattern for

S

chloral hydrate ihhibition with respect to NAD' was obtained
when gl}céraldehyde was used in pI&cc 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 wefe alsavlinear (Figure 31}, K values were deter-
mined 'to he 3é‘4 + 12,4 uM (slope) and 23.3° % 3.3 uM (1ntercept)‘
d. Product inhibition studics s ~

v -

'i.  NADH inhibition

e e os Acid products (e.g., acetic acid from

=

acetaldehyde) ‘were not inhibitory. NADH wids found to be a com-

petitive inhibitor W1¢b respect to NAD® in the presehce of a

"

saturatingiconcentration of acctaldehyde and a noncompetitive
inhibitor with reSpect to gfyceraldehyde when the fixed con-

centration of NAD® waa 1ess than saturatlng (0.6 mM), The

1nn1b1t10n patterns are showu in Plgures 32 and 33. .Fhe Ki

»

value (slope; variable NAD? ) was determ1ned to be 0.133 #

-

0.025 mM. ‘
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Double reciprocal plot.with glyceraldehyde as the variable
substrate and’ chloral hydrate .as thu,%nhibitqr. VReaction ni%-
tures gontaincd:d 33 mM sodium pyrophosphate, pH 9.3; 0.025 unit
of e;zyme; z 40 mﬁ NKD+; glyceraldehyde as indicated and chloral
hydrate: (e ) absent; (o) 12.5 pM;<(A) 25.0 uM; (@) 50.0 uM.

Total volume one ml. Solid lines were calculated from fits to
* L L ‘
efuation [e¢). > :
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Secondary plot of slopes versus chloral hydrate.concentra-

tion. Data taken from Figure 26. '
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Pouble reciﬁrocal plot with NAD* as the variable substrate

w16y ot 2l
~ta
and chloral hydrate as the inhibitor. ,Reaction mixtures contain-
» 9

1

i

33 mM sodium pyrophospha/te? pit 9.3; 0.025 unit of eclzyme; .
v

ed:
2.0 mM acetaldehyde; NAD' as indicated and chloral hydrate:

:(® ) absent; (5) b.DS oM; (A) 0.1 mM;: (n) 0.2 mM, Total vol-

ume¢ dne mi. Solid lines were calculated from fits to Qygquation
| Pl /

). . .
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Secondary plot of slopes and intercepts versus chloral hy-
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drate concentration. (& )-slope; (0 ) intercept. Data taken
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. from Figure 28.
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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; NAI)+ as indicated and chloral hydrate:
(®) absent; (p) 0.0125 mM; (A) 0.025 mM. Total volume one

ml. Solid lines were calculated from fits to equation (d).
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CHLORAL HYDRATE {pM)

FIGURE 31

Secondary plot of slopes and intercepts versus chloral hy-

drate concentration. (e ) slope; (0 ) intercept, Data taken

from Figure 30. - .
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r Double reciprocal plot with NAD" as the variable substrate

and NADH' as the inhibitor. Reaction mixtures contained: .- 33 mM
‘sodium pyrophosphate, pH 9.3; 0.054 unit of enzyme; 2.0 mM acet-
| aldehyde; NAD® as indicated and NADH: (@) absent; (0) 0.12

mM; (A) 0.25 mM. Total volpme one m%. S0l1id lines were cal-

culated from fits to.equation i:c).
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FIGURE 33

< A
Double reciprocél Qlot with glyceraldehyde as t;e variable
substraae and NADH as the inhibitor. Reactidén mixtures contain-
ed: 33 mM sodium pyrophosphate, pli 9.3; 0.3 unit of enzyme;
0.6 mM NAD+; glyceraldehyde as jindicated and NADH: (e ) absent;

(0) 0.12 mM, Total volume one ml. Solid lines were calcu-

P

lated from fits to equation (d).
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e. Kinetic studies in the presence of bovine serum
g [

-

albumin . '

?

Most of the\kinetxc experiments were also car-
ried out im the presence of bovine serum albumin. -As illus-
trated in Figures 34-50, bovine serum albumin did hbt change
the inhibition ﬁgtterns but 1t had some cffect on Ehe’inhibi~1
tion constants (Tabhle VI).

f. Chelating 'agents as inhibitors ’ s

~e
a

, é;tempts to demonstrate zipc in human liver a1~,
dehyde dehydrogenase have failed (Blair, unpubli;hed data).
Nevertheless, this enzyme is iyhibited/by‘yarlous metal chela-
ting agents, e.g., },10~phenanthrollne, 2,9-dimethyl-1,10-phen-
anthroline and a,a”-dipyridyl. Figure 51 illustrates the inhi-
bition pattern obtained with 1,10-phcnanthroline when NAD® was
usgd as the variable substrate. As is evident from the pldt, 1,
10~-phenanthroline compet1tivé1y inhibits the dehydrogenasc reac-
tion. Similar inhibition patterns werc obtained with 2,9-d1~‘
methyl-1,10-phenanthrolinc, quinoline, u,a”-dipyridyl and vy,y”-
dipyridyl, as shown in Figures 52-55. Inhibition constants cal-
culated from double reciprocal plots for each inhibitor are
presented in Table VII. Comparison among inhibaition constants
indicated that the Ki value for l,iO-phénanthroline was close to
its anﬁiogue, 2,9-dimethyl-1,10-phenanthroline. Similarly, the
Ki values for a,o”-dipyridyl and v,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 Ki value calcualted by Ljneﬁbﬁver—nurke method (131) was

2.29 ¢ 0.15 mM.

-
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m (mM *) .
FIGURE 34 . y

Double reciprocal plot with NAD® as the variable substrate
and thionicotinamide-AD" as;the inhibitor-in the presence of
bovine serum albumin. Rgaction mixtures contained:; 33 mM sod-
ium pyrophosphate, pH 9.3; 0.045 unit of enzyme; 2.0 mM acetal-~
dehyde; 1.0 mg albumin; NAL{+ as indicated and thionicotinamide-
AD": (o) absent; (0) 0.025 mM; (4) 0.05 mM; (Q) 0.1 mM.
Total volume one ml. Solid lines were calculated from fits to

equation (c).
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Secondary plot of slopes versus thionicotinamide-AD® concen-

‘tration. Data taken from Figure 34, .
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FIGURE 36

Double recxd&ocal plot with NAD' as the variable substrate

and N”-methylnicotinamide as the inhibitor in the presence of

bovine serum albumin. Reaction mixtures contained: 33 mM sod-
ium pyrophosphate, pll 913; 0.04 unit of eﬁzyme;ﬂz.o mM ;cetalj
dehyde; 1.0 mg albumin; NAD® as indicated and N’—methylnicptin-
amiée: (®) ,absent; ' \ (0) 10.6 mM; (A) 20.0 mM.

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

s
1

equation (c).
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FIGURL 37
Secondary plot of slopes versus N'-methylnicotinamide con-

centration. Data taken from Figure 36,
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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

NAp+; 1.0 mg albumin; glyteraldehydé as indicated _,and N’-methyl-

. nicotinamide: (@) absent;)(o) 5.0 mM; (A) 10.0 mM; ()

19.0 mM. Total volume oné ml.

fits to equation (d).

Solid lines were calculated from
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Double re01procél plot with glyceraldehyde as "the variable
substrate and thlonlcotlnamlde ADT as the 1n¥1b1tor in the pres-
ence -pf boviie serum albumln. R&actlon mlxtures céhtalned- 33
mM sad1um pyrophosphate, pl 9 3; 0.042 unit of enzyme; 2.0 mM
NAD™; 1 0 mg albumin; glyceraldehyde as 1nd1cated and thionico-
tlnamide-AD : (@) absent; (0) 0.05 mM; (A) 0.1 mM; () 0.2
mM. Total volume one ml. Solid lines were calcualted %;om fits

to equation (d).
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FIGURE 42 -

-

Double reciprocal plot with glyceraldehyde as ‘the variable

" substrate and adenosine as the inhibitor in theé presence of bov-
ine serum albumin. Reaction mixtures contained: 33 mM sodium
pyrophosphate, pH 9.3; 0.025 unit of en-zymca; 2.0 mM NAD‘\; 1.0
ng aulbumin; glyceraldehyde as indicated and adenosine: (®)
absent; (0 ) 1.0 mM; (A ) 2.0 mM; (o) 3.0 mM. Total volume one
ml. 8Solid lines were calculatedﬂfrom fits to equation (e).
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Secondary plot of intecrcepts versus adenosine concentration.
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Data taken from Figure 42. o
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FIGURLE 44

Double reciprocal plot with glyceraldechyde as the variable

»substrate and chloral hydrate as the inhibitor in the presence of

bovine serum albumin. Reaction mixtures contained: 33 mM sodium

pyrophosphate, pH 9.3; 0.05 unit of enzyme; 2.0 mM NAD+; 1.0 mg

albumin; glyceraldehyde as dindicated and chloral hydrate: (#)

absenty (0) 0.0125 mM; (A ) 0.025 mM; (@) 0.05 mM. Total vol-

ume one ml.

Solid lines were calculated from fits to gquation (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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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; 0.03 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; (l::l) 0.2 mM. Total volume

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

v



SLOPES

! I
0.1 0.2
CHLORAL HYDRATE (mM)

-

>

FIGURL 47

102

INTERCEPTS

Secondary plot of slopes and intercepts versus chloral hy-

drate concentration.

from Figure 46.

(e ) slope; (O) intercept.

Data taken
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FIGURE 48 '

Double reciprocal plot with NAD* as the variable substrate
and chloral hydrate as the inhibitor im 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* és indicated and chloral hydrate: (e)
absent; (0) 0.0125 mM; (&) 0.025 mM; (o) 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; (0) 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. Reary:tion mixtures' contained: 33 mM sodium pyrophosphate,
pH 9.3; 0.023 unit of enzyme; 2.0 mM acctaldehyde; 1.0 mg albu-
min; NAD" as indicated and NADH: (e ) absent; (0) 0.12 mM,
Total volume one ml. Solid lines were calculated from fits to

* equation (c).



TABLE VI

L
«

COMPARISON OF INHIBITION CONSTANTS DETERMINED IN THE PRESENCE AND ABSENCE OF BOVINE
SERUM ALBUMIN FOR VARIOUS DEAD-~END INHIBITORS OF HUMAN LIVER ALDEHYDE DEIIYDROGENASE

Inﬁabition {fonstants

. o Variable, o ' - —
Inaibator Substrate\ Bov%ne Serum Album{n( ) %ovxne ?erum Albumin{+)
is B < Xis ki
Adenosine .
uncompetitive glyceraldehyde o 2.160.12mM 1.8920,08nM
Thionicotinamide-AD" . 3
competitive NAD 11.620.8 M B.8%0.5 M R
noncompetitive glyceraldehyde 59.3%11.9uM  0.17720.026mM 93.0218.1uM 0,10420.000.:1
N-Methylnicotinamide + v ¢
competitive NAD 9,.28%0,98m 14,2422,17md
noncompetitive glyceraldehvde ll.Séti.llmu 42,3011, 12m4  16.4724.94mM  58.41212.50aM
Chloral hvdrate
competitive glyceraldehyde 4.3 = 0.3pM 3.2 %0.3 ui
- X A
noncompetitive xvap® 64.2+11.5uM _0.49:0.;6mJ 52.3 5.6 uyM  0.4020.07mM
Chloral hydrate (low ¢
fixed concentration
of glyceraldehyde) -
noncompetitive NAD™ 32.4%12.4uM  23.3£3.3pM 19.0 #3,9 ud  18.3£2,0uM
NADH . '
competitive NAD 0.13320.025 0.14820.019mM

901



3 4

o
et 4

0 2
["—53] tmml)
-~

F

o

" FIGURE 51
Double reciprocal plot -with NAD® as the variable substrate

. ¥
and 1,10-phenanthroline as the inhibitor. Reaction mixtures
33 mM sodium pyrophosphate, pH 9.3; 0.045 unit of

contained:
enzyme; 2.0 mM acetaldehyde; 1.0 mg BSA; NAD' as indicated
and 1,10-phenanthroline: (e ) abhsent; (O0) 0.25 mM; (A) 0.5

mM. Total volume one ml.
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FIGURE 52

Double reciproé:il plot with NAD® as the variable substrate
and 2,9-dimethyl-1,10-phenanthroline as the inhibitor. Re-
action mixtures contained: 33 mM sodium pyrophosphate, pH 9.3;
0,046 unit of enzyme; 2.0 mM acetaldehy‘dg; 1.0 mg BSA; Nap*
as ir}dicated and 2,9-dimethyl-1,10-phenanthroline: (@)

&

absent; (0) 0.125; (A) 0.25 mM. Total volume ongoml.
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FIGURE 53

&

Double réciprocal plot with NAD® as the variable substrate
and a,0”-dipyridyl as the inhibitor. Reaction mixtures con-
tained: 33 mM sodium pyrophosphate, pll 9.3; 0.044 unit of
enzyme; 2.0 mM acetaldehyde; 1.0 mg BSA; NAD' as indicated
and a,0"-dipyridyl: (@) absent; (0) 3.0 mM; (A) 5.0 M.

