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ABSTRACT

The enzyme aldehyde dehydrogenase has been extensively
purified from the cytoplasmic fraction of sheep liver and a
study of its kinetic behaviour has been made.

Studies showed that the nucleotide fluorescence of
NADH increased on binding to cytoplasmic aldehyde dehydrogenase
and the 5.6 fold enhancement of fluorescence has been used
to determine the binding site concentration of enzyme
solutions. These binding studies showed that the NADH binding
sites on the enzyme were all equivalent and possessed a
dissociation constant for NADH of 1.2uM. No significant
amounts of zinc were detected in the purified enzyme samples.

Steady-state kinetic studies at pH 7.6 showed that the
enzyme was capable of utilizing a wide range of aldehydes as
substrates and the enzyme also possessed the ability to
hydrolyze p-nitrophenyl acetate. The mechanism of action of
cytoplasmic aldehyde dehydrogenase using propionaldehyde as
a substrate was found to be ordered, with NAD" binding prier 4o
gglggge b%?%?@‘NXBﬁ.P“ﬁ§€££2?§¥ constants for NAD' and prop-
ionaldehyde were 2.2uM and 1.4puM respectively while the
dissociation constant for NAD' was 8ulM. At high aldehyde
concentration (both for propionaldehyde and acetaldehyde)
substrate activation was observed. Steady-state kinetic
results were also reported at pH 9.3%.

Stopped-flow fluorimetric studies of NADH displacement
from aldehyde dehydrogenase using a series of displacing agents
(NAD*, deamino-NAD', ADP-ribose and 1,10-phenanthroline) show
that this process is biphasic with rate constants of 0.858-1
and 0.225-1. This has been interpreted as a two step dis-

L rate constant is similar to

placement process. The 0.22s”
the maximum enzyme reaction velocity in the steady-state at
high aldehyde concentrations. The association of NADH with
the enzyme was also found to be biphasic, one phase being
dependent on the NADH concentration while the other was
independent.

Stopped-flow experiments where aldehyde dehydrogenase
was rapidly mixed with the coenzyme and propionaldehyde showed
a burst of NADH formation followed by a slower steady-state

turnover. The maximum burst rate constants were1ﬂs-1and .255-/|
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for propionaldehyde and acetaldehyde respectively. A mech-
anism has been postulated for the observed burst and values
for various individual rates constants derived.

The general features of the kinetics of sheep liver
cytoplasmic aldehyde dehydrogenase have been compared with
those of the mitochondrial enzyme from the same source and
except for the value of the NAD' binding rate constant the
two enzymes have been shown to be remarkably similar.
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SECTION 1

INTRODUCT ION

The consumption of alcohol has been a common feature
of a variety of societies in the world for many thousand
years. While low concentrations of alcohol may be derived
from ingested food or from microbial fermentation of sugars
in the intestine (Krebs and Perkins, 1970) the main source
of the familiar effects of alcohol is from the consumption
of large amounts of alcoholic beverages. Knowledge about
the metabolism of ingested ethanol and the participating
enzymes offers a better understanding of the biochemical
processes involved in acute and chronic alcohol intoxication.
It is possible that at some stage it may also aid in under-
standing the effects of alcoholism and the existence of
any physiological basis of the alcohol dependence, in a
similar manner to drug dependence.

The major site of ethanol metabolism is the liver.
Here the ethanol is oxidized to acetaldehyde, then further
oxidized to acetate and subsequently to the important inter-
mediate acetyl coenzyme A. The acetate portion of the acetyl
coenzyme A molecule can be oxidized completely to carbon
dioxide and water or converted via the citric acid cycle to
other biologically important compounds, such as fatty acids.

The major enzyme involved in the conversion of ethanol
to acetaldehyde is alcohol dehydrogenase (EC 1.2.1.3%), an
NAD* dependent enzyme which can also catalyse the reverse
reaction using NADH as the coenzyme. ©Since this enzyme was
first purified (Bonichsen and Wassan, 1948) it has been the
subject of intensive study. Another enzyme which may catal-
yse the reaction, but which is not as important, is the
hydrogen peroxide dependent enzyme catalase (EC 1.11.1.6).

Several enzymes may catalyse the conversion of acet-
aldehyde to acetate. The flavoproteins xanthine oxidase
(EC 1.2.3.1) and aldehyde oxidase (EC 1.2.3%.2) may catalyse
the reaction, producing hydrogen peroxide, however the most
important enzyme 1is the NAD* dependent aldehyde dehydrogenase
(EC 1.2.1.3) (Richert and Westerfield, 1957). Initially an
enzyme system "aldehyde mutase" was thought to catalyse the



dismutation of acetaldehyde to ethanol and acetic acid

(a Cannizzaro reaction). However it was subsequently shown
by Racker (1949) that this mutase activity was in fact due
to the presence of two enzymes, alcohol dehydrogenase and

a previously unknown enzyme aldehyde dehydrogenase. Racker
then purified this aldehyde dehydrogenase from bovine liver
and reported the wide aldehyde specificity of the enzyme.
The enzyme has since been isolated from various different
sources, however it has been much less extensively investi-
gated than alcohol dehydrogenase.

It has been suggested that since acetaldehyde is a
nuch more reactive compound and is more lipid soluble than
ethanol it, rather than ethanol itself, is responsible for
the effects of alcohol consumption (Truitt and Walsh, 1971).
Acetaldehyde may form Schiff-base addition products with many
aromatic amines, 1including some with endogenous importance
(Cohen and Collins, 1970). Iitochondrial oxygen consumption,
respiratory control, oxidative phosphorylation and energized
calciun uptake were all found to be inhibited by acetalde-
hyde;and the malate-aspartate, xz-glycerophosphate and fatty
aclid shuttles, reconstituted with either ethanol-alcohol
dehydrogenase or lactate-lactic dehydrogenase, were highly
sensitive to the compound (Rubin and Cederbaum, 1974).
Certaln symptoms of the "hangover'" after drinking such as
headache, sweating, nausea and vomiting have been attributed
to acetaldehyde (Himwich, 1956). The "aversion therapy"
treatment of alcoholism using the drug disulfiram is attri-
buted to the inhibition of aldehyde dehydrogenase and
subsequent accumulation of acetaldehyde, producing unpleasant
symptoms (Truitt and Duritz, 1967). However, although high
blood acetaldehyde concentrations have been found after
disulfiram treatment the usual level following alcohol con-
sumption is very low (of the order of 20uM). It has been
observed by Korsten et al. (1975) though, that the blood
acetaldehyde concentration of alcoholics may be elevated
(of the order of 40-50ul).

Aldehyde dehydrogenases have been shown to be capable
of utilizing a very wide range of aldehydes as substrates
and it has been demonstrated that the enzyme is involved 1in

the oxidation of aldehydes arising from biologically active
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amines (Erwin and Deitrich, 1966). Unlike alcohol dehydro-
genase (which is mainly in the liver) it has been found that
aldehyde dehydrogenase is widely distributed among the
tissues with 70% in the liver, 10% in the kidney, % in the
adrenals, 4% in the small intestine and 2% in the brain
(Deitrich, 1966). It has been suggested by Walsh and Davis
(1970) that acetaldehyde, from alcohol consumption, inhibits
the use of aldehyde dehydrogenase to metabolize biogenic
amines in the brain allowing the nonenzymatic formation of
condensation products which resemble apomorphine and may be
linked to the similarity in withdrawal symptoms of opium
addicts and alcoholics.

Since acetaldehyde is an important compound in alcohol
metabolism it was thought to be of interest to study the
mechanism of action of aldehyde dehydrogenase as part of a
wide ranging study of alcohol metabolism being carried out
in this department. Sheep were used as the source of this

enzyme since fresh livers were always in plentiful supply.




SECTION 2

PURIFICATION OF CYTOPLASMIC ALDEHYDE DEHYDROGENASE
FROM SHEEP LIVER

2.1 INTRODUCTION

Aldehyde dehydrogenase (EC 1.2.1.3) was first isol-
ated by Racker (1949) from bovine liver, demonstrating the
existence of a distinct aldehyde oxidizing enzyme which in
combination with alcohol dehydrogenase had the properties
of the "aldehyde mutase" enzyme. The preparation of the
enzyme was carried out by ethanol precipitation, nucleic
acid precipitation and finally addition of protamine sulphate,
producing a 30 fold purification with a 20-40% yield. After
purification the enzyme was quite unstable and lost activity
reasonably quickly. However, long term stability was
improved by freezing the enzyme in a dry ice box. The
purification scheme of Racker was improved by Deitrich et al.
(1962) who obtained a specific activity which was twice as
high and was able to demonstrate the wide range of substrates
capable of being oxidized by the enzyme.

Most studies of the behaviour of aldehyde dehydrogen-
ase had been conducted on crude total cell homogenates,or
fractions which had been purified to a small extent and it
was not until after the sheep liver purification was commenced
that Shum and Blair (1972) used column chromatography
techniques in an attempt to purify the enzyme. Their study
on the supernatant fraction of rat liver showed the presence
of two enzymes, one of which was unretarded on DEAE cellulose
and another which was bound, these enzymes exhibiting
different substrate specificities. After ammonium sulphate
precipitation, Cl-cellulose, DEAX cellulose and Sephadex
G-200 chromatography, the specific activity of the DEAE-
bound enzyme was 390 nmoles (min.mg)_q. Not long afterwards,
Feldman and Weiner (1972a) reported the purification to homo-
genelty of horse liver aldehyde dehydrogenase, using similar
chromatographic techniques.

Since reports in the literature indicated that there
may be both a cytoplasmic and a mitochondrial aldehyde
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dehydrogenase present in mammalian livers an enzyme separa-
tion and purification was carried out, in conjunction with
Dr. T.M. Kitson and K. Crow, to attempt to obtain sheep
liver enzyme samples which were pure enough to be used in
kinetic and physical enzyme studies.

2l METHODS

225 1 Buffers

The phosphate buffers used in the enzyme preparation
were prepared according to Dawson et al. (1969) from potass-
ium dihydrogen phosphate and sodium hydroxide (the buffer
concentration is expressed in terms of potassium dihydrogen
phosphate concentration).

2.2.2 Protein Determination

The relative protein concentration was estimated by
the absorbance at 280nm and the actual protein concentration
was determined by the method of Lowry et al. (1951).

22y Ammonium Sulphate Precipitation

The ammonium sulphate precipitations were carried
out by the slow addition of powdered ammonium sulphate to
the enzyme solution while the temperature was maintained at
O0-4°C. A table of the amount of ammonium sulphate necessary
to produce the required percentage saturation is given by
Dawson et al. (1969).

2.2.4 Temperature
All chromatography, centrifugation, ammonium sulphate
precipitation and enzyme storage was carried out at 0-4°C.

2.2.5 Gel Electrophoresis

An Ortec 4200 electrophoresis system was used to
carry out slab gel electrophoresis. All solutions were made
up according to the manual supplied, usually a single layer
8% acrylamide gel run at pH 9.0. The gels were stained for
protein using Amido Black and activity stained for aldehyde
dehydrogenase using phenazine methosulphate and nitroblue
tetrazolium solutions with NAD" and acetaldehyde, as
described by Robbins (1966).



2.2.6 Preparation of the Affinity Column

The affinity column for aldehyde dehydrogenase was
prepared following the method of Cuatrecasas (1970). The
method involved the addition of an aliphatic 'arm' to a
cyanogen bromide-activated beaded agarose gel followed by
the addition of the enzyme-specific group to the column
by the reaction of a carboxylic acid group with the amino
group of the aliphatic 'arm'. Thus the enzyme specific
group is separated from the agarose bead by the length of
the 'arm' and so more able to bind to the enzyme without
steric hinderance. Bio-gel A-15 agarose (2Ocm3) was mixed
with an equal volume of water and small crystals of cyanogen
bromide (5g) were then added. The pH of the suspension was
immediately raised to, and maintained at, pH 11 with addition
of NaOH (4M) and the temperature was maintained at 20°C by
adding ice. The reaction was complete in about 15 minutes
as shown by cessation of proton relcase. Having formed the
activated agarose a large amount of ice was added to the
suspension, and the entire solution added to a buchner
funnel, in which it was washed under suction with cold
Na2COB/NaHCO5 buffer (BOOcmB). The 3,3'diaminodipropylamine
solution (5.25g in water (2Ocm5) titrated to pH 10 with 6M
hydrochloric acid) was added to the activated agarose, mixed
well, and the entire solution transferred to a flask and
very gently stirred for 3 hours. The mixture was then
allowed to stand for 22 hours after which the gel was washed
with seven litres of distilled water. Since the gel was
stable at this stage the addition of the enzyme-specific
group could be made at leisure. Carboxybenzaldehyde (200mg)
in dimethylformamide (8cm5) was mixed with the diaminopropyl
agarose gel (8cm3) and the pH of the suspension was brought
to pH 4.7 with sodium hydroxide (1M). 1-Cyclohexyl-3-(2-
morpholinoethyl)-carbodiimide metho-p-toluene sulphonate (0.2g)
dissolved in dimethylformamide (O.6cm5) was then added over
a 5 minute period, the reaction being allowed to proceed
overnight at room temperature. Finally the affinity column
produced was washed with large quantities of distilled
water.
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(4)

Enzyme Assays

Aldehyde dehydrogenase assay solution was as follows:

Pyrophosphate buffer pH 9.3 33%.0mM
NAD" 1.7mM
acetaldehyde 1.7mk

and sample
The final volume was BCm5 and the activity of the
enzyme solution (expressed as umoles of NADH produced
per minute per cm5 of enzyme solution) was determined
by following the increase in absorbance at 340nm due
to the formation of NADH. Interference in the assay
from alcohol dehydrogenase was stopped by the
addition of pyrazole (0.5mM), which is a potent
inhibitor of that enzyme, to all samples suspected
of containing alcohol dehydrogenase. Pyrazole did
not affect the activity of aldehyde dehydrogenase.