Total volume one ml.
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FIGURE 54

Bouble reciprocal plot with NAD®as the variable substrate

W

” - @
and Y,y -dipyridyl as the inhibitor. Reaction mixtures con-

tained: 33 mM sodium pyrophosphate5 pH 9.3; 0.043 unit of
enzygme; 2.0 mM acetaldehyde; 1.0 mg BSA; -NAB® as indicated
w1 "

and v,y -dipyridyl: (@) absent; (0).4.0 mM; (A) 7.0 mM.

-
[ A

Total volume one ml.
[

$




- 111

\ e L4 Y
\\ 0 1 2 3 4
| 1 1
R — (mM 7)
[Nag]

£
-
-

o

FIGURE 55 )

s,
Tacrege v

Double reciprocal plot with NAD® as the variable subgtrate
and quinoline as the inhibitor. Reaction mixtures contained:
33 mM sodium pyrophosphate, pl 9.3; 0.045 uni}; of enzy:;e; 2.0
mM ucetaldehyde; 1.0 mg BSA; NAD' as indicated and quinoline:
(® ) absent; (0) 0.5 mM; (H) 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 sod}wm pyrophosphate, pH 9.3; 0.04 unit of enzyme;
2.0 mM acetaldehyde; 1.0 mg BSA; NAD' as indicated and benzoic
acid: (@) absent; (0) 5 mM; (A) 10 mM; (3 ) 20 mM.

Total volume one ml:

}
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TABLE VII
, INHIBITION CONSTANTS FOR DIFFERENT CHELATING AGENTS
=~ The Ki (slope) valpes were calculated from data présented in Figures 51 - 56 \’\
Chelating Agent ) K,
- *»
' M
1,10-Phenanthroline ’ 1.29 + 0,14 x 107 °
2,9-Dimethyl-1,10-phenanthroline 1.38 + 0,18 x 10 %
(, s 5
&, 3’ -Dipyridyl T 1.04 £ 0.10 x 1077
Y,y -Dipyridyl 1.26 + 0.21 x 1073
Quinoline . 2.20 +0.22 x 1074 |
Benzoic acid o . 2.29 + 0,15 x 1073

£I1

1
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2. Esterase Recaction

[

a. Non-hyperbolic relationship between initial

1
. velocity and ester concentration

lHluman liver aldchyde dehydragénase was also
found to catalyze thc hydrolysis of p-nitrophenyl acetate, a
well studied substrate of esterases, The initial rate ofl
hydrolysis of p-nitrophenyl acctate as a function of itgacon-
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 v
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 Qiis/ﬁefe fitted to rate equation 5 by a least squares ]
method, assuming equal vériancc for the experimental veloci- ﬂ
ties. ‘

V, + ViKp/ (1 - V,/V,)8 "

(5)

v =

1+ K/ (1 - V /Y08 + KK/ (1 - V /V,)8%

! -

s R

S 1s the substrate concentration
gnq:{yzygf;nltﬁﬁl vgloc1ty; V1 and
Kl are the maximal velocity and
apparent Michaelis constant for
low substrate concentrations and

Vzand K2 are the maximal velocity
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FIGURE 57

Plot of in%tial velocity versus p-nitrophenyl acetéte con-~
- centration. Reaction mixtures contained: 33 mM sodium pyro-
*’phcsphate, pH 7.0; 0.6 unit of enzyme and p-nitrophenyl acetate
as indicated. Circles represent experimental values; the

s0lid line was calculated from a fit of the data to equation

6; K, =

(£). Constants: V; = 0.014; V, = 0.04;'K; = 3.75 x 10 2

.

1.5 x 1074, ;
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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.
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A

|

=" .
. N and apparent Michaelis constant

w

for high substrate concentrations.
b

The preliminary values for Vl, v Kl and K2 were calculated

2’
from the double reciprocal plot of initial rate of hydrolysis
versus p-nitrophenyl acetate concentration. Apparent K,

and vmax values at high and low substrate concentrations axe

given in Table VIII.
/\l b

b. Chromatographic elution pattern of dehydrogenase

3 i3

and esterase activities

Aldehyde dehydrggenase, purified through the
DﬁAE-cellulose step, was subjected to colum? chr;matography
on DEAE-sephadex (sée Methods). PFigure 59 shows the elution
qpaitern from this DEAE-sephadex ‘column subjected to a linear
*-salt gradient. Fractions obtained were assayed for‘dehydro—
genase activity, esterase .activity and esterase activity
measured in the "presence of NAD®. [Csterase activity followed

a similar elution pattern to dehydrogcnase activity; indi-

cating that a single enzyme was responsible for both. .

=

c. Ester specificitz

In addition to p-nitrophenyl acetate, two
other p-nitrophenyl esters, 1.e., p-nitrophenyl propionate
% 'and p-nitrophenyl butyrate were [ound to be hydéolyzed by
the human enzyme. Reciprocal plots ol the initial rate of
hydrolysis of these esters are shown in Figures 60 and 61.
O The downward curvaturc,observed in the reciprocal plot for

p-nitrophenyl acetate was also evident in these reciprocal

3

[ od

.



TABLE VIII

KINETIC CONSTANTS FOR p-NITROPHENYL ACETATE, p-NITROPHENYL PROPIONATE
AND p-NITROPHENYL BUTYRATE ’

km and Vmax

-

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

Ester concentra-

p-Nitrophenyl

p-Nitrophenyl

p-Nitrophenyl

- -

' tion range Acetate " Propionate Butyrate
L Vhax Knm Viax Xn Vhax
.o M AA, . min” M AA, . miRYe @M 4A, .. miAl
] 300 : 400 M 400 i
& ‘ 7 .
4 WM to 25 uM 3.8 0.014. 8.4  0.022 14.3  0.021
0.1 mM to 0.6 ml 150.0 0.040 121.0 0.074 0.065

195.0

811
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FRACTION
5 FIGURE 59

DEAE-sephadex column chromatography of human liver alde-
hyde dehydrogenase. Poocled 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 was elut-
ed with a linear gradient between 0.04 M sodium ;alréipl\ydte, pH
6.8, and 0.2 M sodium phosphate, pll 6.8. Both buffie'rs 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 (e ); Esterase activity (#); esterase
activity in the presence of 1.0 mi‘d NaD* (m); absorbance at

280 nm (0 ); conductivity &--).

f
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FIGURE 60 ’

Double reciprocal plot of initial velocity versus p-
nitrophenyl propionate concentration. Reaction m;xtures
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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- FIGURE 61 )

—
—
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Double reciprocal plot of initial velocity versus p-nitro-
phenyl butyrate concentration. Reaction mixtures contained:
33 mM sodium pyrophosphate, pH 7.0; 0.12 unit of enzyme and

p-nitrophenyl butyrate as indicated. Total volume one ml.
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J <4

giﬁts. K, and V. values‘calculated from Liﬂeyeayer~Burke
plots at high anduloﬁ ester concentrations are listed in

Table VIII. It was appdarent tliat 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-nitrophenyf!aq¢ﬁate.
The plot of estefasc 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,
plottéd 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 wés 75 pM.

; NADH, a producflagngquehydr;gggggg>EEEEfTUnT—7
was also an activator of the céterase recaction. The initial
rate of hydrblysis withgrcspect Fo varying NADH concentration
gave a hyperbolic relationship (F{g&rc 64). At high concen-
trations NADH was also inhibditory. The double reciprocal
plot of accelerated hydrolysis ofiﬁ%nltrophenyl acetate ver-
sus NADH concentration was also linear , indicating the bind-
1ng Pf one molecule of NADH per active center (Figure 65).

The activation constant was determined to be 4 gM. The

maximal extent of activation with NADIH was somewhat less

than half that observed with NADT. i
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i “ FIGURE 62

v

Activation of esterasc 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

o

concentrations of NAD+. Total volume one ml.

>
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° FIGURE 63

3

DouBle reciprocal plot of accelerated hydrolysis of p-

-

¢

nitrophenyl acetate versus NAD® concentration. Reactiom mix-
b - '

tures as described in Figure 62. V, the absorbance change per
min in the presence of NAD®; VO, the absorbance change per min

inb the 4bsence of ONAD*.
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FIGURE 64

Activation of esterase activity by NADH. Reattion mix-

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

o

L

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

»

-

concentrations of NADI. Total volume one ml. | <:~\$
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FIGURE 65

Double reciprocal plot of accelerated hydrelysis of p-
nitrophenyl acetate versus NADH ccnccnt;‘ation. Reaction mix-
tures as described in Figu;e 64. V, the absorbance change
per min in the presence of NADH; Vs the absorbance change per

min in the al;sence of NADH.

o
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- e. Eéfect of NAD® on the initial velocity versus

ester concentration curve

P

% N . A plot of initial rate of hydrolysis versus
p-nitrophenyl acetate concentration in the presence of a
- saturating concentration of NAD® (i.c., 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 of data from

-

Figure 66 gave a linear relationship as redhired by Michaelis-

-

Menten kinetics (Figurc 67).

+
£. Effect of NAD and NADI on Km and vmax values

for p-nitrophenyl acetate o

Figurc 68 illustrates double reciprocal plots
of initial rate of hydrolygisjg;QSMS p~nitro§heny1 acetate
concentration in the'presence and absence of fixed leve#s of
‘N4D+ and NADH. The p-nitrophenyl acetate cohcentration range

was ﬂglow that where substrate activation became evident.

+ It was clear from the reciprocal piﬁts that Km and Vmax
values for p-nitrophenyl acctate were increased by both NAD*
and NADH. K  and Vﬁax

the presence and absence of NAD® and NADH are tabulated in

Table IX.

values for p-nitrophenyl acetate in

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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FIGURE 66

Plot of initial velocity versus p-nitrophenyl acetate

. . + T
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

V Dbub&e 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, pl 7.0; 0.23 unit of enzyme; p-nitrophenyl
acetate as indicated and NAD': (0) 1.0 mM; NADI: (A ) 0.08

mM; (@) absent. Total volume one ml.

~
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TABLE IX

COMPARISON OF KINETIC CONSTANTS FOR DEHYDROGENASE AND ESTERASE REACTIONS
IN THE PRESENCE AND ABSENCE OF NAD' AND NADH.

Km and Vinax values were calculated from data presented in Figure 68. V x for esterase

ma
activity was calculated as micromoles of p-nitrophenol formed per min. Vnax for dehy-
drogenase activity was calculated as micromoles of NADH formed per min.
Y
L - a
Reaction® \ Activator , Ko . Relative Vinax
uM ,
Esterase none 3.7 1.0
NADA ’ 4,4 2.0
NAD" 8.3 5.2
Dehydrogenase, pH 7.3 - . - . 2.6

R

N :

a Vmar determined for esterase activityiin the absence of modifier set equal
" to 1.0 as standard. ' '

-

Y

v~

1T

o
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FIGURE 69 e

Double‘ reciprocal plot of initial velocity versus high
concentrations of- p-nitrophenyl acetate in the presence and
absence of NAD'. Reaction mixtures contained: 33 mM sodium
pyrophosphate, pH 7.2; 0.045 unit of enzyme and the indicated
concentrations of p-nitrophenyl acetate. The concentrations

of NAD' were: A®]) none; (p) 2.0 mM. Total volume one ml. "
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centratign 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 givgra horizontal line (i.e., zero slope), consistent with
the inference that the NAD+—binding site may be idBnFICHI .
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 wbsence 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 i? 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

i

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 ob%ervgd

for chloral hydrate and glyccraldehyde are consistent with
ester hydrolysis taking place at the aldchyde site.
Since NAD® was an activator&of estefﬁse re-

action, it was of interest to determine the nature of chloral
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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.
k]
The concentrations of glyceraldehyde were: {®) none; (O)

10 msM. Total volume one ml.

*
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FIGURE 71 )

Inhibition of esterase activity by chloral hydrate. Re-
action mixtures contained: 33 mM sodium pyrophospixate > PH
";'.0; 0.05 unit of enzyme and p-nitrophenyl acetate as indicat-
ed. The concentrations of chl;)ral hydrate were: (®) none;

(0) 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 thq;al (
hydrateﬂin the presence of a fixed level of NAD® (the concen-
tration which gave m;ximél stimulation). The présgncé of NAD'
in the agsay system did not chaigc the inhibitioﬂ pattern.
However, it did lower the inhibition constant to 5 pM, as
,calculated from this data. A similar experiment with glycer-
aldehyde as an inhibitor in thefpresence ?f NAD® was fgmnd

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 T e
of NADH. T , i .

o~ ' ) ~§N )
Cc. PROTEIN-PROTEIN INTLRACTIONS s .

pre

Durt\kixlfic investigations ol human liver aldehyde

dehydrogerase bovine serum albumin was observed to increase

- dehydrogenase activity as measured in the standard assay

system., The following studics were carried out in order to

delineate this aiiivation effoct.

. 1. Effect of Different Proteins on Dehydrogenase

Activity
A survey of various protcins was carried out in .the
Hope of correlating particular chemical or physical proper-

ties with the capacity ‘of a.protein to activate the dehydro-
(3 ’

genase reaction. The results are presented in Table X, which .

o
ko
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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;

(A) 0.05 mM; (O0) 0.1 mM; () 0.2 mM. Total volume one ml.

-

o



e \ TABLE X o - . L
X ’ EFFECT OF VARIOUS PROTEINS ON HUMAN LIVER =
ALDEHYDE DEHYDROGENASE ACTIVITY

i “pt
Reaction mixtures contained: 33 mM sodium pyrophosphate, pH 9.3; 2 mM acetaldehyde; i’ﬂ=
0.25 md NAD'; 0,01 unit of enzyme and one mg of the indicated protein. Total volume

1 @

one ml. \ '

3

Properties of Each Protein

Protein Added ' - e Activity
Molecular pl SH group/ . $S group/
weight (132) - molecule molecule 5 .
(133) (133) °
None ‘ . 100 \
Bovine Serum ’ o
Albumin 66,000 47 - 0.7 17 134
: Qvalbumin 46,000 - 4,59 3,4 . 1 103
Ribonuclease ‘ 13,700 9.6 N a . . 4 105
) - . \ .
Lysozyme 14,800 11.0, 11.2 0 : 4 . 109 -
a o “ «
Gelatin - 4.7, 5.0 - - 109 &
Cytochrome ¢ 13,000 9.8, 10.1 0 0 110
° Myoglobin 17,500 6.99 ‘ ‘0 ; 0" 116




also includes selected physical and chemical prop;rties of

the proteins tested. Maximal actjvation occurred with bovine
serum albumin under the reaction éonditions employed and the
activating effect did not correlate with any of the physical

or chemical properties listed in the table. s,

©

| .
2. Effect of Serum Albumins on _the Dehydrogenase

Ly - Activity

ot

*  Serum albumins of different mammalian origins were
analyzed for théir effect on enzyme activity and the results
_are given in Table XI. Of all the albumins tested, bovine
serum albumin exhibited the grea;est activating éffect on
dehydrogenase activity. Since most commercially available
serum albumins contain bound fatty acids, albumins free
from fatty acids were also included in the trial inmn érder to

examine this parameter, The removal of free fatty acids

.Y -ﬂ
from bovine serum albumin reduced the activation.

3. Effect of Bovinc Serum Albumin on the pH Actaivity

Curve for Aldchyde Dechydrogenase

Figure 73 shows the effecct of BSA on enzyme activity
as a function of pll when acetaldehyde was saturating and the
NAD' concentration was 5 times 1its Km value, Aétivity was
optimal at pH valucs above 9 both with and without albumin,
llowever, activation by bovine scrum albumin increases,as the
pH decreases. Below pll 7.5 enzyme activity was very low in

the absence of albumin under the reaction conditions used.

l..
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TABLE XI
EFFECT OF SERUM ALBUMINS ON HUMAN LIVER
ALDEHYDE DEHYDROGENASE'ACTIVITEY
R_eaction mixtures contained: "33 mM sodium pyrophosphate, pH @].3; 2 mM acetaldehyde; _
0.25 mM NAD"; 0.042 unit of enzyme and one mg of the indicated albumin. Total volume

\

one ml, <

-9 - -
Typ® of Serum Albumin Added _ : Activity

1 v . a
rd

None N ‘0 0
s
Bovine ‘ A 218

duman 88
Horse § - 77
Rabbit ] ’ , 149 S
Bovine, Fatty Acid Free - ‘ 132 '
Human, Fatty Acid Free . \ 84

P

ori

8
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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 acetaldehyEe'; 2.0 mM NAD® ahd albumin:

(®) ébsent; (O) 1.0 mg. Total vblume one ml.

[

3
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“Figure 74 shows the cffect of bovine serum albumin on the I

pil dependence of dehydroggnase activity when acetaldehyde
was saturating but the NAD® concentration was approximatelyi

equal to its Km’value. Herc 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 great3r¢at the-low NAD® concentration (Figure

74).

-
-

4. Effect of Bovine Serum Albumin on Kinetic Constants

For the Dehydrogenase Reaction

Double réciprocal plots of initial velocity against
varying concentrations of glyceraldehyde ineyhe presence and
absence of bovine serum albumin at pH 9.5 and 7.3 are shown
*in Figures 75 and 76. At both pll values, bovine serum albumin
increased the apparent Voax for glyceraldehyde to approximately °*
1.3 times the control value (absence of albumin) whereas the
Michaelis constant was unaffected at either pll value. Figure
‘77 and 78 show the effect of bovine serum albumin on K, and
Vmax'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 Vmax valuc, The results are summarized in

Table XII.
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FIGURE 74

Effect of bovine serum albumin on the pH-activity curve
far 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: (®)

absent; (©) 1.0 mg. Total volume one ml. ‘
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FIGURE 75 | ®

Double reciprocal plot of initial veiocity 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' 8.3; 0.05 unit of enzyme;/Zno ﬂ
oM NAD'; glyce(ﬁrhyde as indicated and albumin: (‘.)
]
0

absent; (0) 1. . Total volume one ml.
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FIGURE 76

Double reciprocal plot of initial velocity yersus glycer-

aldehyde concentration in the presence and absence of bovine

serum albtimin at pH 7.3, Reaction mixtures cgntained: 33 mM

sodium pyrophosphate, pif 7.0; 0.32 unit of enzyme; 2.0 mM
NAD*; glyceraldehyde as indicated and albumin: (@ ) absent;

~€0) 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 saodium
pyrophosphate, pH 9.3; 0.05 unit of enzyme; 2.0 mM acetal-

dehyde; NAD® as indicated and albumin: {O) absent; (@)

-

’1.0 mg. Total \;;Jlum;a one ml.
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concentration ip the presence and absence of b?vine serum
albumin at PH 7.3, Reaction mixtures Contained: 33 pu
sodiup pyrophosphate, PH 7.0; 0.4 unit of enzyme; 2.0 mM
acetaldehyde; Nap* as indicategd a;td albumin: (o) absent;

(0) ;.0‘ mg. Total volume one pi,
"

)ﬁ



TABLE XII
EFFECT OF BOVINE SERUM ALBUMIN ON MICHAELIS CONSTANTS
AND MAXIMAL VELOCITIES FOR NAD® AND GLYCERALDEHYDE

Al

K, and Vmax values were calculated from data presented in Figures 75 - 78,

a—t— - / Y . .
“ . = -
pH 7.3 ‘ pH 9.5
Supstrate Bovine : - :
Serunm . v % 1ncrease K v increase
m ‘max 3 m max 2 r
Albumain imn Vmax . in ‘max
min , min
xap* - . 0.54  0.026 - 0.5 0.059 L -
o 0.053 0.026 g 0.23 0.059 0
Glycer- , ' ’ . X
aldehyde - 0.2 0.015 - 8.37 0.065 —
T -
+ 0.2 0.021 40 0.37 0.091 40 g
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A. ENZYME PURIFICATION

¥

In enzymology, the purification of unsgable enzymes ﬁ;s
remained a difficult task. The use of conventional as well
as recently developed technigques for enzyﬁe purification and
ﬁodifications thereof have not yet brought this enzyme to
the crystalliﬁe state. [owever, several improvements over
the existing procedure have beeg acbieved. For example, the
addition of a sulfhydrylkcompound and EDTA in the equili-~
brating and eluting buffers has resulted in higher yields of
enzyme from ion-~exchange cq%umn§; 'GSH was found to be more
effective than mercaptoethahol or cystégne and has been used
routinely. Although GSH ihd EDTA stabilized this enzyme dur-
ing purification, they did not activate it in the standard
assay system. This hehé&ior is in contr;st to that observed
with yeast and Pseudomonaséaidehyde dehyd*ogenases, where a
sulfhydryl compound must bé included in fhe assay system -
(37,47,80).

The passage of crude extract through the PAB-cellulose
qplumn prior to loading on to the DEAE-cqll?lose column not
only removed some of the contaminating proteins but also re-
moved a considerable amount of lipid matefiainhich hinders
the adsorption of enzyme by DEAE-celluloiﬁ. _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 salvents such as alcohol
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(134) was discontinued because of irrcversible losses of acti-

vity during the time that the cnzyme was exposed to solvent. '

-

Thus, the inclusion of a PAB-cellulose treatment early in the

- purification procedure improves the results obtained with
L)

rd

suﬁsequent steps. ' Ss

The treatment of DLAL-cellulosc purified human enzyme ’

with calcium-phosphate gel yiclded enzyme of 2.5-fold higher

o

purity. ‘This step is simple and less time consuming than any

‘other step used in the purification of the human enzyme.