Alcohol dehydrogenase assay solution was as follows:

Pyrophosphate buffer pH 8.8 SuiM
NADH 0.15mM
acetaldehyde 1.7mM

and sample
The activity was determined by following the dis-
appearance of NADH absorbance at 340nm.

Lactate dehydrogenase assay solution was as follows:

Phosphate buffer pH 7.4 100mM
NADH 0.16mM
sodium pyruvate 0.76mM

and sample
The disappearance of NADH absorbance at 340nm was
followed.

Malate dehydrogenase assay solution was as follows:

Sodium glycinate buffer pH 10 100mM
NAD*Y 0.43mM
sodium-L-malate 33mM

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

followed.




(5) Catalase
The relative catalase concentration was estimated by
measuring the absorbance at 400nm. The actual catal-
ase concentration was determined by measuring the
decrease in absorbance at 240nm when hydrogen peroxide
was added to the enzyme solution (Luck, 19G5).

(6) Aldehyde oxidase
The activity was determined by following the decrease
in the absorbance at 600nm when acetaldehyde and
enzyme was mixed with the dye, 2,6-dichlorophenol-
indolphenol (Hendtlass, 1973).

2.5 RESULTS

2.35:1 Development of the Enzyme Purification Procedure

At the time that the purification of the enzyme was
being considered a new DEAE (diethylaminoethyl) anionic
exchange resin, Protion, was being tested in the Department.
The advantage of this resin was that it was capable of being
used with a very fast flow rate and did not clog. Since it
was not known whether there was more than one aldehyde
dehydrogenase in the sheep liver it was thought that use of
Protion resin as an initial purification step would enable
enzyme elution patterns to be observed and would also be
an efficient step in the purification procedure. Another
reason for using the column as the first step was that
initial studies showed a loss of enzyme activity if ammonium
sulphate precipitation was used. Sheep livers, obtained
fresh from the local freezing works, were homogenized in a
Waring blender and diluted five times with 0.0012M phosphate
buffer at pH 7.3. When this total homogenate was added to
the Protion column it was found that the majority of the
aldehyde dehydrogenase activity was unretarded on the column
and came through with the void volume. On applying 0.1M
sodium chloride to the column a further small amount of
activity was removed. The column was rerun using the two
eluted active fractions and it was found that the fraction
which did not bind initially to the column was largely
unretarded when rerun and similarly the other fraction was
retarded as before. As the unbound fraction was by far the




largest activity peak an attempt was made to purify it
further. The fractions were precipitated with a zero to
sixty-five percent ammonium sulphate cut and after dialysis
added to a second DEAE Protion column, from which the
unretarded fraction was again bulked and precipitated with
ammonium sulphate. After dialysis the enzyme solution was
added to a double cationic CM (carboxymethyl) and anionic
DEAE Protion column at pH 6.0. The activity was once again
unretarded but only 0.1% of the activity was recovered.
Addition of 2-mercaptoethanol and degassing of all the
buffers increased this recovery to 0.7% in later preparations.

If, instead of 0.1M sodium chloride, a gradient of
0.0012M to 0.25M phosphate buffer was used to elute the
protein off the column a large increase in the amount of
activity retarded on the column was observed, suggesting
that the strong sodium chloride solution was deactivating
the enzyme. At the same time less activity was present in
the void volume. A further improvement was observed if a
stepwise increment to 0.025M phosphate buffer was used
instead of the gradient. It therefore appeared that column
overloading was playing a large part in the appearance of
the unbound activity peak, even though protein overloading
should not have been occurring at the concentrations used.
Attempts were then made to purify the retarded fraction.

At this time T. Kitson, who was working in the same
laboratory reported the existence of a mitochondrial sheep
liver aldehyde dehydrogenase which was retarded on DEAE
Protion columns. It therefore became necessary to isolate
the separate cellular fractions, firstly to determine the
enzyme activity in each of the cellular compartments and
secondly to determine the elution patterns of the enzyme
from each compartment. The cellular fractions were isolated
by centrifugation and it was found that the cytoplasm con-
tained 37% of the total activity, mitochondria 34% and the
microsomes 10% while the remainder was present in whole cells
which were unbroken by homogenization in a Potter-Elvenhjem
homogenizer (Crow et al., 1974). Elution patterns of these
fractions showed that both the cytoplasmic and mitochondrial
enzymes were retarded on the DEAE column while the microsomal
enzyme was unretarded. It was apparent that cellular
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fractionation should be carried out before any further
purification so the mitochondrial and cytoplasmic enzymes
could be separated. After fractionation the column behaviour
of the cytoplasmic fraction was still erratic with various
concentrations of activity being unretarded. However, if the
unretarded peak activity was applied to a column with freshly
prepared resin it was always retarded. Obviously the resin
was regenerating very poorly and as the same column was
being used, reduction in the binding capacity seemed to be
taking place. Thus it was decided to use the more conven-
tional technique of an ammonium sulphate precipitation as

the first step so that less protein was added to the column
in the second step. Preparations using this method, of an
ammonium sulphate cut between 45% and 70% saturation followed
by a column run, showed that 80% of the activity added to

the column could be recovered in the retarded fraction.
However, after a series of preparations it became obvious
that the efficiency of the column was very inconsistent and
could not be relied upon and large changes in column binding
capacity were occurring. This column step was crucial for
the removal of contaminating enzymes, such as alcohol dehydro-
genase which should be unretarded and catalase which is
retarded a little more than aldehyde dehydrogenase. Since
the column run was now the second step in the purification,
the fast flow characteristics of the Protion resin were no
longer required and it was decided to replace the Protion
resin by the well proven Whatman DEAE cellulose resin in

the purification scheme. In Section 2.%.3 this final
purification scheme 1is discussed in full.

PN 0 Affinity Chromatography

To improve the purity of the enzyme after anionic
exchange chromatography an attempt was made to design a
column with an affinity which is specific for aldehyde
dehydrogenase. To do this it is necessary to find a compound
which will bind specifically to aldehyde dehydrogenase but
is not a substrate and in addition it must be possible to
attach this compound to a resin matrix in order to make a
column. Since aldehyde dehydrogenase has few inhibitors
(chloral hydrate is one but would be difficult to put on the




FIG. 2.1 GEL FILTRATION OF CYTOPLASMIC ALDEHYDE
DEHYDROGENASE
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column) and will react with almost all aldehydes, the choice

of compound was very difficult.

It was decided to use

p-carboxybenzaldehyde which was a poor substrate and once

attached to the column should produce little reaction.

After preparation of the column a 50m3

enzyme sample in 0.05M

phosphate buffer at pH 7.3 containing NAD' (16pM) (necessary
because of the ordered addition of substrated with NAD*
first) was added to the column and allowed to stand for

half an hour.

protein 20% of the enzyme activity was also eluted.

In washing the column to remove the unbound

The

retarded enzyme activity was found to be very strongly

bound to the affinity column and it required 0.5 phosphate

buffer with 2.5mM acetaldehyde
binding compound) to remove it
first column run was efficient
effective 1t appeared that the

(to act as an alternative
from the column. Since the
and later runs were less

aldehyde groups on the resin

Thus the
affinity column was not going to be practical for a large

were slowly being converted to carboxylic groups.
series of enzyme preparations and was not used further.
However if the removal from the enzyme solution of apparently
inseparable proteins was ever required the column would be
very useful.

2.3.3 Purification Scheme for Cytoplasmic Aldehyde
Dehydrogenase

Fresh sheep liver was obtained from the local freezing

works and taken back to the laboratory in an ice bucket.

The liver was cut into small pieces and homogenized in a

Potter-Elvehjem homogenizer (with a teflon head) using

0.005M phosphate buffer at pH 7.3 containing 2-mercaptoethanol
(14mM). The buffer also contained sucrose (0.25M) to

prevent swelling of the mitochondria and hence possible
contamination of the extract with mitochondrial enzymes.

The homogenate was then centrifuged at 12,300g for one hour,
the resulting precipitate was discarded and the supernatant
centrifuged at 34,000g for two and a half hours to precipitate
mitochondria and microsomes. Once again the precipitate

was discarded and the supernatant (the cytoplasmic fraction)

was taken to 45% saturation with ammonium sulphate, centri-

fuged and the supernatant retained. The supernatant was then
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taken to 70% saturation with ammonium sulphate and centri-
fuged. The enzyme activity was contained in the precipitate
which was redissolved in 0.005M phosphate buffer at pH 7.3
and dialysed against more buffer to reduce the high salt
concentration. After dialysis the sample was centrifuged
to remove any precipitate which may have formed and then
loaded onto an anionic exchange column, Whatman DE %32 cellu-
lose (5.5cm x 30cm) at a flow rate of 1 to 2cm3 per minute.
The column was then washed with 0.005M phosphate buffer
(5cm5/minute) until the protein concentration of the elutant
was below O.1mg/cm5. At this stage 0.022M phosphate buffer
at pH 7.% was added to the column to elute the enzyme and
fractions were collected. After assaying for enzyme activity
and protein concentration, the most active fractions were
bulked and concentrated (usually to 1O-2Ocm5) using an
ultrafiltration Diaflow membrane (with XM100 filter) or by

a 0% to 70% ammonium sulphate cut. The concentrated sample
was then loaded onto a Biogel A 0.5M gel filtration column
(5cm x 33%cm) and the enzyme eluted with 0.022M phosphate
buffer (Fig. 2.1). For a summary of the purification scheme
see Table 2.1.

2.3.4 Purity of the Aldehyde Dehydrogenase Sample
Polyacrylamide gels of the purified enzyme, stained
for protein with Amido Black, showed only one band with a
faint second band, even when large concentrations of enzyme
(see =T \oacin)
were applied. TheY%ajor band was shown to be aldehyde
dehydrogenase by activity staining a similar gel and observing
that the band formed in an identical position to the protein
stain. The faint band was catalase contamination and was
found, by measurement of peak areas on a scan of the gel,
to be less than 5% of the total protein. The peak fractions
of the Biogel column were assayed for other contaminating
enzymes as shown in Fig. 2.2. No aldehyde oxidase or malate
dehydrogenase could be detected however activities of alcohol
dehydrogenase, lactate dehydrogenase and catalase could be
detected. As seen in Fig. 2.2 the Biogel column is not
efficient at removing these contaminating enzymes as their
molecular weights are of the same order as that of aldehyde

dehydrogenase and so only the initial fractions are not
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TABLE 2.1 PURIFICATION OF CYTOPLASMIC ALDEHYDE

DEHYDROGENASE FROM SHEEP LIVER

Fraction V?igme
Cytoplasm 2wl

Dialysed 45-70% 0.30
(NH4)2SO4 preci-
pitate

DEAE-cellulose 0.26
eluted fraction

Dialysed 0O-70% 0.024
pitate

Biogel eluted 0.057
fraction

Activity .

(pmoles Pr?tgln

NADH/min) 2
206 25 )
130 10.5
112 0.70
104 0.55
95 0.25

Specific
Activity

(nmoles NAQH.
mg= ")

min-1.

8.7
2%

160

189

380

Recovery

(%)

100
63

54

50

46

The 11 peak tubes of the Biogel eluted fraction were bulked,
however the specific activity of each tube was about the
same. Over a series of 7 preparations the final specific
activity varied from 130 to 390 and the % recovery varied

from 106 to 46%.
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contaminated by other dehydrogenases. It must be remembered
that though the activity of the contaminating enzymes is high
the fact that they react much faster than aldehyde dehydro-
genase means that their actual protein concentration is small.
However, all these enzymes may be removed by DEAE cellulose
chromatography and so it is apparent that the efficiency of
that column is essential to a good enzyme purification.

An indication of this efficiency is given by the movement of
the green catalase containing band, which is retarded slightly
more than aldehyde dehydrogenase, on the DEAE cellulose
column. If this band remains on the column while the aldehyde
dehydrogenase activity is being eluted then the level of con-
taminating enzymes will be very low. Thus by careful column
chromatography, or by rerunning samples 1f necessary, the
level of contaminating enzymes activity could be reduced to
undetectable levels.

2.4 DISCUSSION

It appears that the original confusion over the retarded
and unretarded peaks on DEAE Protion resin can be explained.
The unretarded peak was due in part to the low binding capacity
of the Protion column which allowed an activity overflow and
also due to the presence of a microsomal enzyme. The cellular
fraction of the sheep liver showed the existence of such an
enzyme and it was found to be unretarded on Protion column.
Another source of confusion was the fact that the original
sodium chloride eluant deactivated the retarded activity and
hence masked the presence of the enzyme on the column. These
problems were solved by separating the cytoplasmic fraction
of sheep liver before attempting enzyme purification.