Tﬁe°reason thatffﬁiéatreatment was not used in the standard

.3 purification procedure is that no simple method to concen-
f;zte,fractions obtained from the DEAE-cellulose column was
found.

o

LIt is “qt\c!far why the enzyme could not be~eluted fr m.

-
» by

BD-cellulose columns.
Unfortunately, isoelectric focusing, i’pdéerful technique
- —- for the se¢paration of proteins differing in isoclectric point§
o by as little as 0.02 pll units, failed to work because of the
instability and prdcipitation of human liver aldehyde dehydro-
genase at its isgelgctric point. Morecover, incublation studies
indicated that ampholine carrier ampholyte solutions, which "
form the medium usually used for creating a pH gradient in
the isoelectric focusing column, were also inhibitory to this
enzyme. Presumably, this inhibition also contributed to the
failure to achieve success with the technique., Glycerol
could protect the enzyme against inhibition by ampholytes in

a

the test tube but not in the isoelectric focusing column. It
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should be pointed out that ampholytes may" also be inhibitory

towards other enzymes. ¢

e .

J ‘qﬁ

Sy T

The precipitation of proteins during an. isoelectric fo- °

cusing run 1s not a new problem experienced here. 1t has

o

been a mpjor drawback of this technique igj%ﬁfﬂhands‘of many \
workers, However, horse }iver aldehyde deﬂ}d?ogenase ha;
been successfully purified by the isoelectric focusing tech-
nique (36). _ .
, Attempts made to resolve the discrepancy in the molecular
. weight reported in"thecgiteraturqj(44,6i) led to the con-
clusion that human laver aldehyde dehydrogenase hﬁ?ia.molecu-
lar weight of 200,000 dalﬁfns as reported by Blair and Bodley :
(44) .+ No evidence at any stage was obtained in favour of a
\ molecular weight of 100,000. Lxperiments carried out to S
determine the effect of enzyme concentrations on its elution
patterﬁs from sephadeg columng‘!emonstrated that a fifteen- .
fold dilution of the enzyme had no“effect on the elution
volume. Thys, it was not possible to obtain an explanaéion
for the differing results rcported 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.

-
poo
PR LY -,
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~B. ~ INTERACTION WITH NAD'-ANALOGUES

The groups on the NAD' molecule direcily i?volved in
binding to the human enzyme and in the catalytik step may be
examined by studying the participation of various giélogues )
in the dehydro&éndse geaction, -Studies with ﬁAD+~aﬁalogues
has indicated that the human éﬁ:;;:‘ig capable of binding

" all of the analogues tested and’ redﬁéing most of them, albeit
at Very low rates. Th;sﬁobservatao% dxstxngu1shes this en-
. zyme from yeast aldehyde dchydrogenase whlch is totally in-
- active with pyr:dlne-S—aldehydeuAD and pyr1d1ne-3—a1dehyde~
up’. but reduces other analogues at subst§ntial rates (108).

N The bovine liver enzyme can also utilize certain éQridine~
hldehyde analogues but gives generaliy greater rates than
those observed with the human enzyme (107). The mOS%_acthe

o analogue with the human enzyme was §~acety1py;idine-?\n+ which

gave a maximal rate 6% of that witthAD+. In contrasé, —
deamino-NAD® was reducgﬁyét 53% of the rate of N;\D+ by the,

+ yeast enzyme and -acetylpyr1d1ne—AD+ was reduced at 85% of

. thé rate of NADY/ by the bovine cnzyme (107;108).

The ddta/é;esented herc on the cocnzyme activity of
NAD+-analogq s with the human cnzyme showed that the car-
boxamide gf/up and ﬁ-aminé group of adenine are not absolutely

essential%@or the coenzyme activity of NAD+, but that both

[

groups are }equired for optimal activity. . The high Michaelis
constanF for hypoxanthine ‘analogues of NAD® suggests that
v the 6;aﬁino group of adenine 1s involved in binding of NAD"
" to the human enzyme. The only exception was\3-acetylpyridine-

%
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AD® which had a Michaelisvconstant very close to that for NAD'.

As expected, the results also indicated that andlogues

., with low coenzyme activity but with significant affinity for
the enzyme are‘inhibitor}. However, data for two NAD" - ana-
logues, 3~acety1pyr1dine-AD+ and S-ace:xlpyridine—HD+ did
not conform to this e¢xpecctation.- S-Ac;‘cylpyridine-AD+ was
not inhibitory under the conditions employed (both nucleo-
tides present at 0,6 mM) although equation 4 predicted 30%
,1nh1b1t1on on the basis of the Michaelis constant measured
for this analogue. . ]

} The low K value for 3-acety1pyrirfin§~1:lD+ was not ex-
pected for an analogue lacking the 6-amino group of adenine,
e.g., by comparison with deamino-NAD®, It may be that acetyl
analogues behave differently because the acetylpyridine ring,
unliFe the nicotinamide ring in B—NAD+, is in the anti con-
formaiion with respect to the pyrophosphate ribose backbone
(110,111). The results obtained with thionicotinamide-AD®
indicate that the incarporation of a C=§ group‘in the place
of a C=0 group 1n the nicotinamide ring of NAD" increases
the affinity of the analogue for this enzyme, Thionicotinamide-

*ﬂD was also.&eund to be.thc strongest inhibitor.

” Recent studies of Kaplan on the conformation of '‘NAD® and
1ts analogues indicate that deamino-NAD® occurs in.theiopen
conformation (110,11i). Thus, the high K obtained ‘for this
analogue suggests tha? the stacked conformation is the pre-
ferred one for the human enzyme, It was afso found that Nl-

Y methylnicotinamide and nicotinamide mononucleotide were not
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inhibitoery under thc conditions used here. This further sug-
gests that the adenosine moicty of the NAD® molecule may make

a ﬁg}or contribution in binding of, the natural coenzyme.

®
6

8

C. KINETIC REACTION MECIHANISM

o

Kinetic investigations of aldchyde dehydrogenaqe action
"are circumscribed by the experimental irreversibility of the
reaction. This precludes the use of product inhibition and
isotope exchanée ﬁfudies wihich have proved useful in dis-’ .
tinguishing a large nimber of mechanifms. Furthermogz, most
aldehyde substrates not only exhibit very low substrate con-
centrations for half maximal velocity, making initial velocity
measurements difficult, but also are chemlcal}y reactive.
In the present instance, dead-erl 1nh1bzt10n dtudies were
included as a means of circumventing these,difficulties and
“‘\;ioviding expefimentai data on the mode of interaction of sub-
strates with human liver aldehyde dchydrogenase.
The 1ntersect1ng initial velocity pattern observed w1th
glyceralQeﬂyde as var1able substratg and NAD® as the changing
fixéd substrate (Figurc 1) is consistent with a sequential

4

mechanism in which all the substrates must bind to the en-
zyme before any product is released.- Sccondary plots of ”
slopes and intercepts versus the fixed substrate (of the
- primary plot) were also linear as iéquired by this-mechanism.
The data conform _to equation Z which specifies sequential

mechanism. However, this rate equation does not distinguish

between random or ordefed addition of substrates and release
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of products.
In éhe reciprocal plots shown in Figure 1 the lines

appear to meet very far to the left of the 1/v axis. The

shift .in the point of intersection of these lines towards

the 1/v axis, obseryed in the presence of an inhibitor com-
petitive with respect to variable substrate, (Figure 7) an-
dicates that the presence of the inhibitor dffects rate PO
ACOnétants for thoéc steps ;hlch contribute to the estxmati&n

L ]
of Kia’ the inhibition constant for the first substrate, In

other wor@s, it can be concluded that a ping pong mecﬂanism
which requires the felecase of product bcfore‘the addition .of
the last substrate does not apply for the human enzyme. The
parallel appearance of the initial velocity pattern (Figure 1)
simply reflecFS a small contrxbution’by‘the term, KlaKb, in
the sequential rate equation (2)}. X
Initial velocity studies in which an- inhibitor competi-
tive with reéﬁect to the variable substrate was prbgent, can
also provide some information on the order of binding of
substrates., In case of an ordercd mechanism in which NAD®
binds first, the K., value f0ﬁ NADY will 1ncreasélxn the
presence of an inhibitor competitive with respect tooNAD+u

»

However, the imtersection point eof initial velocity patterns

with glyceraldehyde as the variable substraté and a competi-

tive inhibitor (with Yespect to glyceraldehyde) présenfﬂgﬂauldfk

2 A

not change if the mechanism 1s ordered, .NAD'-first. In the . .
. .
same Wway, if aldehyde binding is the obligatory first step *,

then the intersection point ol the initial velocity pattern

j »

- '
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in which NAD" is the variable substrate should remain con-

stant in the presence of a competitive inhibitor (w;th reébect

to NAD'). In the present study (Figures 7 and 8), whether

NAD® was the variable substratéror glyceraldchyde was the

i¥ariab1e substrate, the intersection points of initial veloci-

ty patterns changed in the presence of a competitive inhibitor

with respect to the variuble substrate: Thionicotinaﬁ}de-AD+, &
a competitive inhibitor with respect to NADT, increased the

K;, value for NAD® from 0.24 mM to 10 mM. Similarly, chloral °
hydrate, a competitive inhibitor with respect to aldehyde,
increased the value for intersection poiﬁt from 0.15 mM to .
0.81 mM, It should be mentioncd here that the K,, value for

the second substrate in case of an ordered mechanism can

not be calculated from initial velocity data.

Substrate inhibition by glyceralllehyde indicated by the
upward curvature_in the double reciprocal plot, was more
pronounced at éﬁ 7.3 (Figure.,5) than at pH Q.Sr(Figure 1).

This inhibition was overcome by NAD® as indicated most clearly

by the reciprotal plot in Figure 6 where NAD' is the va;iable

substrate and glyceraldehyde the changing fixed subst;ate.

Moreover, the secondary plétvof intercepts vcrsusvglycer-

aldehyde‘wés still linear (ﬁigure 4). Sub;trate inhibition -
s generally considercd 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 enzfme form otaer than the_one it is supposed to react

* L ‘v 13
I
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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 NADigsite,

. perhaps with an amino or -SlI group. -

As stated above, the initigl velocity data do not dif-
ferentiate between random or ordered addition of substrates
and release of products. Dead-end inhibitors may be used to

07

distinguish between these possibilities. ' In an ordered

. mechanism, an inhibitor interacting at the A site (first
L

substrate binding site) forms a'heéd—end complex with a free
enzyme and, therefore, the inhibition with respect to second
substrate (B) ;ould,be noncompetitive (equation 6). On the
other hand, - inhibitor which interacts at the B site
(second substrate binding site) forms a dead-end complex

with a binary complex, EA. Thus, the inhibition with respect

to the first substrate (A) would be uncompetitive (equation .

7). ‘ o

K. K .
1 1] Ma' 1 K ‘-
— vt n— I - el
" v( A 1+ /Kl) + Kb) " +( !_\3}_(1 + I/Ki) + ])3— {6)

*

K. X K X
1.2« a3l » 1004 4 p/x) + 1 (7)
v VB v/, A B

<

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

v

4 -
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respect to the non-varied substrate in all cases {equations
11 and 13, see following). A number of pstterns for various
mechanisms d:e spec1£i¢& in Table XIII. In the present
study, thienicotinamide-AD" and N”-methylnicotinamide, com-
petitive inhibitors with respect to NAD+, showed noncompeti-
tive inhibition when glyceraldehyde was the variable sub-
strate. Conversely, Fhlarul hydrate gave competitive in-
hibition with respect to glyceraldehyde and noncompetitive
with respect to NAD.. Thus, "these,inhibition patterns are
consistent with a random mechanism in which the interconver- '
dsion of ternary complexes is the rate limiting step and all
other steps are at approximate equilibrium, i.e., rapid
equilibrium random mechanism. In a random mechanism either
) 'substréfe, NAD® or aldehyde, can bind to {ree enzyme as well
as to a binary complex (F-ald or E-NAD). The diagramatic
representation of a random Bi Bi mechanism describing the
interactions of competitive inhibitors, thlonicotinamide-AD+,
N“-methylnicotinamide and chlorul hydrate, with various en-

zyme species is shown below:

E-IN-NAD &—————"E-TN-NAD-ald

} »
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$ABLE XIII
DEAD-END INHIBITION PATTERNS

Determined for B;dered*mecﬁanisms by 1ntro§uéing (1 + I/Ki) 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.

e

- Inhibition pattern
}
Inhibitor Variable In%er- Predicted
Sub- action
strate * site Ordered Random* Observed
, . NAD first Ald. first
Thionico- NAD NAD ‘compet. épmpet. compet. compet.
tinamrde-AD,_ glyc, . noncompet. uncompet. noncompet. noncompet.
N’ sMethylni- NAD NAD . compet. - compet. compet. compet.
cotinamide glyc. noncompet, uncompe?, noncompet. noncompet,
Chloral glyc. alde. “compet compet. compet. compet,
Hydrate NAD uncompet. noncompet. noancompet. nhoncompet.
Adenine NAD NAD compet. compet. compet. compet.
glyc. o noncompet. uncompet, - noncompet. uncompet.
Adenosine NAD NAD compet. compet. compet. compet.
glve, noncompet. uncompet, noncompet. uncompet,
NADH NAD NAD compet. compet. _ compet. compet, °
glyec, noncompet. uncompet. noncompet. noncompet.

*  Inhibitor combining with both

E an

d a binery ES

complex.

6S1
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' r where TN = thionicotinamide-AD"
!
' ‘ Cil = chloral hydrate
Kmf, K‘m . KCH’ K¢y = dissociation constants

- KNAD* K;un s Kalg » Kﬁo!d .

This formulation was uscd as the bdgshs\ for obtaining

iy
wam, o=
Soa LR

rate equation 8.

’ Equation 8 was derived on the basis of“rapid equilibrium

.
assumptions by using Cha's procedure (136) and incorporates
terms for the dead end combmatwn of tummcotmam:.de AD"

and chloral hydrate. . .

\fINAD.Ald
v =
> ci TN ~ o o H
X -K (1+-—-—-—+ J + K .NAD(I*—K--——-)
NAD" " ald Ken Koy ald . cH
+ K7, o Ald(L + ru) + NAD.Ald (8)

' °

reciprocal form: i ,

(1 * CH/Kqy + TNJG Ky p K ga . K™ 14(1 * CHIK"()
1NJ"‘D .A1d V1A1d

< “ &
K'nap(t * TN/Kpy)  y (o)

+ V NAD v .

3

<h-a

o
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Equation 10 cbtained by req;rangbment of equation 9
describes the inhibition patterns obtained tor thionicotin-
amide-AD" and N“-methylnicotinamide when NAD' is the variable

substrate?

7
(10)
1 Ry K71+ TN/K )
1 . 1] *sap* a14 ™ . 1.1
v v, ATd —= + Kp (1 * VK ) iy * v

7
,e B 5 &

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, specifias the observed pattern when aldehyde is the
(11)

1] Knap¥ a1afl-* TN/Kp) | S O A K uap (1 * TN/K”
NAD ATd VI " NAD

variable substrate: .

1, ™)
v
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In this case noncompetitive inhibition is predicted and

the experimental results confermcd, as shown in Figures 18

t

and 20. ) ; oo
Similarly equations 12 and 13 describe the inhibition
patterns obtained for chloral hydrate,
when aldenyde is the variable substrate: )
Tl 1)
T - RIENRCVRRE
1_ 1) *nan¥ arall * GWKg) (1 + QK ) <Ly o 2
v 'V NAD ald ce’ AL © 7,
Competitive inhibition is predicted for this inhibitor
and was observed experimentally (Figurc 26). //
~ When NAD® is the‘variable substrate:
. o (13)°
1.1 | BeanX a1 * OWRGD 4y g oy Fazglt ¥ O/ Gy)
v Vl Ala . NAD "V Ald
. ¥

®
-

In this case noncompetitive inhibition is predicted
and the experimental results conformed, as shown in Figure 28.
Dead-end inhibition pattcrns for, adenine and adenosine
were competitive with respect to NAD® and uncompetiti#g with
respect to glyceraldehyde, a pattern which might be inter-
preted to indicate that aldehyae is the obligatory first

substrate. However,- these inhibition patterns can also be

-
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expected in the case of rapid equilibrium randpm mechanism
if it is assumed that adenine dnd adenosine form dead-end
complex only with the L.ald complex. Such an interaction is

Tepresented in the following diagram

1;1134—.‘3—-»—13? E
£ . 10
% s > : w©
¢ o 5? ;
.p -
E i , where A = aldehyde .
B.= NAD'

1 = inhibitor (adenine
., or adenosine)

¢

The rate equation 14 derived for this mechanism ﬁy using

Cha's procedure is as follows: ‘



e
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A Eykg AB/Kp pp)Xp(rAB)

A B AB Al

(14)

1 + +

+ = +
Kacea)  XseB)  Faen) Fs(pas)  Xacsa)-Frcean

L, = ’ \,‘\ *

1. *acea) ¥ (ean) . Xa(AR)
v VlAB ) ViA

1 X Ky (5 agy ]
R T/ I T6:1)
Vi VB L Kpeap!®

K

0

(15]*

By rearrangement to equation 15 it can be shown that in-

hibit1pn versus aldehyde (A) would be uncompetitive.

¢

(16)

K, oo Koo K .
11| Fama)y®sceas 1.1 B (EAB
- Vl{: ( lB (EAB) KR(nAai] it Vl{; * (1 + {&{}

~%

’
s

o

Similarly, by rearrangement to equation 15, inhibition

versus NAD® (B) is seen to be competitive.

1. Mseany| Kaemy,,, 1 |1, l_.(fA(EAB) .1
v v A Krcany B Vo \ A

Equation 16 and 17 indicate that the éxperimental in

hibition data obptained with adenine and adenosine are con-

sistent with a rapid equilibrium randowm Bi Bi mechanism.

(17}

-

It
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*
is to be noted that adenine and adenosine are very weak if-

hibiters (K, = 1.92 £ 0.16 mM and 0.58 * 0.06-mM re-

i slope
spestively) compared to the NAD analogue, thionicotinamide-

+ !

AD . }

i

NADH, a product of the dehydrogenase reaction, inhibits

o

dehydrogenase activity but this can not be treated ¥ a

typical product inhibitor because the reaction catai}zed by

4

the aldehyde dehydrogenase is irreversible. Iphibition by~

" NADH was competitive with respect to NAD® and noncompetitive

with respéct to glyée;aldehYde. These results are consistent
with a rapid equilibrium fandom mechanism and they fit
equatkon 8. ‘However, a simiiar inhibition patte;; is also
expected in case of an orderé¢d mechanism in which NAD" is the
first substrate. Such a pattern of NADI inhibition was- also
observed with pig brain aldehyde déhydrogenése {(115). 1Imn
contrast, NADH gave competitive inhibition with respect to
NAD* and uncompct1t1ve inhibition with respect to aldehyde
“for yeast aldehyde dehydrogenase (117). This finding was
consietant with 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 substratc (116). .

The results of dead-end and substrate inhibjtion
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

.

n
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recxprocal=plots are 1hd1cat1ve ¢f a quasi- equlllbrlum ran- 9
dom mechan1sm"§1ncc the rate eqqatxon derived on the basis
of this fnrmulatxon‘1b fzrqt degrbe in both\substrates. The i

equatlon denlvcd on tbe basis of % steady statg fully random .

- _mechanism Tonrtains terms in bz, lemglng to .the expectation’ u////

-

L

Cleland dnd Wratten, as well as ot

i nne. Such,plofsabecdmg~linear when *here are spécial re-

of cxperimentally non-linear reciprocal plots. However,’

\

»
ers, have pointed out

. » S ¥ -
that linearity of initial velocity reciprocal plots deoes not

S

. . »
necessarily mean that the mechanism lis not a fully random

1at10nsh1ps Between thé rate constant§ (137,138) or at low
substrate concentration (139). S&udz&s of esteras&fﬁct1V1ty

now become pertinent to further def1n1ng the dehydrdgenase

¢

mechanism. R . ) ¢ "

Wetarls), are consistent with random ,addition of NAD™* and

First, the conclusion that NAD" as modifier does not

bind solely to frec enzyme in the esterage reaction and, ‘

‘second, the observation that Llyceralde:jgé can blnd to free

enzyme in the absence of NAD' (sce Discuss%cn, Section D “for .
o’ a ¢ ’ vy '

aldehyde to-the enzymé duripg the dehydrogenase reaction.

Inspection of certafn kiﬁetic/parameters of the esterase and

dehydroge%%se reactions suggest that tﬁe mecﬁanism for the

d hyq;okenuse‘reactioh may, in fact, be fully random rather ‘

than rapid équiliium randém. If the rapid e;;uilibrium .

_assumption is valid for the ﬁchydf:gcnase reaction, K1a f

glyceraldehyde at pH 7.3 estimated from Figure 5. .should™ ‘

agree with the ;nh;bltlon constant (sope) obtained for ‘1% v

ot R * 4 we
4 ' r
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lyceraldehyée inhibition of ester hydrolysis in the absence

of NAD' (Figure 70). These constants would be, diésociation

wconstants for glyceraldehyde from free enzyme in both cases.

The fact that théy do not agree (K =0, 1 mM; K, =7 mM)

i slope
suggests that the dehydrogenase mechanism is fully random in

&

spite of the experimenthlly linear double retiprecal plots,

F

The very hlgh vaiue qf 7 mM for K, may be taken to im-

i slope
ply that the dehydrogenase reactlon flux is mainly via the*

enzyme- NAD pathWay but substant:atlon of this’ 1nference s
would requxre determination of individual rate constants
rathér than a thermodynamlc equlllbrlum constant (K, slope)

°
k‘h&\.‘ -

. A parallel comparison of K. for NAD® and the kinetic activas

tion constant for NAD® with respect to ester hydrolyszsncan-

not be made. This is because the dissociation constant for

' NAD® from free enzyme cannot be unequivocally calculated

from this kinetic constant. (see Discussion of Esterase Mechan-

isMf). However, the vast difference between the activation
2

lconLtant for NAD® (75 uM) and the 1nh;b1tion constant for

!
l

glyFeraldehyde (7 mM) also implies tRat the pathway in wh1ch
NAD' binds first predominates under :S}ta1nwcond1t1qps in
the dehydrogenase reacti;n. Thus, one _might expect chloral
hydrate to give uncompetltlve inhibition w;th respect to NAD*
as varxable substrate at a suff1c1ent1y low fixed cnnccntra—
tion. of glyceraldehyde. Nevertheless, the experiment (Fig-
ure‘sb) performed for chloral hydratg}%sing a ccncentr;%ion
of‘glycergldbhydg’?iigﬁtly ﬁigher than its'Km ani NAD* as

‘

the variable substrate still rosulted in noncompetitive in-

I ’ ‘
| 4 : . T
t

Lo ' e

L3

&
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hibition. If one accepts the implicatiéﬁg of ,the esterase
data, this would indicate that botn steady state pathways }
- @re operating at thesc concentrations of_glyceraldehyde.’ At
_still lower concentratioens of;glyceraldehyde the f}ux'should
shift to an "aldehyde-f{irst" patﬁway at aldehyde‘iévéas ap-
“ proaching sdturation.