The purification scheme (Table 2.1) shows that there
is a forty-five fold increase in the specific activity of
cytoplasmic aldehyde dehydrogenase from the initial cytoplasmic
fraction (obtained after fractional centrifugation) to the
enzyme solution eluted from the Biogel gel filtration column.
The first mammalian aldehyde dehydrogenase purified to homo-
geneity, that from horse liver, was purified 250 fold from a
total liver homogenate producing a specific activity of 720
nmoles.(min.mg)'1 (Feldman and Weiner, 1972a). The final
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purification step involved isoelectric focusing of the enzyme
solution and improved the specific activity 6 fold. Later
workers have shown that this enzyme was mitochondrial in origin
and that a lesser activity peak, observed but ignored by
Feldman and Weiner, was an aldehyde dehydrogenase of cytoplasmic
origin (Eckfeldt et al., 1976) with a specific activity after
purification of 370 nmoles.(min.mg)'q. This observation of
distinct mitochondrial and cytoplasmic enzymes is similar to
that which has been found for sheep liver and reported by
Crow et al. (1974). The degree to which the cytoplasmic sheep
liver enzyme has been purified is similar to that for the most
highly purified aldehyde dehydrogenase the horse liver enzyme,
with the additional isoelectric focusing step. The specific
activity of the cytoplasmic horse liver enzyme (called Fq) is
almost identical to that found for the sheep liver enzyme and
any difference with the horse liver mitochondrial enzyme (F2)
may simply reflect differences in catalytic-centre activity
rather than any difference in purity. Recently a purification
of human liver aldehyde dehydrogenase has been described
(Sidhu and Blair, 1975a). Using a similar purification scheme
to that used for the cytoplasmic sheep liver enzyme a specific
activity of 1200 nmoles (min.mg)_q was found which is somewhat
higher than that found for the horse liver and sheep liver
enzymes, but which showed similar behaviour on columns during
purification. This suggests that the aldehyde dehydrogenases
from these sources are reasonably similar.

Further work has been carried out on the physical prop-
erties of cytoplasmic sheep liver aldehyde dehydrogenase by
Kathy Crow in this laboratory (Crow, 1975). She found that
the molecular weight of the enzyme was 212,000 + 8,000 from
gel filtration with marker enzymes and sodium dodecyl sulphate
gel electrophoresis produced a single band of 53,000 + 2,000
suggesting that the enzyme is a tetramer with identical sub-
units. Isoelectric focusing experiments in a glass column
(1100m5) in the range pH 4.5 to pH 5.5 showed a single band
with an isoelectric point of 5.25. Once again these results
are comparable with the recently reported horse liver enzymes
with molecular weights of 230,000 and 240,000 for the Fqand Fp
isozymes respectively and 52,000 and 53,000 for the subunit
molecular weights (by sodium dodecyl sulphate-polyacrylamide
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gel electrophoresis) for Fq and F2 isozymes again (Eckfeldt
et al., 1975). The isoelectric focusing of F2 gave a band
at pH 5.5, in the same region as the sheep liver enzyme,
but in some preparations an additional band at pH 4.8 was
reported.

Since the cytoplasmic enzyme from sheep liver
appeared to be free from contaminating enzymes it was Jjudged
suitable for use in kinetic studies on the enzyme.
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SECTION 3

EQUILIBRIUM STUDILS AND THIOL DETERMINATIONS

3.1 INTRODUCTION

32.1.1 Coenzyme Binding

Aldehyde dehydrogenase catalyses the reaction of
aldehydes and the coenzyne NAD' to produce the corresponding
acids and the reduced coenzyme NADH. Study of the coenzyme
binding to the enzyme can aid the elucidation of the enzyme
mechanism in addition to determination of the dissociation
constants of the species involved. The enzyme-coenzyme
complex formetion is usually monitored by associated
absorption or fluorescence changes. For example, horse liver
alcohol dehydrogenase forms a complex with NADH which is
characterised by a shift in the absorption maximum of the
reduced coenzyme from 340 nm to %25 nm (Theorell and
Bonnichsen, 1951) which allows the formation of the complex
to be followed. On the other hand, for beef heart lactate
dehydrogenase, NADH exhibits only a small shift in absorbance
on binding to the enzyme, but there is a large enhancement
and shift in the fluorescence maximum of NADH from 462 nm
to 440 nm (Velick, 1958). These changes have been used to
determine the dissociation constants of the complexes and
the stoichiometry of the binding of coenzyme to enzyme.
Other compounds which can form ternary complexes with the
enzyme and coenzyme have been shown to induce further
changes to the absorbance and fluorescence spectrunm of
enzyme-bound NADH. In beef heart lactate dehydrogenase
oxamate, an inhibitor of the enzyme, was found to quench the
fluorescence of the enzyme-coenzyme complex while the
addition of L-lactate to the complex of rabbit muscle
enzyme and NADH produced an additional shift and enhance-
ment of NADH fluorescence (Fromm, 1970). This latter effect
is due to the formation of the dead-end ternary complex
enzyme-NADH-lactate, lactate being the product of the reaction
of enzyme-NADH with pyruvate.

It was decided to attempt to detect any absorbance
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or fluorescence changes that occurred on binding of NADH to
sheep liver aldehyde dehydrogenase and determine whether
such changes could be used to measure dissociation constants
and the total concentration of binding sites. At that time
the only aldehyde dehydrogenase to have been studied was
from yeast (Bradbury and Jakoby, 1971b) in which the co-
enzyme was found to bind to a binary complex composed of
enzyme and aldehyde, and an enhancement of fluorescence was
observed.

L Theory of Ligand Binding

An enzyme often conteins a number of potential
binding sites for ligands. If the binding sites are all
identical then they will act as independent entities such
that the binding of a ligand at one site of the enzyme will
not affect the likelihood of a second ligand binding to
another site on the same enzyme. For ligand binding to a
homogeneous population of independent binding sites, the
dissocilation constant, KD, is defined by the equation

k. = [Z//NADH7 (1)
) /E-NADH/

where [T/ is the concentration of free binding sites
/NADI/  is the concentration of unbound ligand (in
this example NADI)
ZE—NADE7 is the concentration of bound ligand (or
occupied binding sites)
Since the total concentration of each species (binding sites
and ligand) is the sum of the bound and unbound species,
then equation (1) becomes

Ky = ([Z7, - [E-NADH/) (/NADI/ - [E-NADH/) (2)
/E-NADH/
where {LZ) is the total concentration of binding sites

/NADH/ is the total ligand concentration.
If the proportion of the total number of binding sites that
are occupied is defined as R, that is
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R = [.E:NADW (3)
Zio

then on substituting R{ha)for /T.-NADH/ equation (2) becones

K = (Z7, (1 - R)([FADL/, - R/E/, ) ()
R/L
o

Rearrangement of this equation gives

1 /NADHY /%7 .
BT T S0 - 0 (5)
- KR o

The utility of equation (5) is that often the fraction of
binding sites occupied is known from same physical property
while the total concentration of binding sites may be
[T/,
A

I
concentrations of NADH have been used will have a slope of

unknown. A plot of q—g—g against where different

%—, whence KD may be determined, and an intercept on the
ogdinate axis of /i

4 O,
(Gutfreund, 1972). Linearity of this plot may be taken as

the concentration of binding sites

evidence for independence of the binding sites.

Deled Application to Fluorescence Titration

The fluorescence difference observed in the emission
spectra of free NADH and the enzyme-NADH complex (see
results) allows the enzyme present in solution to be
"titrated" with NADH, that is NADH may be added to the
solution until the fluorescence change between aliquots is
the same as if no enzyme was present. In the control sample
in which NADH is added to a buffer solution, the following
relationship holds;

Qq [NADH/ = F, (e)
where Qq is the molar emission of the coenzyme
(NADH/  is the total concentration of NADH
and  F, is the observed fluorescence of NADH

This expression was found to hold as long as /NADH/, was
less than about 10uM. Above this value deviations from the
linear relationship occurred due to absorption of the
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incident light by the NADH solution. When enzyme and NADH
are mixed in solution two species contribute towards the
fluorescence

Qq /NADH/ + Q, [E-NADH7 = F, (7)

where /NADH/  is the concentration of unbound coenzyme
éE-NADﬁ? is the concentration of bound coenzyme
Qo is the molar emission of the bound coenzyme

and F2 is the observed fluorescence.

However, as /ITADH/ = ZEAD§7O - /Z-NADH/

then equation (7) becomes

Q4 [NADQ7O + (Q2 = Q,]) T-NADH/ = T (8)

equations (6) and (8) being applicable to the control
titration and the enzyme titration respectively. The E-NADH
concentration is found to be proportional to the difference
in fluorescence between the enzyme and control solutions,
that is equation (&) minus equation (6).

(Qp - Q)[E-NADE/ = P, - F, = 4F (9)

On titration of all the enzyme in solution, the concentration
of occupied binding sites reaches a maximum, equivalent to
the total binding site concentration, [ﬂaﬂ and hence aF of
equation (9) reaches a maximum value, AFH - In defining

the fraction of binding sites occupied by NADU as R, where

R = _I%E~_’ we have enough information to be able to use
max

equation (5) as values for R and /ﬁADH7 are known. A plot

of TT"}TTF against ADE/ may be constructed from which

values for KD and (38 are obtainable.

2.1.4 Thiol Determinations

The amino acids cysteine and cystine contain a thiol
group and a disulphide group respectively, so these groups
are also features of the enzymes containing these amino
acids. However, thiol groups present in a single enzyne
molecule may have measurably different properties and these
differences are of interest in determining the various
functions of these thiol groups in the enzyme. IMany enzymes
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have been studied in this regard (Jocelyn, 1972).

Several studies hsve been reported relating the
sulphydryl character of aldehyde dehydrogenase from various
sources (Stoppani and Milstein, 1957; Deitrich, 1967;
Duncan and Tipton, 1971a). Deitrich (1967) found that the
bovine liver enzyme was inhibited by a series of sulphydryl
reagents, arsenite, y-(p-arsenophenyl)-n-butyrate, o-iodo-
sobenzoate and p-chloromercuribenzoate and that the inhib-
ition was reduced in the presence of KADY. A reaction
mechanism has been postulated by Feldmsn and Weiner (1972b)
for the action of horse liver aldehyde dehydrogenase in
which the aldehyde substrate reacts with an enzyme sulphy-
dryl group, but no direct evidence for the presence of the
group was presented.

It is known that alcoholics drinking alcohol while
under treatment with disulfiram (tetraethylthiuram disul-
phide) suffer from very unpleasant symptoms including
nauseza, vomiting, respiratory distress and headaches and
hence are discouraged from consuming alcohol (aversion
therapy). The action of the disulpnide, disulfiram, is
attributed to inhibition of aldehyde dehydrozenase and sub-
sequent accumulation of acetaldehyde (Truitt end Duritz,
1867). Kitson (1975) in this laboratory found with cyto-
plasmic sheep liver aldehyde dehydrogenese that disulfiram
produced @n initial inhibition of fthe enzyme followed Dby a
time dependant loss of activity. 2-Fercaptoethanol used
in all the buffers during the purification procedure was
found to increase the stability of the sheep liver enzyme
and from these observations it appeared to be of interest
to examine the relationship between the number of sulphydryl
groups and the enzyme activity. 5,5'-Dithio-bis(2-nitro-
benzoic acid)(Nbsz) was used in the study as its absorbance
change on reaction meant that the thiol reaction and the
enzyme activity could be studied simultaneously.

3.2 MATERTAL AND METHODS

DawT U.V. Spectra

The ultreviolet spectra of the coenzymes were studied
on a Shimadzu MPS-500 Spectrophotometer. The instrument had
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an 8 point range control switch which allowed scesle expan-
sion down to # 0.0125 absorbance units, a feature which was
useful in difference experiments. DBy doubling the ITADH
concentration of a buffered solution and halving the sen-
sitivity the two absorbance curves could be superimposed.
Repeated addition of NADH to a solution of aldehyde dehydro-
genase using this method meant that the standard NADH peak
height was constant and any change in the shape of the peak
must be due to the presence of the enzyme. DNADI was added
by a Hamilton syringe in aliquots, one of which made a 2pM
solution in the pH 7.6 phosphate buffer.

2 A 12 Fluorimeter

Fluorescence measurements were made with a Turner

430 Spectrofluorimeter with a 150W Xenon light source.

. . . . 3 7
Sxcitation and emission spectra were recorded on & 3cn’

solution contained in a Jjacketed cell holder through which
waeter at 25°C was circulated. The slit widths for the
excitation and emission monochromators were 15 nm and 60 nn
respectively. The change in fluorecscence between a quinine
sulphate solution (25pg/litre in 0.05M sulphuric acid) and
0.05M sulphuric acid was used as a standard and arbitrarily
set to 1.0. All other fluorescence changes were related to
this value so all results could be directly compared. These
fluorescence changes could be related to the actual concen-
tration of the NADH by construction of standard curves with
NADH of known concentration.