3

) Pettersson(140) haq recently carried out theoretical
aﬂgiysxs of initial rate behavior of ternary complex meéhanlsms‘
and sug&ested that the soYcalled compulsory order mechanism
is never fully ordercd but xathcr should be considered ran~-
dom-order in which one of the pathways carries most of the
reaction flux. The exi;tence of binary cgmplex, EB, should”
not be ignored..gjt s@ould be mentioned h?re that the be-
havior of such mcqﬁanisms in relation to dead-end and product

-inhibitions was not discusscd by PettersSon, This author's
theoretical analysis was limited to inittial 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 requi d.v The S

’ stéady state random mechanism equations for-dead-end inhibi-
tors gave"never ?een derived. -However, Rudolﬁb”?nd Frq?m
(138) pave r%centfw pointed out that the fqhibitlon pattérns' .
predicted by\CGmputer simulation of steady state random
mechanism for dead:end inhibj}ors are similar to those px; <,
pectgd on the basis of the ﬁore restrictive rapid edhllibrxum%‘
assumptlon usqd for the 1nterpretat;on of data obtnmned in

thisj:tudy ﬂratten and Cle}and (141) have re;qxgstlganed P

\
, L \

€

-
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the kinetic mech?nism of alcohol dehydrogeﬁasé,which had been-
~be1ievedf%o be comgulsory~orderr(NAD+~fif§E) for many years. ¢
They showed that the'péthﬁay in which alcohol (B substrate) (
binds to {ree - enzyme does exist-for ‘this enzyme but that
most of the reacti;n fiux goes throggh the NAD+ patﬁway:u .
- This conclusion was ‘reached on the basis of the results ob- -
. ‘tained for methanol inhibition of either ethanol oiidation
or acet{iffjehyde reduction., Methanol inhibited,noncompetitivély
with rgs%ect to NAD® and gave a non-1linear inhib1tio£ pattern
with respect to ethanol or agetaldehyde. :When\ethannl was .
variedaip the range of very hxgh coﬁccntrations,‘noncompeti~
tive inhibition with re;pect to eyhano} was observed. ’
In summary; theionlynmechahlsm whihh regdily accomodates
’ all the kinetic dataﬁrfported here for human llver_aldéﬁyd§
dehydrogenase, is a fully random Bi Bi mechanism. Thg addition

of coenzyme and ,aldehyde and release of products can be

« diragrammed in tne following simplified form:

B e
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. This mechanism is in;cnhtrgst to that reported for pig
brainhgldeh}de'deh}drogcnase by Dunc%n and Tipton (115) yeast
aldehyde dehydrogenase by Schwarcz and Stoppani (108), and .
‘bovine llvor aldehyde dahydrogenase by Freda and Stoppanl
(107). In all these cases it was cohcluded that an ordered
.« mgchanism in which NAD® binds first was operative. In fact,
verytlimited kﬁAefic studies were carried out by these workers.
In éase of pig brain aldehyde dehyd;ogénase NADH inhigltioﬁ .
was competztlve with respect to NAD® and nOncompet1t1ve with

#

respect ‘to aldehyde. This and the obscrvat1on of compet1t1ve
substrate'inhibition by aldehyde were th; only cr1tér1a uSed‘
to define the reaction methanism. Substrate inhibition can
'not typlcally dlffcrentlate between random and ordered mechan-~.7‘
isms unless supp?rted by othcr th}bltlon.data. f?lng pong, T
ordered and random mechanisms all can ékeﬁ coméetitivéifub—
strate 1nh1b1t10n S1mllar1y, the same NABH 1nh1b1t10n,pat- .
terns i. e., competitive nith rcspect to NAD and noncompeti- -
"tive with respect to gly;eraldehyde, are shown by a random ~.

mechanism &s'well as by an*ﬁrdered”ﬂgchgnism in whjch:NADf

Y ¢
v "

binds flrst. ' e ’ SR o
Compet1t1ve and uncompetltlve ;nh1b1t10n patterns ob- -
tained for hydroxylamlne with respect to aldehyde and’ the . N

NAD® -analogues, 3- acetylpyr;dxnc -ap* and. deam1no~pAD,4;xe»’ K
spect1ve1y,,ﬁere.used as a basis for proposzng an ordered ‘
(NAD‘-f1zst) meghanlsm for yeast aldehyde dehydrogenase (108). .,
It should be mentioned that hydroxyidmine did not inhibit ‘
this’qﬁzyme when NAD* was used as a'coenzyme. |

o ' s ¢

R
b - u %ﬁ P4 . Pt N

1 L 1 s
] , Y . -

| -
‘ A 'Y o . “
, .
.
.
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s

The effect of structural analogues of coenzyme‘and

aldehyde on the anx’

‘were intﬁrpreted to indicate an ordered mechanism (NAD+-first)
for bovine liver aldehydé dehydrogenase (107).

In the case of horse enzyme (116}, esterase Qata and the
qompeti;ive inhibitibn pattern obtained for NABH ﬁiih respect
to NAD" were employed to assign an orderdd mechanism (NAD =
first) for this enzyme. The inhibition constant (Xy) for NADH

in the dehydroaenase'reactlon was 51m113r to its activation

E

constant calculated from the esterase activation datar»\AL§31~

° the fact that glyceraldehyde did mot inhibit esterase acti-

vity under the experimental conditions employed, was inter-

preted to indicate that a binary egzymé-éldehyde complex

' was not kinetically significant.

'

&

Bradbury and Jakoby (117) have recently reported evidence
for an ordered ﬁ;chan1sm in which aldehyde binds first to
the yeast enzyme. - This 1nterpretat10n was based on the ob-
servatlon that NAD® did not b1nd to free cnzym& in the equi -
11br1um blndlng experlme?ts and that anlbltlon obtazned\ﬁ'th
NADH was compet1t1ve with respect to NAD® and uncoupetttzve
wxrh,refpect to aldehydg. | . K M,JJ\W

Since the human- enzyme can ﬁow be prepared in almost

Al A .
homogeneous form, it-would be interesting to pérform equili-
] | i

.brium binding experimcnts on’ the formation of binary complexes.
& ‘ - . '

This approach should provide further information on the \

f . ’
|

L N = »
kinetic data presented in this thesis. u

¢

av
=y
e

Km for coenzyme und K, for aldehyde o
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) \
b. LSTEROLYTIC PROPERTIES

Hunan liver &ldchyde dehydrogenase possesses the ability
to catalyze the hydroly51s of a number of p—nxtrophenyi>

esters, e.g., p-nitrophenyl aéetate, p-nitrophenyl propionate

i
and p-nitrophenyl butyrate. It appears that an increase in

_the length.of the carbon chain of the acyl moiety of the

ester decreases its affinity for the enzyme STable VIII).
ﬁmhydrogenase activity and esterase ‘activity measured in

the presence and absence of NAD gave identical elution pro~

flles on DEAL -sephadex, column chromatography (Figure 59), -
demqnstratlng that the same’ protein is rcspon51b1e for both
act1v;t1es. NAD" and NXDH, oh11gatory participants for de-
hyﬂrogen;se“actlwity, stimulated ester’hyﬁrolysis. This. o,

behavior is similar to that reported for horse liver alde-
*

, hyde dehydrogenase [116). Conversely, glyceraldehyde, a

substrate for the dehydrogenase reaction, was a competltlve
inhibitor of esterase activity (Figure 70). This observa-

tion is consistent with ester hydrolysis taking place at .
tﬁ: aldehyde b;ﬁéing site for dehydrogenase activity. Fur- ‘<,
ther substantiation was provided by thc fact that chloral

hydrate, a competitive inhibitorgbf dehydrogenase activity

with reshyct to aldehgde, also conpet1t1Ve1y 1ﬁh1b1ted ester
hydrolysxs (FLgure 71). Conpetit1ve 1nh1b1t10n of esterase

activity by glyceraldehyde was not obscrved by Feldman and ..

e . . + . ’ - i 4 4
“Weiner in the case of horse enzyme (116). The esterase re-

action kineiics, i.e., glyceraldehyde’ aid chioral thrat;

inhibition and activation by NAD® and NADH, provide addition-

P
v
'
. §
.




*

. ) : 173

R

al evidénce that both activities are ‘associated with the

same protein and closely interrelated.
NAD" also effects the binding of an aldehyde analogue.

+ . .
The presence of NAD_ during the esterase reaction lowered

the slope inhibition constant for chloral hyarate from 0.8 mM

to 5.0 uM. Furthermore, tq}s Kl {slope) value for esteraée'

inhibition by chloral hydrate in the presence of NAD® was

-

simllar in magnjtude to Ky (slope) found for its inhibition

‘of the dehydrogenase reactlon (glyceraldehyde varled at pH

9. S) The greatly reduced 1n51b1t10n constant far chloral

hydrate ‘in the presence of NAD" w1th ‘the esterase reaction

suggests that NADQ 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 mQPel" of Koshland (142).. Support for

.such a rolé has heen provided by Nirenberg and Jakoby (143)

" with the observatlon that NADP* -ligked succinic semialdehyde

de_zdrogenase was more susceptible to tryp51n digestion in

L3

the presence of NAD® or NADP® than in their absence.

It has been proposed for a number of carbonyl group-

]

specific dehydrogenases that the reaction proeeeds via thio-

-

hemiacetal formation followed By oxidation to the correspond-

&

v

ing thioester. This enzyme intermediatc in’ turn hydrolyses

. !
to release an acid product (144). Egcent ‘results of Féldman

¥

and Weinér have supported this:mechanism for horse liver
aldehyde dehydrogenase (116). Acylation of a sufhydryl or

other group of the enzymc is a reasonable 1ntermedxate steﬁ

i \
.~ ®
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in the esterase reaction (11§3 Based on the observation 6f T
‘a competzt ve interaction between glyceraldehyde and p- n1tro~‘
phenyl ;ceiate with respect to the aldehyde b:ndxng a:te,
it is feasible to consider thé formation of a common acyl-
. ;

enzyme intermediate in both the dehydrogenase and esterase

reactions. Such a relatlonshxp may be depxcted as follows:

]

h]

153

i O e OH
| CHICmICHICH 1 .
| , N O
S ' ’ ? .
I ’ (:}*23(:\ -
’X-Enz'
ACYL*ENZYME
INTERMEDIATE

o’mo2 T

P-NITROPHENYL ACETATE o

i

ACETALDEHYE

CH3

, ) «
The.existence of suéh an intermediate has been demon- -

strated in tﬁe case of p*nitrophenyl aeetate hydrolysis bf
glyceraldehyde 3- phosphate dehydrogenaae (119) and postulated
for aldehyde dehydrogcnaseszn.gcneral {39). On this ba51s,

i
e + . »
*

o
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the activation of esterase by NADU also provides information
on the rate lﬁmiting step i? the dehyd;ogenasegfeaction.
Assuming a common acyl-enzymg intermediate, the esterase }e-
actioﬁ in the presence of safh;;t%ng levels of NADH would

' proceed via the ternary complex illustrated below: . L.

? &
It-can be seeft from the data in Table IX that V. for * .

K

the esterase reaction in the presence of NADI is twice the -

Vmax for the esterase reaction in the absence of NADH but .

less than vmax for the dehyﬂrqgenase reaction (pH 7.3). The T

f?ét that Vﬁaxbger the esterase reaction in t e Presehce of A

NADH‘is~i;ss than Ymax‘far gehydrggenase reaction leads to

the speculation that the rate &iﬁiting step 1n the esternase “r‘

aétion qccuré prior tqﬁihe deécylat1on step. That is, de- - °

kcylation could not be the, Fate limiting step in the esteraée“ . )
ey

reaction since this would require the same step in dehydro- .



" enzyme species potentially present in the esterase reaction

.
e e e o A
o 2

f
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53

g

genase action to be faster -- an impossibility if an identi-

cal complex is involved. A similar conclusion was reached -

for horse liver aldchyde dehydrogenase ,(116). ~ .

T

) Data obtained‘for the effect of micotinamide nucleotides
on the Michae1i§ constant for ester also provides information
on the order of binding of cocnzynic and estg}.to this enzyme.
Modifier (NAD' or NADI) could either bind to free enzyme or
to binary enzyme-ester complex or beth. The ways in which

[ + . N s
modifier (NAD ) ester and cnzyme can combine to give various
- - .

are shown below: ’ - . ) -

T < ky ke . " A B
E+So———* IS ——+P < yK. = . -
. ’ kz , L ¥ 15 . E;i C K
&3 * - N 'k4‘ . ¥
b . = P
BLES i } KT,
s, s
E + § sm—————* UES' X = .
ke s (MES) ES
.o - ME + P ’ :
ES M---———'- ks MES “ kg i
S M= Kmomes) =
>v’ ‘1 "k‘ ~ /i Ev’
: ) - * " v’ . t
. 4 ’ ‘where § = ‘substrate ’ )
) gwu .+ P = product
, .. M =_.medificr (NAD®)

J Kis’*xin, stMES)f KM(MES) are dlssoc1at1?n constants
. . ; N 6o o
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P
On the assumption %fj;;pid equilibration among various, x
enzyme species, the initial vclocity equation derived by -using
'Cha's procedure EQr the above mechanism is*: &
- ’2 - 4 . 4
3 - '—ﬂ . v
w VSS + MKSHJJS% ) :
", BM(MES) . v
v = : (18)
K. SM . -
* Ki.s + S + ‘KISM .’ - g e
& . PR ] 3 WMES) L R

Under rapld equ111br1um cond1t1on steps governed by k9
and k1 are con51dered slow compared to the other steps.
Thus, kg and kyo in fact define the rate limiting steps in

this mechanism. Possible estimates of certa1n~d1ssoc1at10n

constants can*be obtalned from tne experimental data in
L4

-

Figures 63 and 68. In the abseqce of NAD ;wgﬂﬁ Km valpe for
,ester of 3.7 pM (Figure 68) wili representhxis, the dissocia-

tion constant for thg enzyme-ester (ES) %pmplex, Since a " .

I

high /concentration of p-nitrophenyl dcetate (approaching
saturation) was used to detcfﬁiﬂé the activitionfco;stant
for NAD of 75 uM”(Flgure 67) this value Hlll be a rcasonable ~
a;;roxlmat1on of KM{M&S)’ the d1ssoc1at10n constant for M
from the ternary complex (MLS) It- is apparént from the, datg
sho:wn in Table IX that both NAD" agd NATI in’c;ease the ob- . '

e served Km for ester. A value for K tie dissociation .con- = .

A »

im’.

¥ ot

- - 4

* Th15 derivation does not take into account substrate atti-~
. vation and applies only to velocities at low ester. con-
centrations. )

»

" + v N -


http://absen.ce

) ’ 178

.
[

stant for the enzyme-modifier (L:M) complex, may now be ob-

tained by using this apparent ﬂichac1i§ constant for pﬁpitro-
phenyl acetate (8.3 uM) determinedd in the presence of a}pan*

stant level of modifier, NAD' (Table IX). If equation 18

=, 1
-

is written in the form:

*
'

' ) o (V . Vs*_i)s (
Ly - s Fuups) 77
. p KiSM ' M .
PRSI G SRt =) I Ch oy K P
N | “

i
it can easily be scen that the apparent Michaelis constant

for ester is given by the following expression:

: M « .
- 1 + ---—«K : m*é . l,‘
Measured K = K..- .
m ,is M

R e
. M(MES) -
wt

-

P

-

r

The value obtained for KiM by appropriéte,substitution

1
-

in his_expression wes 32 uM. Hlere it can be said that K
L:“faf‘ester oniy‘goas‘up when KM(MES)ﬁ>’KiM' It is important
to stress that these calculations are hased on the assumption
. of apid~eql'ti1ibriwn conditions holding for this reacti;:m.
Such an éssumption has usually been based on the observatioq'
ioﬁ,linear double reciprocal.rate plots as-in this study. How-
ever, it is behoming increasingly evident that fully random

mechanisms can give plots which are approximately linear <

v ,
’
’ .
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within experimental error or, in fact, trulgslinear for cer-
tain combinatﬂgns of tate constants (see also Piééﬁssion of -
the Dehydrogenase Reaction). If modifle} and ester add to
thg enzyme im a fully random mechanism the ‘above calculations

of dissociation constants would be invalid — Kmemes) could

4 * -
be ‘sither 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 random mechaﬁism:°vﬂowever,
&

the data rule out a mechanism in which NAD® or NADH c¢an only

bind tp a binary-ester complex. -

e
%

o ‘ #
-, r
N

- . LS . EP ks vy
E oy bl § o - e P . R A
- '(2 - kiz”‘@ kGP i
ky| |k, M kyy Jhp M .
kq = 4.
MJ.S S—————" MEP

‘ 10 , .

where S = substrate (estér)

modifier (NAD™)

LN

S
M

p

product .

’

e} i S |
The rapid equilirbium initial velocity equation which

specifies this'mechanism is: . ’ SR
' s .
VSS *+ b**’f“"““ I
' v = — 'f(M}:S)\ *
» S + o Ky \ :
: mMesy MR \
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.which requires a reduction in apparent Km for the-estmrosthesas = momr

strate in the prescnce of modifier., This conélusion was the

Y

®

samk when the corresponding steady state formulation was -
!\ - r -

===

used as a basis for obtaining the rate equation by the com-

PR — )
puter procedure of Ilurst (145): —_— —
. " s . [Kr.:!:KZM]SO o ,'
. r 2 p . '
o [K3 * K4M + KSM ] S+ K6 + K7M‘ e

T P ~

— The apparent Michaelis constant 1s equal to:

4

. o K's refer to complex expressions
madé up of groupings of individual

o rate constants specifying steps

5

in the mechanism ——

_ K * KM [ o
— ) _
Ky + KM+ KM

7 w

‘

Th® value of this exprGSSLbn mdé? decreafp at high values
of M. Conversecly, the fact tﬂat,esterase activity was ob-
served in the absence of any nicotinamide nucleotide disposes
gf a formulation in which NAD® is tne obligatory first Ligand /?
Qiﬂd1ng to free enzyme.’ licnce, the ohservation that nicotin-

amide nucleotides incrcase the Km for the ester substrate is
» *

-— — -« , consistent wi}h random order of addition of ester and activa-

tor to the human enzymes- Such a mechanism may be diagrammed

Id »

in a simple way:
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This hypothesis for the esterase reaction is consistent with
that proposed for the dehydrogenase reaction (seec Discussion
under Kinetic Reaction Mechanism).

E.  ESTERASE REACTION — SUBSTRATE ACTIVATION IIYPOTHESIS

According to the Michealis-Menten formulation, the plot

L4 +

of v as a function of § is a hyperbola, with horizontal
asymptote kZB. The Michaelis-Menten cquation may be reg

presented as follows: - ;
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[ . )
' Vs f_ , -
v = .- .
¥ . K, * S
In recipr@g<: form: <_' . R
" L. 1,1
” 'V ¥ S v

The downward curvature of the double reciprocal pldt in

’ LY

Figure SB’indicates a deviation from normal-Michaelis-Menten
kinetics. It has been prOpose& that such downward curvature
is due to the activating effect of a sccond molecule of sub-
strate binding at -a site’ other thagﬁgge Eatalytig‘site but
this concept has not been well established experimentally
(146,1@?). The opservedldownward curvature seen in these
double:rec1éroca1 plots can be explained by pdstulatiné two
pinding sites for prnitrophenyl acetate on the same eﬁzyme.p
Binding.of a second moleche of ester at a non-hydrolytic
N site other than the catalytic site would then alter the
properties of the catalytic site. Such a substféte activa-

tion mechanism can ‘be represented as follows:

- - -

“E + 8§ ;== ES§ ’
]
S + E &&———————* S5E
E§ + 8§ m——————* SES
® - o »
SE + S = SES§
SE§ st SE + P N
: : ES i [ 4 P

-
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ES represents the enzyme-substrate complex in which S
is bound at the catalytic site, SE is enzyme-substrate com-

1
plex in which substrate is bound at the secong site (non-

.

catalytic site), and SLS is activated’ enzyme-substrate-sub-

strate complex. Both ES and SES are assumed to break dowh

to products + k and E + Sk, respectively. .
The following‘quasi—equilibrium ratc cquytion has been derived

- on the basis of above mechanism (148):

2
1+ K,/(1 = V/V,)S + KK/ (1 - Vy/V,)8

-

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-
strate at high concg;trations. If klo > kg, the déuble re-

i

ciprocal plat 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 ﬁode of interaction of p-
nitrophenyl acetate 1s provaded by the following observatxons.
The plot of initial rate of hydroly51s as a functrﬁn of ester
. ' concentration in the éresence of NADY gave a normal hyperbollc
curve (Figure 66). In fact, the double rec1proca1 plot of~ .
the dafgqobtalned in the presence of NAD® ovér the otherw1se
stlmulatory concentration range.of ester is a horlzontal line
. (Figure 69). This resylt can be 1nterpreted to indicate that
NAD® blocks the binding ef substrate at high concentrations . °
« at the second site which 1s responsible fo} the aétivatmon:
There 1s then no site other than the catalytic site left
for the'binding of substrute: These results also constitute

~

good evidence that the second binding gite for-ester is_the
coenzyme bipding site for dehydrogenasc act;v%ﬁy.b In "general,
an agqnt which blbcks substréte activation could in 1tself
be either an activator or inhibitor of hydrolysis. Nap®
which blocks the binding of the ester substrate at the geéj
ond site 15 an activator of the esterolytic éﬁtivity ofwhﬁhdn
aldehyde dehydrogenase. The blndlné of p-nftropheny} acetate
or NAD® at tﬁe second site may Poduce a similar conformational
+ change in the polypeptide chain which in turn cnhances the  «~
catalytic power of the active si£; with respect to'hydrolys%s.
i, Although, these results arc consistent with activation
of the catalytic site médiated by 'the second ester bfnding

- ,
site, they do not rule out the occurance of hydrolysis also

v
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at this second site. Currently available kinetic techniques

are unable to umejuivocally distinguish between the two al-
- s -

-

ternatives since the rate equations derived for both mechan-
L)

o

isms are of the same form*. <
fhe evidence presented herc tends to favour the first °

mechanlsm;without c¢liminating the contribution, if éﬁy, by

the second mechanism. ‘Suq§trate activation was observed in

the case of chymotrypsin but ester hydrolysis at the second

‘site was thoyght 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

1]

untouched. However, such chemical modification might well

—

expose other functional groups'whlcﬁ—could also hydrolyze

p-nitrophenyl acetate. . .