3.2.3 Titration Reagents

The phosphate buffer used was a solution of potassium
dihydrogen phosphate (0.025M) containing sufficient sodium
hydroxide to bring the pH to 7.6. The buffer solution was
filtered slowly through sintered glass to remove any
particulate material which might interfere with the fluor-
escence measurements by causing scattering of the incident
radiation. The NADH was obtained in preweighed vials (Sigma
Grade III). The concentration of the NADH could be checked
by measuring the absorption at 340 nm assuming a molar
extinction coefficient of 6.22){’]05 M—qcm_q (Ilorecker and
Kornberg, 1948).
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3.2.4 Titration Method

Fluoreécence titrations were carried out in quartz
cells in which NADH was excited at %40 nm snd the emission
measured at 435 nm. The NADH was added to the enzyme
solution by a Hamilton syringe attached to a micrometer
which delivered a O.O’]cm5 aliquot for each revolution.
Titrations were performed by addition of fifteen to twenty
aliquots of 0.0%cm? KADH solution (1.28 nmoles/aliquot) to
a BCmE enzyme solution, the fluorescence being measurei
after each addition. As the maximum dilution of the enzyme
during the titration was only 7%, the enzyme concentration
was assumed to be constant. The total IIADH concentration
was, however, corrected at each step for the volume increase.
A control titration was always carried out, in conjunction
with the sample titration, in which the fluorescence of
NADH added to a buffer solution was measured.

3.2.5 Treatment of Data

From the titration, the difference in fluorescence
between the sample and control solutions (that is, AF),
was found after each aliquot addition, that is for each
value of /NADH/ . The titration was continued until there
was no further fluorescence enhancement and so the limiting
value of the fluorescence difference was reached. An
estimate of AF oy Was obtained from the titration curve
and this value varied to give a straight line when the data
was plotted according to equation (5). [Estimates of AFmax
either 5% too low or too high produced marked deviations from

a straight line, at high values of

[NADH/ o
R

(Stinson and Holbrook, 1973), and the AFmaX value selected
in this way weas always reasonable with respect to the
original titration curve.

It was found that the apparent AFmaX obtained from
the experimental titration curve was 10% too low due to a
number of factors. Since the dissociation constant is of
the same order of magnitude as the enzyme concentration, the
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fluorescence difference only slowly approaches an assymptotic
value making 1t difficult to estimate whether the maximum

has been reached. The titration could not be extended as the
NADH fluorescence becomes non-lineer after about 10ulM NADH
and if the enzyme concentration is reduced, the results are
less accurate due to lack of instrument sensitivity.

3.2.5 Inzyme Assay

An enzyne aliquot (O.ﬂcmE) was assayed spectrofluori-
netrically (excitation wavelength 345 nm and emission wave-
length 455 nm) with an assay mixture consisting of pH 7.6
phosphate buffer (2.150m5), NAD' (420pl) and propionaldehyde
(95uli) . TFor the enzyme assay used in the thiol determinations
NAD" (1.7m) was used.

3.2.7 Zinc Content

An enzyme sample (2cm5) was dialysed for four days
against frequent changes of pll 7.4, 0.05M phosphate buffer,
which was made up in deionized water and contained 0.01 ppm
zinc. The zinc concentration of the dialysed sample was
determined by atomic absorption spectroscopy, a method which
has a sensitivity of 0.01 ppm. DlMeasurements were made using
a Varien-Techtron AA-5 at a wavelength of 21%.2 nm and the
zinc concentration was determined from a standard curve
prepared by using standard zinc solutions of known concen-
tration. The possibility of some of the observed absorption
being non-atomic in origin was checked by measuring the

absorption signal from a hydrogen continuum source.

5.2.8 Thiol Determinations

Phosphate buffer pH 8.0, p = 0.1, was used in all
the thiol procedures unless otherwise stated, and in later
runs EDTA (1mM) was added to the buffer to help stabilize
the colour of 2-nitro-5-thiobenzoate, which slowly fades due
to autooxidation (Jocelyn, 1972). The reagent used in the
thiol determinations was Ellman's reagent (Ellman, 1959).
The E£llman's reagent consisted of 5,5'-dithio -bis(2-nitro-
benzoic acid), (Nbs2), (2 -8mM) in pH 7.2 phosphate buffer
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(p = 0.1) in which the compound is stable. The reaction with
thiol groups w&s followed at room temperature in a2 U.V. cell
containing; enzyme solution (1cm5), Zllman's reagent (O.ﬂcmB)
and buffer (2cm5). Sodium dodecylsulphate was .3% (0.3g in
1OOcm5) when used in assays. The reaction of an enzyme

thiol group with ZTllman's reagent is as follows:

E-=8 a Nbs, — E-s-s5-Nb + 2-nitro-5-thiobenzoate (Nbs )

The release of 2-nitro-5-thiobenzoate was followed spectro-
photonetrically at 412 nm apainst a blank without enzyme.
The number of thiol groups was determined assuming a molar
absorption coefficient of 13,600 H_qcm-q for 2-nitro-5-
thiobenzoate (Ellman, 1959). Addition of an excess of
reducing agent (for example 2-mercaptocthanol) cleaves the
mixed disulphide bond and liberates further 2-nitro-5-
thiobenzoate (Butterworth et al., 1967).

As 2-mercaptoethanol (14rmii), which was present in
the buffers used in the purification and hence in the enzyme
sample, also reacts with Nbs2 it must be removed before the
determination of thiols. An enzyme solution (1cm5) was
dialysed against pH 8.0 phosphate buffer for 2 lhours at 4°C.
The dialysed enzyme solution wes added to a Sephadex G-25-80
cel filtration column (1.75cm(dia) x 7cm) and eluted with
buffer. The elutant was collected with a fraction collector
and znalysed at 280 nm for protein absorption to detect the
unretarded enzyme peak. The peak fractions were bulked to
give 50m5 of enzyme solution. The fractions which followed
were treated with O.1cm5 of Nbs2 stock solution and from
the absorption at 412 nm the elution pattern of mercapto-
ethanol (which is reactive towards Nbsg) was found and the
separation between the enzyme and mercaptoethanol could be
observed (Fig,. 3.1). All thiol determinations were carried
out as soon as possible after the removal of mercaptoethanol
as the enzyme solutions were only stable for a few hours in
the absence of mercaptoethanol.
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3.3 RESULTS

TR T U.V. Spectra

The coenzyme NADH has an ultraviolet absorption
mzximum at 340 nm and it was found that aldehyde dehydro-
genase did not alter the spectrum. When NADH (aliguots of
6© nmoles in .Oﬂcma) was added to a solution of enzymec (2pl
in 5cm5) agalinst an enzyme blank and using the sensitivity
scale as outlined in the methods section, the peak remained
at 340 nm with the height being that expected for native NADH
using an extinction coefficient of 6.22 x 1025 Ten™ 1. Even
a ten-fold increese in enzyme concentration produced no
devectable difference. Ilowever, it nmust be noted that in
carrying out NADI displacement experinents which are deteiled
in Section 5, there was found to be a decreasc in extinction
cocfficient on binding of NADH to the enzyme,

( 8¢ = 0.66 x 1OBM—1cm_1) at 240 nn.

The spectrunm of WADY (1%uM) showed no change in the
presence of aldchyde dehydrogenace (1uli) and chloral hydrate,
a strong inhibitor of the enzyme, produced no change when
edded to the enzyne, NAD' nixture.

32.5.2 Fluorescence Spectra

Fig. %3.2a shows the effect of enzyme couplex form-
ation on the excitation and emission spectrum of NADII. The
addition of aldehyde dehydrogenase to the NADH solution
results in a significant enhancement of the fluorescence
emission and a shift in the cemission maximum from 460 nm to
cbout 445 nm. The protein fluorescence of aldehyde dchydro-
genase was quenched on the addition of WADH (Fig. 3.2b)
and it was found that NAD' was just as effective as NADH in
its quenching properties.

5.3.3 NADH Titration

The enhancement of NADH fluorescence on binding to
the enzyme was utilized in the titration experiments to
determine the number of binding sites in solution as shown

in Fig. 3.%a. The AF

-~ value chosen can be scen to be
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The nucleotide fluorescence spectra of aldehyde dehydrogenase (0.6 mg/cm3) and NADH
(1uM) in pH 7.6 phosphate buffer is shown in curve A. Curve B and C are enzyme and

NADH alone, respectively.
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The protein fluorescence spectra of aldehyde dehydrogenase (0.1 mg/cm3) in pH 7.6
phosophate buffer is shown in curve A. Curve B shows the quenching of fluorescence on

addition of NADH (13pM).
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consistent with the curve. A plot of TT%}TTT against

[FADI7
R

(equation (5)) shown in Fig. 3.3b was linear, the
dissociation constant was 1.1ulM and the coancentration of
NADH binding sites was 1.5upM. Hill plots of these results
(Brown and Hill, 1922-2%) gave straight lines with slopes of
1.0 + .03 (Pig. 3.4).

3.3.4 Pluorescence Enhancement (Q)

Attempts were made to calculate the fluorescence
enhancement of bound NADH by titration of a fixed NADII
concentration with enzyme until the fluorescence reached a
maximum value. However, the high protein concentrations
required produced quenching of the fluorescence which made
analysis difficult. The enhancement was, therefore, cal-
culated from the titration of a fixed concentration of enzyme

with NADH. The titration produced a value for AFmax’ the
naxinum difference in fluorescence used in graphical analysis,
snd the number of binding sites. Since
AFmax
- (Q.g = Qq)

Vi

from equation (9), a value for (Q2 - Qq) may be obtained
from the titration curve. As Q1> the molar emission of
NADH, was simply the slope of the control titration then a

o)

value for Q2, the molar emission of the enzyme bound NADI,

could be calculated. The average value for Qd was 0.%4
(fluorescence units). pM’q and for Q, 1.9 (fluorescence

/I

units) pk~ ' both with respect to the fluorescence standard.

The fluorescence enhancement Q

Ié)
N

Q=7

D

1
was therefore 5.6. These constants are really only applic-
able to the instrument and conditions used. However, the
fluorescence enhancement, which depends only on the wave-
lengths and slit widths employed would be reasonably
consistent.
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FIG. 3.3 FLUORESCENCE TITRATION OF ALDEHYDE
DEHYDROGENASE
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The upper curve shows the fluorescence observed when NADH is added to an enzyme solution while in
the lower line NADH is added to buffer. Excitation at 340 nm and Emission at 435 nm.
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This plot represents the data shown in Fig. 3.3 (a) analysed by equation (5). The intercept shows the
binding site concentration of the enzyme solution to be 1.4 pM.  AFax was taken as 2.2
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3.3.5 Comparison of the Enzyme Binding Sites with Lnzyme
Activity

The estimate of the active enzyme concentration
from the concentration of binding sites involves the assum-
ption that the enzyme preparation consists of active enzyme
which binds NADH and inactive enzyme which does not. To test
this proposition, the effect of partisl heat inesctivetion of
the enzyme on the binding site concentration was nessured.
Ln enzyme sample was incubated at 45°C and both the enzynme
activity and the binding site concentrstion was measured
at several time intervals.

TABLE 5.1 EFFECT OIF ENZYMZE ACTIVITY CN CONCENTRATION OTF
NADH BINDING SITES

Incubation [E/ % /B % initial rate
time at Z€ro time at zero time
(12in) (M)

0 1.4 100 100
30 0.9 6l 63
70 0.8 57 52

Table 3.1 shows that there was good agrecment between the
anount of enzyme which could be titrated with HADI and the

initial reaction rate while the enzyme was being denatured.

2.3.6 Effect of Additional Compounds on the Titration of
the Inzayne

The standard titration procedure was carried out in
the presence of various compounds to observe their effect on
the dissociation constant and the binding site concentration.
Propionaldehyde (1.9mM) a substrate of the enzyme, chloral
hydrate (.86mM) a potent inhibitor (competitive with respect
to aldehydes) and 2-bromo-2-phenylacetic acid (.4mM) another
enzyrie inhibitor gll failed to produce any change in the
dissociation constant or the concentration of binding sites.
Three zinc complexing agents were tested and a change was
observed for 1,10 phenanthroline but none for EDTA or 2,2'-
dipyridyl (see Table %.2). Some variation was found in the

dissociation constant values but they are reasonably consistent.
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TABIE 3.2 EFFECT OF CHELATING AGENTS ON NADH TITRATION

The chelating agents were added to a standard enzyme solution
and titrated with NADH

Reagent Kp ézz

qney quLy

Control .9 1.8
EDTA (920pM) 1.2 1.9
2, 2'-Dipyridyl (430uH) 1.0 2.0
1,10-phenanthroline (250uM) 0.9 0.5

1,10-phenathroline was found to reduce the NADII binding
site concentration to 17% of its original value and it
therefore appears that 1,10-phenanthroline is binding

tightly to the enzyme in such a way as to block the NADH
binding site on the enzyme.

OroP Zinc Content

When the zinc concentrations of the dialysed solu-
tions were compared with the concentration of protein and
binding sites it was found that zinc was present in less
than stoichiometric amounts.

TABIE 3.3 SINC CONCENTRATION OI' TWO DIALYSED LNZYIE

SAMPLES
: : o /Zinc/
[Zinc/ [Trotein/ [§§22;§3 Binding 5ite
(u)  (pg.(212,000g.1itre) ™) (uHy
7.7 - 62 12
10 73 54 .19

Table 3.3 shows that the ratio of zinc atoms to NADH binding
sites 1s less than 0.2 which indicates that though the zinc
concentration in the enzyme solution is much greater than in
the dialysate (0.01 ppm) there is still not enough zinc to
be an integral part of the molecule. As the solution was
dialysed for four days, the enzyme may have lost activity
and so the binding site concentration after dialysis 1is a
better estimate of the amount of active enzyme than the
protein determination. An assay of the enzyme solution gave
a catalytic rate constant of O.ﬂs—q, using the determined
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binding site concentration and the maximum velocity of the
enzymic assay utilizing propionaldehyde, which is in good
agreement with the results from the steady-state using non-
dialysed enzyme (see Section 4).

3.5.8 Thiol Determinations

The reactivity of the thiol groups of aldehyde
dehydrogenase were examined with a Nbsg/enzyme ratio of
100. In the presence of sodium dodecylsulphate, a denatur-
ating egent, which exposes previously masked groups, the
thiol groups reacted in a few minutes but with the native
enzyne, however, the profile curve of the liberation of
2-nitro-5-thiobenzoate was in two phascs, & fast change
followed by a slow change (sce I'ig. 3.5). The results of
four separczte determinations are shown in Table 3.4 in terms
of the enzyme concentration expressed as moles of 2-nitro-
5-thiobenzoate per 212,000g protein. The bindin;; site con-
centration wes known for the first result in Table 7.4,
civing 2.6 moles 2-nitro-5-thiobenzoate/binding site for
the initial phase and 13.2 moles 2-nitro-5-thiobenzoate/
binding site for the total change in the presence of sodium
dodecylsulphate. Since the initial fast change was a variable
proportion of the total change, it was feared that trace
amounts of 2-mercaptoethanol may have been present. Trom
the elution pattern of the Sephadex G-25 column (TFig. 3.1)
this concentration of contamination could not result from

TABLE 3.4 REACTION OF ALDEHYDE DEHYDROGENASZ WITH 5,5'-
DITHIOBIS(2-NITROBENZOIC ACID) IN THE PRESENCE
AND ABSENCE OF SODIUM DODIECYLSULPHATE

Results are expressed as moles of 2-nitro-5-thiobenzoate per
212,000 protein

Initial fast change Total change in
15 49
6 55
1.47 381
.71,2 591,2

1 Contained 1mM EDTA in buffer
2 Using 12.5 cm colunmn
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leakage from the column. When the entire reaction mixture
was reapplied to a Sephadex G-25 column towards the end of
the reaction (the number of thiol groups- reacted at this
stage was still less than with sodium dodecylsulphate) the
Nbs-protein complex was unhindered on the column while the
colourcd 2-nitro-5-thiobenzoate was retarded. On addition
of 2-mercaptoethanol (0.2M) to the protein complex, the
amount of 2-nitro-5-thiobenzoate released was measured.

The two cxperiments which were carried out showed differing
results (Table 3.5). The results show that recovery from
the column was poor in each case, but as the two experiments

TABLE 3.5 AFPPLICATION OI' TIHIOL REACTION MIXTURE 170 COLUKN

The reaction mixture, which contained Nbs? and enzyne, was
applied to & Sephadex G-25 column after most of the thiol
groups had reacted.

Run 1 un 21
Protein concentration (ng/212,000%) 6.8 5.
2-nitro-5-thiobenzoate added to column 180 o4
(nmoles)
2-nitro-5-thiobenzoate retarded 104 51
(nmoles)
2-nitro-5-thiobenzoate liberated from 25 45
enzyme (nmoles)
2-nitro-5-thiobenzoate liberated from 4.1 8

enzyne/212,000; protein

1 Buffer included EDTA

were conducted on the first and third reaction mixtures of
Teble 3.3 respectively, the results may be compared. In

the experiment containing EDTA, the 2-nitro-5-thiobenzoate
regenerated from the protein was similar to the amount of
2-nitro-5-thiobenzoate retarded, showing that the original
2-nitro-5-thiobenzoate was produced by rcaction with protein.
Run 1, however, shows a large difference in the two values
which suggests a non-enzymatic reaction and it will be noted
that this run also had a much longer initial fast reaction
phase in the original mixture. The reaction of the initial
fest phase was further investigated using stopped-flow
spectrophotometry, a method which is described in Section 5.
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Fig 3.5 shows the reaction of Ellmans reagent (240 pM) with aldehyde
dehydrogenase (1.5 pM from protein concentration) in pH 8.0 phosphate
buffer.

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

Curve B, production in the presence of sodium dodecysulphate (0.3% w/w).

FIG. 3.6 RELATIONSHIP BETWEEN ENZYME
ACTIVITY AND THIOL REACTION
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Study of an enzyme solution (.21mg/cm5) reacting with Nbs,
(84p) showed 8 biphasic trace at 412nm, a fast reaction
followed by a zero order reaction, on the 1 minute per sweep

time scale. Ixtrapolation of the slow phase (see Section 5)

/]

gave an apparent first order rate constant of 0.11s” ' which,

with the excess concentration of Nbs2 used, produced a

1.-1

second order rate constent of 1400 + Z00M~ 's” '. The reac-

tion of 2-mercaptoethanol and Nbs2 on the stopped flew was
found to have a second order rate constant of 1750 + 200M°
-
S -

/I

When the activity of the enzyme was monitored during
the reaction, it was found that little activity was lost
during the initial fast phase and that 10% of the activity
remained after 1% moles of 2-nitro-5-thiobenzoate per
212,000g protein had been released (see Fig. 3.6). ilhen
2-mercaptoethanol (0.21) was added to the assay mixture
containing enzyme with 6% activity, 80% of the original
activity was restored. The results show no distinct
proportionality between activity and thiol groups reacted,
suggesting that the loss of activity in the course of mer-
captide formetion was probably due to progressive disorien-
tation of the enzyme rather than a direct chemical cheange
at the active site. This view was confirmed when NAD"
(800ui) failed to give the enzyme any protection from Nbs,,
even though it binds at the active site.

3.4 DISCUSSION

Though no change was found in the NADH spectrum, it
was later found using stopped-flow displacement, that the
absorbance at 340 nm of the enzyme-NADH complex was smaller
than that of unbound NADH ( Ae = 0.66 x 10°M 'em™ ). For
alcohol dehydrogenase, the addition of a strong inhibitor,
pyrazdle, to a solution of enzyme and NAD" produced a
change in the spectrum with a maximum difference at 300 nm
(Theorell and Yonetani, 1963). However, attempts to produce
a change in physical properties by forming a ternary com-—
plex of sheep liver aldehyde dehydrogenase using chloral
hydrate, which is a strong inhibitor of the enzyme, failed
to produce a change in the spectrum of NAD® bound to the
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enzyme.

The fluorescence properties of nucleotides bound to
aldehyde dehydrogenese from sheep liver show many similar-
ities to other dehydrogenases, which have already been
studied. A blue shift in the maximum fluorescence of the
coenzyme on binding to the enzyme 1s observed with an
enhancement in fluorescence 2t 4%5 nm of 5.G6. The altered
fluorescence on binding may be due to a change to a more
polar molecular environment for NADH (3cott et al., 1970).
Recently Takio et al. (1974) found similar properties for
horse liver aldehyde dehydrogenase.

The quenching of protein fluorescence by coenzymes
seemns to be a common feature of dehydrogenases. In pig
heart lactate dehydrogenase (llolbrook, 1972) the protein
fluorescence is quenched by NADH but not by NAD® while in
horse liver alcohol dehydrogenase (Theorell and Tatemoto,
1971) not only do NADH and nAD* quench fluorescence but also
1,10-phenanthroline. ILuisi and Favilla (1970) working on
the same enzyme found that the quenching of tryptophan
fluorescence (the residue involved in protein fluorescence)
was due to a speeific interaction between the coenzyme and
the enzyme active site. Aldehyde dehydrogenase exhibits
quenching with both NAD' and NADH. There are three mech-
anisms by which this quenching could take place. The first
is energy transfer from the fluorescent residues of the
enzyme to the bound coenzyme, a mechanism which is possible
for NADH, but the NAD' absorption peak at 260 nm precludes it
acting as an acceptor (Bhore et al., 1975) and so quenching
with NAD' would not take place. Jecondly, a molecular com-
plex could be formed between the residue and the coenzyme
and, thirdly, a conformational change altering the environ-
ment of the tryptophan may occur and hence a change in the
fluorescence may be produced by coenzyme binding. Which of
the latter two possible mechanisms is taking place cannot
be distinguished until the amino acids involved at the co-
enzyme binding site are identified. X-ray studies on
alcohol dehydrogenase have shown that the tryptophans are
not near the active site of that enzyme and hence conform-
ation changes must be responsible for the quenching of
protein fluorescence (Shore et al.., 1975).
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The changes in nucleotide fluorescence on binding
to aldehyde dehydrogenase show that NADH is able to bind to
the free enzyme and the hyperbolic nature of the titration
curves with NADH and the resultant linearity of the replot
show that the NADI binding sites of the enzyrie are all equiv-
alent. This independance of binding sités is borne out by
the linear Hill plot with a slope of unity.

The major aspplication of the NADH titration was in
the evaluation of the number of dbinding sites in an enzyme
sample. As the binding site concentration by HADH titration
was found to be proportional to the activity of the enzyne
by following the heat denaturation and the fact that only
one class of binding site was observed, it seemed resasonzable
to equate the binding site concentration with the active
site concentration. This active site concentration is
required to determine the rate of enzyme action (see 3ection
4)., The advantage of this determination over using protein
concentration is that only active enzyme is measured.
Unfortunately both protein and active site concentrations
were not determined on enough samples for the number of
active sites in the tetrameric aldehyde dehydrogenase to be
determined accurately, but results tend to favour two rather
then four active sites in the molecule though the concen-
tration of inactive protein could have a large effect on this
value. Winer et al. (1974) in results published after this
work was completed, found that fluorescence studies gave two
moles of NADH binding per mole of tetrameric enzyme with a
dissociation constant of 2pk. Using equilibrium dialysis
they found two classes of binding sites, one with a dissoc-
iation constant of 6pM and the other 50uM. The binding of
only two moles of coenzyme per nmole of enzyme was also found
for yeast aldehyde dehydrogenase (Bradbury and Jacoby, 1971b).

The formation of dead end ternary complexes from the
enzyme-coenzyme complex by the addition of a third compound
has been noted for several dehydrogenases. Rabbit muscle
lactate dehydrogenase (Fromm, 1970), yeast alcohol dehydro-
genase (Dickenson, 1970) and octopine dehydrogenase (Luisi
et al., 197%) show formation of enzyme ternary products with
reaction products, substrates or inhibitors. Luisi et al.
(1973) showed that octopine dehydrogenase had a dissociation
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constant of 0.9uM for the ternary complex enzyme-NADH-
octopine, where octopine is a product of the reaction of
substrates with enzyme-NADH, which istwenty times less than
the dissociation constant for the binary enzyme-NADH complex.
Decreases in the dissociation constant make the NADI titra-
tion more accurate and easier to carry out as the binding

to the enzyme is much tighter, however, attempts to form
ternary complexes with aldehyde dehydrogenzse were unsuccess-
ful. Propionaldehyde, chloral hydrate and 2-bromno-2-
phenylzcetic acid respectively a substrate, a substrate
inhibitor and a product analogug all failed to change the
NADH dissociation constant a2s determined by NADH titretion.

Inhibition of aldehyde dehydrogenase from bovine
liver by zinc complexing agents has been reported by
Stoppani et al. (1966). When zinc complexing agents EDTA,

2 ,2'-dipyridyl and 1,10-phenanthroline were present in the
NADI titration only 1,10-phenanthroline had any effect on
the results. The dissociation constant remained unchenged
but the binding site concentration was reduced to 177 of the
original sugeesting that 1,10-phenanthroline is binding
tightly to the cenzyme in such a way as to block the NADH
binding site.

Though several dehydrogenases have heen reported to
be zinc metallo-enzymes, only fcr alcohol dehydrogenase had
the presence of zinc been thoroughly documented (Zichhorn,
197%). Horse liver slcohol dehydrogenase has been found to
contain four zinc atoms per molecule, two atoms functioning
in catalysis and two further atoms which appear to have a
structural role (Brandengt al., 1973). Stoppani et al (1966) in
their study of yeast and liver aldehyde dehydrogenase found
that the metal complexing agents, such as 1,10-phenanthroline,
8-hydroxyquinoline, diethyldithiocarbamate and 2 : 2'-dipyridyl,
produced instantaneous reversible inhibition which was com-
petitive between chelator and coenzyme and mostly non-
competitive with respect to substrate. As the effectiveness
of the inhibitors were in agreement with the stability
constants of their respective zinc complexes and traces of
zinc were found in prepawration of yeast aldehyde dehydrogenase,
Stoppani et al. (1966) were led to conclude that the results

were consistent with the presence of zinc as an intrinsic
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constituent of both enzymes.