- P

1

E. ACTIVATION OF TUHE DEHYDROGENASL REACTION BY BOVINE SERUM

;

ALBUMIN ‘ ;
All aldehyde dehydrogenases which have been purified to

L

ﬁomogeneity are composed of. subunits (36,75)." The nature of
iqteractions between subunits*rc%ponsible for thé molecular
integrity and their influence oﬂ the catalytic process\are'
not yet known, In the present study, a number of different
unrelated proteins of d%verse physical and chemical properties

L4 v

i .«

* A mixture of two enzymes utilizing the same sSubstrate would
also give this typc of ratc equation. However, chromato-
graphic and kinetic- studies have ruled out the possibility
of any contamination being yresponsible for substrate activa-
tion and/or esterdse activity (see Discussion, Section D).

-
2
t
3
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have been examined for effects on native human liver aldehyde: e

dehydrogenasc activity. Among these proteins, only bovine
] n

serum albumin produced siubstantial changes in catalytic be-
havior. Comparisons among other proteins "indicated that mole-
gulér size, ovérall charge character, or sulfﬁ}dryl and di-
sulfide content individually, are not major factors responsible
for the activation. Fajlure to observe effects of similar
magnitude with albumins from other species suggested that
activation of the dehydrogenase react;;p is due to a specific

'
interaction between bovine serum alburlin and tHe human enzyme.

it S

re——

The effect of povine serun albumin on other aldehyde dehydro-

genases has nok_béen reported. The reduced agtivatioh ob-

s

taincd 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 1t. .

¥
- )

e

Activation b; bovine Serum albumin was Strongly pH
deéendent. The most dramatic relative increas€ in dehydrh-
genase dactivity in the presénce of BSA occurred at pH values
close to neutralaty, both w{th low and h1%h 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 conformagtional change whiﬁp
is favou;able for enzyme catalysis. Spcb 5 changa'might be
similar to that caused by a change in the ionization state
of somé functional group(s) in the protein Since enzyme acti-

-
N

vity reaches a maximum at high pH (above pH 9.0). T

~ i
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4___Ihee§rea%e¥=e£fett“ﬁféﬂ%ﬂ on the pH- act1v1ty relat10nsh1p

at low NAD® levels qombared to high NAD 1evels'suggests that

interaction of bovine serum albumxn with the human enzyme in-

creases.-its aff1p1ty_fpr NAD®. This is further supported by

v

the following obsérxptiongf First, the double reciprocal

‘e o

plot of initial velocity versus NAD' concentrations in the

v

presence Jand absence of BSA shows a»"coﬁbgtiti?e"~activation
pattern:‘ In other words, aldehydé dehydrogenase activity )

was the sume both in the presenceaand;aﬁsence of. BSA when

.

NAD+ was saturating (infinite concentration). Only the

(9

. Michaglis constant for NAD is affected, not the V_,  (Figures

{77 and 78).. It éhﬂﬁld“ﬁé mentioned that the acetaldehydg
concgntratiqn’in this experiment was 2000 times its Ko .
Second, when a szmzlar experiment was performed with glycer-

\hldenyde as varlable substrate the Mlchaells constant was

ot affected but V max

was 1ncreased, as shgwn in Figures 75
and 76. In this case the effect on V . was expected sincé

the NAD' concentration usod was not saturating {5 times Km).
Accordingly, true Saturation with NAD* would eliminate any
effect of albumin under these conAZ:;;;;. Thus, albumin

appears to activate aldehyde dehydrogenase by reducing fhe

. . : Wk . < .
Michaelis constant for NAD ', i.e., increasing its affln&ty;

<
s P ‘.

for the enzyme. ' ~

According to Frieden, activation of two substrate Te-

actions can beytreated in the same way as activation of
J

single substrate reactions ifl the mod1f1cr affects only one

.

substrate and not the other. Act1vat10n by albumin may then
N\ ¢ .

k]

»

°
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be represented by the followingbs1mplifieg scheme:

° E.+ S et > ES i ‘.E P
< +
. ’ — — ¢
: kg ri kg )
k ootk k, k.al} ks ke
. EM + S== o, EMS == = EM + P.

. o ' where S = [NADﬂ
[albumin]

“—

=
[

»

If k. = k, and k -4 =k_ i, i.e. , Af bovine serum albumin does
k
not affect the rate of breakdown of LS or EMS, the follow1ng

equation, adapted from Frieden (see equation 11 in reference

150) holds: . g ’
) > ' =
1 P VS
| T (1 + WKy
K, (1 + M/K .
S & L 2 2
(1 + M/KS)

Act{vation occurs if K s the dissociation constant for the
enzyme- mod1f1e( complex, is greater than KS’ the dissocia-
tion constant for the enzyme-modifier-substrate complex with
respect tg M. Since K1K3 must equal K2K4 on thermodynamic
grounds, tyis implios that K1 > K4, which corresponds to in-
creased affinity for NAD® in the presence of albumin, This
fo:mulation mus t remain tentative since data are insufficient
for determination of all the various constants involved.

From these observations the hypothesis as advanqed_that
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activation of human, aldehyde dehydrogenase by bovine serum
albumin ‘occurs through a change in the conformation of the

prot¢in and, that the altered conformation has a higher] affini-

ty for NAD'.

4 3

Y

Physiological Implications of Activation by Bovine Serum

Albumin

The role of protein-prote1h‘interactions between Func-
tional subunits of allostéric ‘enzymes in the regulation of
their activity is well recognized The present study with

S oo = w"""""‘{ ==t
hgvﬁi% se?ﬂmdiTﬁﬁﬁ*ﬁﬁﬂraws specaal attention to the potentl&l

@

importance of proteln proteln 1nteract10ns between dlfferent

proteins in the phys1olog1ca1 systems;‘ The: activating effect

.

of bovine serum albumin has been obsérved with many other

)

enzymes in vitro, but in no case rcported so far, has it been

- ¥

studied 1in detai] in order to delineate the mechanism of

*

activation. It has generally been considered to stab111ze

< . P

enzymes non- spec1f1cally at the_high dllutxons encountered
under assay conditions. ‘

Boviie serum albumin activates this enzyme ﬁaximally in
the physiological pll range where activity in the absence of
bovine serum albumin is relatively low. th is tempting to
speculate that human liver aldehyde thydragenase may be
activated iﬂ.!&!ﬂ;by some specific protein or ;roteins with
a concomitant effect on aldehydc mctabollsm under physiologi-
cal conditions. It may well be the case that the human enzyme

occurs in a complex with some protecin in the cell and this

associated protein is lost during cnzyme isolation and frac-

3 -

24,
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tiomation. It 1s generally thought that’'enzymes, in vive,

u

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-

ke

genase by BSA is higher with NAD® concentrations close to K,
than at concentrations above Km both at low and high pH, is

also an keeping with this speculation on the contribution of
protein-protein interactions between different proteins to
-% ) v
the catalytic efficiency.of the human enzyme in vive. This
3

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 ip vivo by such

protein-protein interactions.

-

G, MODE OF AGTION OF CHELATING AGENTS

Zinc is a s%ructural and functional component of many
dehyarogenases, e.g., alcohol dehydrogenase from yeast (151-.
153), horse 6153~157) and human liver (158:161), D-glyceralde-
hyde~3-phosphate dehydrogenase from hog muscle (167), glutamic
dehydrogendase from bovipne liver (153,162-166), bovine muscle
(168) "and yeast (168,169), lactic dehydrogenase f;om rabbit
muscle (170)uand malic dehydrogenase from bovine heart (171).;
Inhibition of ap enzyme by a chelating agent has generally “
been considered due to the co-ordimation of metal atoms pre-
sent in the enzyme. Thus, zinc-metalld enzymes are inll[libit{}d
by zinc«compiexing_agcnts. In the present study, various

chelating’ agents such as 1,10-phénanthroline, 2,9-dimethyl-1,

»

@

-
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10-phenanthroline and o«,a”~dipyridyl, were found to inhibit

the dehydrogenase redction instantaneously. Inhibation w;E
competitive w;tﬁ respect to NaD*. It i§Mintere§ting to note
tﬂat the inhibition constants for 1,10-phenanthroline and
lt§ analoguea‘2,9»dimethy1-1,10—phenanthroline, are quite

similar whereas the stability constants for zinc complexes

’{pf these chelators are quite different (Table QII). Siﬁce

‘there is a steric hinderance in Z,B*dimethyl-l;10-§henanthroﬂ
line, the zinc complex with this chélator is less stable than '
‘thdt” formed with 1,10-phenanthroline. %he‘low stability con-
stant for 2,Q—dimetﬁyl-1;10-phenanthro££ne would suggest

that a high inhibition constant should be observed for the
enzyme compared, to that obtained with ]1,10-phenanthroline.
However, this was not éhe case. Similar behavior was observed
with a{a’-dipyridyl and its analogue y,y:-dxpyridyl, These
two dipyridyls differ greatly in their ability to form zinc
complexes. Two hetcyocyclic Ting nitrogens are prgsent'in
both compounds, but these donor nitrogens are too far apart
hto form a bidentate complex in the case of Y,y -dipyridyl.
Therefore, 1t is expéctcd that the inhibition constant for

¥,y -dipyri1dyl should be greater than that for a,a”-dipyridyl

if chelation of zinc (or some other transitiom metal) wefre

involved in the inhibition of the dehydrogenase reaction. In

¢

fact, the inhibition constants were similar inrmagnitude for
both dipyridyl compounds. Quinoline, a bicyclic compound
with a single heterocyclic nitrogen, cannot form a bidendate

chelate complex. In spite of this, it inhibited .the dehydro-

&
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genase reaction. Benzoic acid is anothér exg&ple of an in-
h}bitor which does not form a stable compiex with zinc since
there;is.only one donor group ( -—COOH).

The similar.inhibition constants obt;ined for these
various agen:?:'differing widely in their ability to form”
zinc cdmglexes, strongly suggests that-the basis of inhibition
Eﬁﬁ{he enzyme 1s not due to the chglatlon of aﬁy metdl atom
présent in’ the humannenzxme, but rather,“ls‘thg"résult of a

comﬁétit1on hetween NADf and inhibitor for the NAD+-bind1ng

site. The competitive nature of the inhibition By these
%

éompounds suggests that the NAD:-binding site, has an affinity

for aromatic ring structures. Since these are non-polar, it

i

suggests that a hydrophobic area is present in the‘region of

the“NADT-blnding site and the inhibition of the dehydrogen;;e'
reaction occurs through hydrophobic interactions between )
this area and the chelating agent described hére.

Comparison ofllnhibition constants also showed iﬁﬁ¢ com-
pounds in whichlaromatic rings arc attached to a common C—C
bond aﬁdvcaﬁ freely rotate, were less inhibitory than those
which have fused ring aromatic structures. ﬁlpyrldyls (bi-
phenyls) belong to the first group of compounds and phen-
anéhroiines to the latter group. The inhibition constants
for dipyridyls werc ten times highgr than those for pheg-

anthrolines. Data also indicated that biphenyls and compounds

with single aromatic rings act in a.similar manner. For

o

§ — i = e

t?
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' et al. for yeast and bovine liver aldehyde dehydrogenases (79).

) “These
bo%h
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® instance, the inhibition coanstant for' Benzoic acid, a sjngle .

ticgring compound,’ was not considerably greater than
for the dipyridyls. The' genreal conclusion drawn from

£ ¢ ¥R el WEVEEG 7

resent data is in contrast to that reached by Stoppani .

authgrs concluded that the competitive inhibition of

enzymes by 8-hydroxyquinoline, 1,10-phenantholine, a,a”-

dipyridyl and thiourca was due to’ the ce-ordinaiton of zinc

with

not r

» of ye

» i

Fal

these\ chelators. In fact, Jakoby et al. (38,47) have
eported zinc to be present in homoéeneous preparations——=swe . v o

ast aldehyde dehydrogenase. ; \
. R

&
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