The effect of 1,10-phenanthroline on the titration
of sheep liver aldehyde dehydrogenase made it of interest
to study the zinc content of the enzyme. As the binding
site concentration and the molecular weight of the enzyme
were xnown, not only could the presence of the metal be
detected, but also the stoichiometry with respect to the
enzyrnie molecule determined. Results of zinc analysis by
atomic absorption spectroscopy showed that the zinc concen-
tration was less than a fifth of the binding site concen-
tration and so could not possibly be an intrinsic constituent
of sheep liver aldehyde dehydrogenase. Further evidence was
furnished by the fact that the dialysed enzyme with the low
zinc content had a catalytic-centre activity which was the
same as non-dialysed enzyme showing that zinc was not
required for enzyme activity. Though sheep liver zldehyde
dehydrogenase was found to contain no essential zinc atomns,
inhibition with zinc chelating agents was observed. Gteady-
state kinetics (see Bection 4) showed that 1,10-phenanthroline
was a competitive irhibitor with respect to NAD® with en
inhibition constant of 7Suli. Use of this inhibition constant
would lead to the prediction that the presence of 1,10-
phenanthroline in the reported MADH titration would result
in 2 reduction in the binding site concentrstion to O.4uli
which is in good ggreement with the observed 0.3%pl and
suggests that 1,10-phenanthroline binds at the coenzyme
binding site on the enzyme. I[urther evidence was provided
from the stopped-flow displacement experiments (see Section
5) in which NADH was found to be displaced from the binary
enzyne-NADI complex by high concentrations of 1,10-phenen-
throline. A possible explanation of the binding of 1,10-
phenanthroline to the coenzyme binding site in the absence
of zinc is that the binding is stabilized through hydrophobic
interactions rather thsn by zinc chelation. Anderson et al.
(19656) found that the compounds 1,5-phenanthroline and 2,9-
dimethyl-1,10-phenanthroline were more effective inhibitors
of yeast alcohol dehydrogenase than 1,10-phenanthroline even
though their metal chelating power was much weaker due to
steric hindrance.



un

The work on sheep liver aldehyde dehydrogenase has
recently been corroborated by Sidhu and Blair (1975),
studying human liver aldehyde dehydrogenase, who found that
non-chelating analogues of 1,10-phenanthroline and 2, 2'-
dipyridyl were Jjust as effective inhibitors of the enzyme as
chelating compounds and that the enzyme contained no signi-
ficant amount of zinc.

It has been suggested that all dehydrogenases have a
common coenzyre binding domain (Ohlssen et al., 1S74) as
lactate, alcohol and glyceraldehyde-%-phosphate dehydrogenases
all have a narrow hydrophobic pocket in which the adenosine
end of the coenzyme moleccule binds. Thus, a planar molecule
such as 1,10-phenanthroline could conceivably bind in this ‘
hydrophobic pocket wherees EDTA and the non-planar 2,2'-dipyridyl '
riolecule could not. In agreement with this idea is the
observation that 2,2'-dipyridyl does not inhibit the steady
state initial velocity but 8-hydroxyquinoline another planar
rigid molecule does.

With regard to the thiol determinations, it would

appear that the 1initiel fasl reaction with Nbs2 was due to
2-mercaptoethanol contamination of the sample. This change
was a variable proportion of the total number of thiol {roups
and when rechrometographed, the proportion of Nbs2 complexed
protein eluted was less in sanples that produced a large
initial phase. The fact that the loss of enzyme activity was
only cradual during which time a large number of thiol groups
had been titrated showed that the initial fast phase was not
directly involved in the enzyme activity. Further evidence
that 2-mercaptoethanol was involved, was found from stopped-
flow experiments iin which the rate constant for the reaction
of 2-mercaptoethanol with Nbs2 was found to be similar to
that for the fast phase. Though the evidence points to the
fact that 2-mercaptoethanol is present in the sample, the
process by which such a large amount passes through the gel
filtration column with the high molecular weight enzyne, is
not known.

Considering the initial fast reaction to be non-
enzymic, the total number of thiol groups per 212,000g protein
is the difference between the total change and initial change,

which is reasonably consistent at about 36 thiol groups. For
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comparison, yeast alcohol dehydrogenase (MW 140,000) contains
36 thiol groups, (Whitehead and Rabin, 1964) and horse liver
alcohol dehydrogenase (MW 80,000) contains 24 thiol groups
(Li and Vallee, 1965) while it has recently been reported
by Eckfeldt and Yonetani (1976) that the two isozymes of
horse liver aldehyde dehydrogenase (Fq and F2) contain 23
and 19 thiol groups using molecular weights of 230,000 and
240,000 respectively. As the enzyme activity was not com-
pletely inhibited until a large number of thiol groups have
been reacted and NAD' has no effect on this inhibition, Nbs2
cannot be attacking the active site. NAD" protection of
enzyme reaction with other thiol reagents suggest that bovine
liver aldehyde dehydrogenase (Deitrich, 1967) and pig brain
aldehyde dehydrogenase (Duncan and Tipton, 1971a) do contain
a thiol group in the active site. It seems possible that
elther Nbs2 is too bulky a reagent or that the negative
charge on the molecule is repelled by the active site.
Deitrich (1967) found that for the bovine liver enzyme,
cationic and neutral reagents were more effective, as did
Kitson (1975). Experiments with other thiol reagents may,
therefore, provide information about the enzyme active site.
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SECTION 4

STEADY-STATE KINETICS

o INTRODUCTION

As the characteristic property and function of
enzymes 1is the catalysis of chemical reactions, the eventual
elucidation of detailed enzyme mechanisms demands the
understanding of both the chemistry of the proteins and the
behaviour of the catalysed reactions. An understanding of
the behaviour of the reactions may be gained by study of the
rate of enzyme catalysis and the effect of changes in the
reaction conditions on this rate. These changes may involve
alteration of the substrate coneentration, pH, ionic strength
or temperature. When the reaction proceeds under steady-
state conditions the kinetic data obtained from the study
of the enzyme reaction may be compared with the predicted
kinetics for various plausible mechanisms and those which
do not fit the experimental data may be discarded.

While extensive kinetic studies have been carried
out on alcohol dehydrogenase, aldehyde dehydrogenase has
had relatively little attention. Though the existence of
the enzyme was first shown by Racker (1949), the difficulties
involved in the purification have meant that little work on
the kinetics of the enzyme catalysed reaction have been
carried out. Studies involving partially purified enzyme
were carried out on bovine liver aldehyde dehydrogenase
(Deitrich et al., 1962; Freda and Stoppani, 1970) and pig
brain aldehyde dehydrogenase (Duncan and Tipton, 1971a).
However, it was not until 1970 that an aldehyde dehydrogenase
was purified to homogeneity, when Clark and Jakoby isolated
aldehyde dehydrogenase from yeast. The first mammalian
aldehyde dehydrogenase to be purified to homogeneity was
from horse liver (Feldman and Weiner, 1972a).

Recently the aldehyde dehydrogenases (cytoplasmic and mito-
chondrial) from sheep liver have been purified to homogeneity in
this laboratory (Crow et al., 1974). Steady-state studies
on sheep liver aldehyde dehydrogenase were undertaken for
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three reasons. To allow a comparison of the kinetic prop-
erties of aldehyde dehydrogeneses from different species,

as well as to compare the results from the cytoplasmic
enzyme with those of the mitochondrial shecp liver aldehyde
dehydrogenase prepared in the same laboratory (Crow et zl.,
1974). Also, the parameters of the overall reaction in

the steady-state are necessary when interpreting the
results of the presteady-state kinetics study of thc enzyme.

Steady-State Kinetics

Enzyme-catelysed reactions involving the conversion
of substrate to product proceced via an intermediate: the
enzyne-substrate complex.

k k
™ \1 ™ A 2 hnd
L4+ A —_—— L) ——> L+ 2
S

liichaelis and lienten (1913) formulated & rate equation based
on the above mechanism making the assumption that the second
reaction does not disturb the first equilibrium. £ nore
general formulation was given by Brigps and Haldane (1925)
on the basis of the steady-statc hypothesis that the net
rate of change of /IA/, the concentration of the complex,

15 zero. The equation describing the relationship between
velocity of the rcaction and the sudbstrate concentration is
xnown as the Michselis-lenten equation -

V7

¥ = R+ i

Where v is the reaction velocity, /L7 is the substrate con-
centration and V and Km are constants, known as the maximum

velocity and the Micheelis constant respectively.
It sihould be noted that when /E/ is equal to Km then

~

vV =

R

''he concentration of substrate which is found expcrimentally
to give half the maximuwn velocity, 1s called the Michaelis

constant (Km). L Michaelis constant mey be deteriiined for
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any reaction but the physical significance of the constant,
or relationship to individual rate constants, depends on the
mechanism by which the reaction takes place.

The Michaelis-llenten equation, when v is plotted
against 137, is a rectangular hyperbola through the origin,
with asymptotes v = V and /AK/ = -K,- Two features which may
be noted are, firstly that at concentrations of A much less
than Km, v = & , 1.e. first order in A and secondly at con-
centrations of ™ A much greater than Km’ v = V that is the
reaction is zero order in A. As physical necessity restricts
measurements of v to finite positive values of /A7, it is not
possible to measure V and Km accurately from such a plot,
because the asymptotes cannot be approached closely enough.

Several transformations of the equation may be used
to get around this difficulty -

(1) J = dr, “n : zf7r- Lineweaver and Burk
v W W™
K
(ii) e%L = VE + % - [K7 Hanes
(iii) v =V - Km e 237 Ladie and Hofstee

The Lineweaver-Burk plot 1s the most commonly used,
while the Eadie and Hofstee plot has the advantage that the
dependent variable v is linear in form and deviations from
linearity show up more readily. However, in computer
evaluation of the parameters, the method of plotting data is
not critical.

Because of the inhibition of the reaction by products
and further, because of possible partial denaturation of the
enzyme during the prolonged course of a reaction, it is
usually advantageous to evaluate kinetic behaviour on the
basis of initial rates. This initial value should then
reflect the reaction velocity under the known conditions of
enzyme and substrate concentration and zero product concen-
tration.

Two Substrate Reactions

Most enzymes catalyse reactions with two or more
substrates. Cleland (1963) has described a general equation




49

for two substrate rcactions

VAT [E7
M ¥ Ka@ + 1'51 ,_’u? + K‘ial{b (6)

in which there are four constants V, K

a? Kb, Kia conpared
with only two parameters required for the single substrate
equation and where /&/ and /3/ are the concentrations of the
two substrete When /B/ becomes very large equation (6)

reduces to

It will be noted that this is of the form of the Michaelis-
lMenten equation for single substrate enayme reactions and
K_ is the Michaelis constant for A at high concentrations

3
(=
of B. Similarly at high /A/

with Kb the lMichaelis constant for B at high concentrations
of A. The increasing complexity of the two substrate
reactions means theat more parameters are necded to describe
the lichaelis constants and the maximal velocity.
Considering equation (6) in double reciprocal forn
K, ” K
1 _ 1
T A EE
1 . d . .
A plot of = gpainst =—— at constant {Q? will, therefore, be

v 9% i
linear with a slope é;

10 b
=)

and an intercept on the % axis of

1 + E"b

v

WVhen several concentrations of 3 are used, a series of lines
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are produced with differing slope and intercept, and fron
replots of those slopes and intercepts the four parzmeters
E.» Xig» Ky» V may be evaluated (sece IMig. #.1). Using
constant concentrations of A, a similar series of cquations
may ve produced and the results of the two graphs checked
for internal consistency.

Though equation (G) holds for many types of two
substrate mechanisms, it is formulated in terms of parameters
which are themselves functions of individuval rate constants.
These functions are different with different enzyme nech-
gnisms and so the physical significence of the paramcters
differs between nechanisms. A convenient method for the
solution of rate equations in terms of individual roete
constants has been devised by Xing and Altnan (1956).

A large number of possible mechanisms of two substrate
cnzynic reactions have the same overall rate equations and
so to distinguish the nechanism from the experimental initial
velocity data is difficult. Cleland (19G%) has defined
enzyne reactions involving two substrates and two products

2s Bi Bi mechanisms. The threce main categories of enzyme

3}

1echenisms are defined by the relationship between the two
substrates, whether the first product is released before the
second substrate binds (Ping Pong mechanism), or both sub-
strates nmust bind before any rcaction takes place and any

products are released (sequential mechanism).

1) Ping-Pong Mechanisn
A 2 B Q
4 T 4 *
X (BA E'P) 7 (E'B EQ) D)

The above notation of Cleland, where the addition
and release arrows designate reversible steps, shows that
the product (P) is formed prior to the reaction with the
second substrate at the expense of conversion of the enzyne
from a form I to a form E'.

Kinetic analysis shows that the rate equation is

which compared with equation (6) lacks a term in /IZ/B/and

<=




FIG. 4.1 DOUBLE RECIPROCAL PLOTS FOR
BISUBSTRATE REACTIONS

(a) Primary Plot reciprocal initial velocity versus reciprocal variable substrate A.
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. 1 . i
hence a double re01procql plot of 3 Vversus either _E7 or
as variable substrates is a series of parallel Iines
independent of the concentration of the fixed substrate.

2) Random lMechanism

—x
-

—>H
—O

Q)

1 I

B A Q P

The general sequential mechanism 1is called the random mech-
anism and either substrate may bind to the free enzyme.
This mechanism gives rise to rate equations too complicated
to analyse. However, if the interconversion of ternary
complexes is slow enough that A, EB and EAB sre in equili-
brium, then the nechenism is known as a rapid equilibrium
rendom mechanism and obeys equation (6).

2) Ordered liechanism
A 3 P Q
| |
O €07:9:380) 280 IR O N

This sequential mechanism is a spccial case of the randon
mechanism in which only one of the substrates may bind to
the free enzyme, that is, substrate B has an infinite
dissociation constant with the free enzyme. The overall
rate equation may be expressed as eguation (6) so it is
indistinguishable from the rapid equilibrium random mechanism.
Because of the symmetry of equation (6) it is not obvious
which of the two substrates is the "leading-substrate”
described as A.

Although initial velocity studies alone can only
distinguish ping pong mechanisms from sequential mechanisms,
the results of other studies, such as inhibition patterns,
may allow the enzyme mnechanism to be determined.
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Enzyme Inhibition

Substances which bring about a reduction in the rate
of reaction are called inhibitors and studies of the effect
of these inhibitors can help elucidate the mechanisn by
which the reaction occurs. The terminology used for types
of inhibition originated with the simple Michaelis-ltienten
single intermediate mechanisiy, so while the terms are applied
to two substrate reactions, the conclusions they imply may
not be justified in the more complex case. ‘

There are three main types of reversible inhibition
for two substrate reactions (Fig. 4.2) -

1) Competitive Inhibition

Inhibition 1s said to be competitive when only the
slope of a double reciprocal plot is affected. This
situation exists when the inhibitor reacts with the same
enzyme form as does the variable substrate. Gince the same
form of the enzyme is involved, high concentrations of the
variable substrate rcecmoves the inhibition, by saturating
that form of the enzyme.

If the constant substrate is in excess, the inhibition
equation is

K

2]
(@3

1 av l i
vov O gTm vy

where Kic is the graphical slope inhibition constant and

/I/ is the inhibitor concentration (nomenclsture of Cleland).
The inhibition factor only appears in the slope term of the
expression.

2) Unconmpetitive Inhibition

If the inhibitor has the effect of only changing the
ordinate intercept of the double reciprocal plot, the inhib-
ition is called uncompetitive. This type of inhibition occurs
when the inhibitor associates with an enzyme form other than
the one with which the variable substrate combines, thus
lowering the amount of the total enzyme available for distri-
bution among the usual enzyme forms in a manner which cannot
be overcome by saturation with substrate At high concentrations

of fixed substrate the inhibition equation 1is




FIG. 4.2 EFFECT OF INHIBITION PATTERNS ON THE DOUBLE
RECIPROCAL PLOT

1 Uncompetitive Inhibition
Noncompetitive Inhibition

Competitive Inhibition

/ Uninhibited Reaction
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A K /]
+ = 2
v \ 257

where Kii is the graphical intercept inhibition constant of

17

f94

)+%(’]+£7_)

H

N

) Noncompetitive Inhibition

If the inhibitor affects both the slope and the inter-
cept of a double reciprocal plot the inhibition is said to
be noncompetitive. This type of inhibition occurs when the
inhibitor associates with a form of the enzyme which is
connected by a series of reversible steps to the form with
which the variable substrate combines. The equation at
hich concentrations of fixed substrate (B) is

K
o 1 [T/

If the inhibitor associates with more than one
enzyme form, or more than one inhibitor molecule binds to
the enzyme, or the inhibitor is such thaet 1t forms part of a
new reaction sequence, the inhibition plots may be non-
linear.

A speciel clasg of inhibitors, the products of the
enzyme reaction, are of particular interest beccause they
provide a method of testing proposed reaction mechanisms.
From the proposed mechanism the enzyme form with which the
products associate is known and hence the type of inhibition
with the two substrates may be predicted. If these predic-
tions are not verified experimentally, the niechanism may be
discarded. Cleland (1953) has produced a table, based on
the inhibition equations, predicting the product inhibition
patterns of a series of mechanisms. Some of these patterns
are shown in Table 4.1 and illustrate the way in which
product inhibition patterns may be used to differentiate
mechanisms.

When product inhibition does not give unequivocal
answers, use of inhibitors, which reversibly bind to the
enzyme to form a complex which cennot undergo any further
reaction (so called dead-end inhibitors), can give further
information about the order of substrate binding and the
enzyne mechanisn.



56

TABLE 4.1

PRODUCT INHIBITION PATTERNS FOR SEQUENTIAL BI BI HECHANISMS

Variable JSubstrate
A B

Inhibitory Unsat- 3aturated Unsat- Saturated

v 1 1 ST
Mechanism Product urated with B urated with A
Ordered Bi Bi P HC UcC NC NC
Q Comp Comp NC -
Theorell- P NG N NC B
Chance
Q Comp Comp NC NC
Iso Ordered P NG uc NC NC
Bi Bi =
Q NC NC NC uc
Iso Theorell-
Chance P NC - Comp Comp
Q NC NC NC NC
Rapid :Xquili- B _
brium P or Q Comp Comp
Random Bi Bi
Rapid &quili- N
B B Comp - Comp
Random Bi Bi Q Comp - NC -
with Dead i&nd
EBQ complex
Random Bi Bi P or Q Nc NC2 ne'! nee

Mechanisms are defined by Cleland (1963).
Abbreviations used are: Comp, competitive; UC, uncompetitive;
NC, noncompetitive; ——, no inhibition.
1. Reciprocal plots are theoretically nonlinear although
curvature may be difficult to see.

2. Reciprocal plots are linear, but slope and intercept
replots are hyperbolic functions of the product inhibitor
concentration.
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4.2 METHODS

4.2.1 Spectrophotometric Assays at pH 9.7

4.2.1.1 Assay of aldehyde dehydrogenase

The steady state kinetic studies at pll .3 were
carried out in %3%mlM sodium pyrophosphste, and the data
collected on a Beckman Acta IITI recording spectrophotometer
by following the appearance of NADI at 340 nm. The assay
mixture was made up as follows: ‘

1.0c? sodium pyrophosphate (100rmk)

'1.2cr:15 distilled water
NAD' solution (3igmae Grade AA)

0.1cm” enzyme solution

O.2cm5 aldehyde solution
to make a final volume of 5cm3. A1l the reagents bar the

oY}

0.5cm

2]

aldehyde, were mixed together and a check for endogenous
activity wes made by monitoring the absorbance change at
240 nm. A few samples did exhibit endogenous eactivity due
to contamination by alcohol dehydrogenase which utilized the
traces of alcohol in the NAD' used. These samples were not
used for kinetic studies. The Km values for glyceraldehyde
were determined using a constant NADT concentration (1.7m)
while varying the glyceraldehyde concentration. The Km
values for NAD" were determined by varying the NADY concen-
tration in the prescnce of a constent concentration orf
acetaldehyde (1.7ml).

4.2.1.2 Buffers for pH profile

Veronal sodium-lIC1l buffers were prepared by adding
hydrochloric acid (0.02HM) to ’lOOcm5 of veronal sodium solu-
tion (0.04M) until the required pll was reached and the
solution was made up to a final volume of ’I2Ocm3 with dis-
tilled water. Veronal sodium-HCl buffers were used as they
are effective in the range pH 7-10. When added to the
enzyme assay the concentration of veronal sodium was 0.024M
and the pH values were 7.1, 7.6, 8.0, 8.5, 9.0.

4.2.1.% Esterase activity

The rate of hydrolysis of p-nitrophenyl acetate was
determined spectrophotometrically at 400 nm (following the
production of p-nitrophenol). Reaction mixtures contained
0.1 tris buffer (pH 8.0), p-nitrophenyl.acetate (1ml) and
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enzyme solution. A molar extinction coefficient of 16 x 107
at 400 nm for nitrophenol was used (Kezdy and Bender, 1962).

4.2.2 Fluorimetry

4.2.2.1 Instrumentation

The fluorimeter described in Section 3 was also used
for kinetic measuremcnts. The fluorescence of free NADH
was nonitored by exciting the ascsay solution at %45 nm and
measuring the emission at 455 nm (in the equilibrium studies
the fluorescence of the enzyme-NADH complex was monitored).
All experiments were carried out at 25°C and changes were
related to the quinine sulphate standard.

4.,2.2.2 Linearity of NADH fluorescence

As NADH fluorescence was proportional to NADH con-
centration up to about 10puM (as observed in NADI titrations)-
a standard curve could be constructed and fluorescence
changes could be related to NADI production. Above 10pM NADH
deviations from linearity occurred due to the absorption of
the exciting light by the NADH solution. If the NADH con-
centration was further increased, a point is reached, above
150uM, where the fluorescence of NADH actually decreases
with increasing concentration (Fig. 4.3).

4.2.2.% Influence of pH on NADI fluorescence

NADH (4.25uli) was made up in veronal sodium buffers
of varying pH and the change in fluorescence with respect to
a buffer blank was measured for each solution. The results
(Table 4.2) show little change in fluorescence with pll, thus
fluorescence changes at different pH values in a pH profile
may be compared directly.

TABLE 4.2 VARTATION OF NADH FLUORESCENCE WITH pH

pi Fluorescence
9.6 2.0

0.18 1.98

8.8 1.93

S.4 1.92

8.0 1.95

7.7 1.91
7.24 1.92

6.9 1.90




FLUORESCENCE

FIG. 4.3 FLUORESCENCE OF NADH SOLUTIONS
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NADH CONCENTRATION (uM)

Emission wavelength 435 nm

1000

NADH solutions contained pH 7.6 phosphate buffer
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4.2.2.4 Fluorimetric assay at pH 9.3

The assay was the same as used in the spectrophoto-
metric assay, however, the pyrophosphate buffer solution
was filtered through o sintered ¢lass funnel to remove any
large particles as the fluorescence technique is susceptible
to light scattering effects.

4.2.2.5 Distillation of propionaldehyde

Propionaldechyde was distilled under nitrogen from a
250cm5 three necked flask into a collection flask immersed
in ice. Prior to use the collection flask was filled with
water and heated to boiling on a hot plate to removec any
acid on the glass which may act es a catalyst in polymer-
ization of propionaldehyde. The sane flask wae used for
storage of the aldehyde. All equipment was thoroughly dried
before use and the distillation apparatus when assenbled
was flushed with dry nitrogen. Silica gel was placed in
the gas outlet to prevent moisture cntering the system.
Only 50% of the ’lOOcm5 propionaldehyde was distilled so
there was no danger of concentrating any peroxides that nay
have been present. The temperature of distillation could
not be determined as the nitrogen flow cooled the thermomebter
but after distillation, the refractive index of the propion-
aldehyde was determined and the value always agreed with
the literature value of 1.3%63%5 at 20°C (Ilandbook of Chemistry
and Physics, 1971).

4.2.2.6 Determination of aldehyde concentration
Semicarbazide hydrochloride readily reacts with
carbonyl compounds to form semicarbazones which have absor-
ption maxima at about 220 nm (Burbridge et al., 1950).
Semicarbazide hydrochloride (0.186g), sodium dihydrogen
phosphate (2.337g) and di-sodium hydrogen phosphate (4.975g)
were dissolved and made up to 2SOcm3 with water, to act as
a buffer with a pH of 7.0. This reagent solution (BCmB)
was added to a standard aldehyde solution (chB), a sanmple
solution (5cm5) or water for blank, and made up to ’IOcm5
with water. The mixture was left for 15 minutes before
reading. Tor propionaldehyde the semicarbazone derivative
had a maximum at 22% nm, the response being linear in the
range of aldehyde concentration used (up to 120uM). Results
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could be determined from the standard curve. Aqueous
solutions of propionaldehyde which had been stored at 4°C
for » weeks were found to give the same reading as freshly
prepared sanples.

It is well known that in aqueous solutions aldehydes
exist as a mixture of the free aldehyde, RCHO, and the
hydreate, RCH(OH)Q, the exact ratio being determined by the
gem—-diol equilibrium constant (3ell, 1966). Bodley and
Blzir (1971) were able to show that human liver a2ldehyde
dehydrogenase solely utilized the free aldehyde as a sub-
strate. The hydrete of aldehydes in solution, therecfore,
hes the effect of lowering the concentration of actual
substrate present such that the substrate concentration is
equal to the total aldehyde concentration multiplied by the
fraction of the total aldehyde which is present in the free
form. While the cxpression of substrate concentrations in
terms of free aldehyde is more correct, the total aldehyde
concentretion may be used es long as both the kinetic para-
meters and the substrate concentration are cxpressed in this
way. Due to the simplicity of using the total concentration
and the fact that the ger-diol equilibrium constant for some
aldehydes are unknown, all results and kinetic paranecters
reported here have been expressed in terms of totzl aldehyde
concentration. Care must be taken, however, when comparing
different substrates as the f(raction of frec sldehyde present
will differ. 3o, for instance, the apparent Km of a com-
pound with a low fraction of free aldehyde would appear
higher than the apparent Km of a compound with a hizh fraction
of free aldehyde even though their actual K,r values (in terns

1193

of free aldehyde concentration) were the same.

4.2.2.7 Fluorimetric assay at pH 7.6

The assay was conducted as for pll 9.2 with the use
of a phosphate buffer. The buffer consisted of 0.1K NaOH
(approx. 150cm5) added to potassium dihydrogen phosphate
(2.380g) to bring the pH to 7.6 and made ur to SOOcma. The
buffer was filtered as for pll 9.3 pyrophosphete buffer and
2.’150m5 of phosphate buffer was added to the assay to make
the buffer .025M in phosphate, all the other concentrations
were as for the spectrophotometric assay.
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4.2.2.8 Attempts to initiate the reverse reaction

A strong phosphate buffer (0.7511 in phosphate) was
made up by edding sodium hydroxide (2K) to a solution of
potassium dihydrogen phosphate (13.G5 in WOOcmB) to adjust
to pH 7.7 and made up with distilled water to 150cn”. The
stock solutions of cearboxylic acids made up to 10cm” with
buffer were acetic acid (10CmM), propionic acid (95m!) and
2-bromo-2-phenylacetic acid (12zll). A 512ul NADI stock

N

Nl

solution was prepared from a Zigms preweighed visl. The
&ssay was: O.’lcm3 enzyme (assay concentration 0.4k
0.5cm’ HADI (85ul)
O.ch5 carboxylic acid
2.’Icm5 Buffer
The absorbance of NADH at 40ni was followed on a Unican
SP500 spectrophotometer thermostated at 25°C. DBuflfer was
uscd in the reference cell and a control cell of carhoxylic
acid and NADI was used to follow any nonenzymic changes in

-

absorbance ovelr 5 hours.

4.2.3% Treatment of Data

The initial rates of reaction were penerally linear
for at least 3% minutes and were @lways determined in dupli-
cate. Results werc plotted as reciprocal of initial velocity
versus reciprocal of substrate concentration, lines being
fitted to the points initially by eye to check for linearity
and then fitted by linecar lcast squares analysis to an Zadie
plot (Tadie, 1942) and a Lineweaver-Burk plot (Lineweaver
and Burk, 19%4) on an IBM 1130 computer (Youden, 1951).
Intercepts and slopes obtained from the primary plots were
then replotted against reciprocal of the nonvaried substrate
concentration.
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e % Steady~-3tate Xinetics at pH 9.% usings 3Spectrophoto

4.%2.1.1 Bpecificity of aldehyde dehydrogenase

Sheep liver aldehyde delhiydrogenase is capable of
oxidizing a wide range of aldehydes including; both aliphatic
and aromatic compounds (see Table 4.%z). The rate at which
these aldehydes were oxidized varied widely demonstrating
that the maximal velocity is depcndant on the substrate
structure.

TABLE 4.%a SUBSTRATE SPECITICITY OIF ALDEHYDE DEHYDROGLENASE

Maximal velocities for various aldehydes with sheep liver
aldehyde dehydrogenase at pll ©.3

Substrate Concentration Veloc1tz

(mlT) ~(pmoles.min 1

(cm” enzyme solutlon) )
Acetaldehyde 1.67 1.04
Propionaldehyde 1.67 0.2%
Butyraldehyde 1.67 0.55
D,T-Glyceraldehyde 1.67 0.86
Pyruvic aldehyde 1.67 0.27
Benzaldelhyde 1.67 0.12

The velocity of NADH production was followed spectrophoto-
metrically in an assay containing NAD* (1.67mM) in pH 9.3
pyrophosphate buffer.

4.%2.1.2 Esterase activity

Sheep liver aldehyde dehydrogenase was found to be
capable of catalyzing the hydrolysis of p-nitrophenyl
acetate at pH 8.0. Though the enzyme solution contained
2-mercaptoethanol, the rate of reaction was more than twice that
found for the hydrolysis of p-nitrophenyl acetate in the presence

of 2-mercaptoethanol at the same concentration (Table 4.3b).




64

TABLE 4.%2b SOTERASE ACTIVITY CI* JIIEEP LIVER ALDEIY DX

DEHYDROGLENASE

Spontaneous rate of hydrolysis of

p-nitropheryl acetate 10 nmoles/min

Rate of hydrolysis in the presence of

2-mercaptoethanol i IBmEMES/ MR

Rate of hydrolysis in the presence of

: 123 nroles/min
enzyne solution Y s/

4.2.1.3 Initial velocity studies with glycerzsldehyde at

pH ©.2

Initial vclocity studies on aldehyde dehydrogenase
were carried out in plI €.% pyrophosphate buffer with glycer-
aldehyde as the aldehyde substrate. Glyceraldehyde was
chosen because Freda and J3toppani (1970) in their work
using bovine liver eldehyde dehydrogenase found that this
substrate, unlike acetaldehyde, gave linear double reciprocal
plots. It was also reported that glyceraldehyde had a high
IMichaelis constant which, if true for the sheep liver enzyme,
would mean that higher and hence morc accuratcly determin-
able concentrations of substrate could be used. The sub-
strate used in the experimental work was D,L-glyccraldehyde,
both isomers of which are oxidized by liver eldchyde dehydro-
genase (Holldorf ct al., 1959). lowever, experimental
problems were encountered with the glyceraldehyde initiel
rates as the points on the reciprocal plots were either
scattered or non-linear. Since cither the reagents used or
the enzyme sample may have caused the irregularities, these
possibilities were checked. The enzyme sample did contain
endogenous activity which was removed by better separation
techniques in the later preparations and coupled with a
change in the quality of NAD' used (from 3igma Grade A4
(90-96G%) to Sigma Grade III (98%)) brought about a great
improvement in the consistency of the data and the linearity
of the double reciprocal plots. Solid glyceraldehyde is
known to exist mainly as a dimer and to take several days
to depolymerize in solution (Beck, 1957). However, the
sane Km result was obtained whether the glyceraldehyde
solution had been made up immediately prior to use or had
been left standing for nine days and thus it was concluded
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that polymerization of glyceraldehyde was not a significant
factor in the kinetics. The lMichaelis constant for glycer-
aldehyde, the concentration required to give half the
maxinum reaction velocity, was found to be 460pH + 15uil.
2-Mercaptoethanol was present in all buffers used during the
purificetion procedure in order to staebilise the enzyme, and
was, therefore, also present in the assay mixture. However,
steady-state kinetics carriecd out after the complete removal
of 2-mercaptoethanol gave the same vazlue of Km for NADY and
glvceraldehyde and the same maximun velocity, demonstrating
that the 2-mercaptocthanol had no effect on the enzyme
catalycsed reaction.

Using high concentrations of glyceraldehyde (.5mb
to 20mli) in the samne conditions as used for the Km deter-
minetions, it was found that at concentrations of glyccr-
aldehyde above 5mdi, there was apparent substrate activation
but in the intermediatc range (MmM to 2ml) there appeared
to be substrate inhibition. The latter fcature was also
observed in double reciprccal plots used to determine K_,

Fiye

et the hijghest glyceraldchyde concentration.

4.%2.1.4 Tlffect of pll on Kr for zlyceroldehyde

The pI profile of the aldehyde dehydrogenase catalysed
rcaction deternined with veronal sodium-[HC1l bufferg showed
het as the pll was increased from pH 7 to pH € the Km for
zlyceraldehyde decreased by three fold (350uk to 130ulM)
while in the same range, the maximun velocity increased by
only 25%. The chense in pll caused little effect on the
meximun velocity.

4.%.1.5 Initial velocity studies with NAD' at pi 9.3

The lNichaelis constant for NAD' wes determined with
nuch less difficulty than was experienced with glyceraldehyde.
The value was determined using acetaldehyde (1.67m1) as the
aldehyde substrate and vhec Michaelis constant for NADT was
found to be 12uM + 2uli, a2 value of the order of ten times

less than the Km for glyceraldehyde.

4.%2.1.6 Difficulties in initial velocity studies

EZven using saturating concentrations of substrate,
the slow rate of the enzyme catalysed reaction gave only
very small absorbance changes after reasonable assay tines




FIG. 4.4 DOUBLE RECIPROCAL PLOT OF INITIAL VELOCITY WITH

RESPECT TO PROPIONALDEHYDE AT FIXED CONCENTRATIONS
OF NAD* AT pH 9.3
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The concentration of propionaldehyde was varied while the NAD* concentration was held constant at
the following values; », 9.8 pM; o0, 13 pM; x, 185 pM; A, 39 pM; e, 78 pM.
The enzyme concentration was 10 ng/cm3.
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and for less than saturating concentrations of fixed sub-
strate, precige determination of rstes was extremely diffi-
cult. It was decided that reliable data necessary to carry
out the double reciprocal plots of initial velocity against
variable substrate concentration at different concentrations
of fixed substrate, could not be obtained by this method.

Tor this reason, the more sensitive technique of
fluorescence was adopted for following FNADH production.
Glyceraldehyde as a substrate was found to have.several
disadvantages. It was difficult to check the purity as
the melting point was not distinct and the structure of
glyceraldehyde was very different from acetaldehyde, the
aldehyde substrate of the enzyme during alcohol metabolism.
Finally glyceraldehyde, an a-hydroxy carbonyl compound, was
reported to react with NAD" at pll 10 (Burton and Kaplan,
1953).

Propionaldehyde was chosen as a more suitable
substrate as it more closely resembled acetaldehyde; it
was not an a-hydroxyl carbonyl compound and was casy to
purify. For these reasons propionaldehyde was used as the
experimental substrate in all further kinetics.

4.5,2 Steady State Kinetics at pH 9.3 using Fluorimetry

4.2.2.1 Initial velocity studies with propionaldehyde and
NAD' as substrates
Initial velocity studies were carried out with
propionaldehyde as the variable substrate in the presence
of several fixed concentrations of NAD. Double reciprocal
plots (Fig. 4.4) gave a series of intersectinglines indi-
cating that both substrates bound before a product was
released and hence that the enzyme mechanism must be ordered
or random (but not Ping Pong). Secondary plots of the slopes
and intercepts on the ordinate axes of these plots are
shown in Fig. 4.5. The constants which may be derived from
these figures are shown in Table 4.4 assuming the reaction
was sequential and either propionaldehyde or NADY may bind
first to the enzyme. In the presence of high propionaldehyde
concentrations (up to 2mM) there was no substrate activa-
tion as seen for glyceraldehyde. Using high NAD+concentrationa
at constant propionaldehyde concentration (48uM), there was only
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slight deviation from linesr behaviour above 200ul showing

insignificant inhibition.

TABLE 4.4
KINETIC PARAMETERS OFF ALDEHYDE DEHYDROGENASE REACTION AT pH 9.3

T 7 4
La Kb Lia
A = NAD' 10. bult 8. 4pM
B = propionaldehyde 5.0
A = propionaldehyde 5.0pM 4, 0pls
B = NAD' 10 4l

The kinetic parameters were calculated from equation (&)
for sequential mechanisms with the nomenclature of Cleland

(1963).

4.2.2.2 Inhibition studies

Inhibition by NADH was found to be competitive with
NAD' in pyropnosphate buffer at pH 9.%, giving an inhibition
constant Kis of 4.8ul. As propionaldenyde was saturating
(4380p11) it may be concluded that the enzyme mechanism wes not
rapid equilibrium random BiBi for which no inhibition would

be expected at high aldehyde concentrations.

4,%2.% Steady 3State Kinetics at pH 7.6
4.%.%3.1 Initial velocity studies at pH 7.6

Steady state experiments were repeated at pH 7.6 so
the results could be used in conjunction with the equili-
brium studies results of active site concentration and NADH
dissociation constant. In addition, study of the reaction
at the lower pH means that it is closer to physiological
pH and would perhaps give results that more closely resemble
the reaction taking place in vivo. The initial velocity
data at pH 7.6 using propionaldehyde and NAD' as substrates
was found to give a double reciprocal plot of a set of
straight lines converging above the x axis (Fig. 4.6),
consistent with a sequential mechanism as was proposed for
the enzyme at pH 9.3. Secondary plots of the slopes and
intercepts are shown in Fig. 4.7 and in Table 4.5 the kinetic
constants based on a sequential mechanism are presented.



FIG. 4.6 DOUBLE RECIPROCAL PLOT OF INITIAL VELOCITY WITH

RESPECT TO NAD' AT FIXED CONCENTRATIONS OF
PROPIONALDEHYDE AT pH 7.6
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The concentration of NAD* was varied while the propionaldehyde concentration was held constant at

the following values: _®, 1.9 uM; 0,32 pM; 4,438 pM; o, 19.1 pM. The enzyme concen-
tration was 9.3 ng/cm3.



FIG. 4.7 SECONDARY PLOTS OF DATA FROM FIG. 4.6
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Constants derived from two seperate experinents are presented
in this teble

results. On plotting the data with the other substrate as

2nd show the excellent eagreement between

the variable substrate very similar results were obtalned.

TABLE 4.5 KINETIC CONSTARTS #OR ALDEHYDS DEHYDRCGENASE TN
pH 7.6 PHOSPHATE BUFFIR

Calculations of the constants were bhased on th

®

equation

9

for a sequential mechanism. The two values £ each con-

or-
stant represent values obtained in two separate experiments.

Substrate
it d ‘V
. " Ky “ia
A = NAD 2.2, 2.4uN 1.5, 1.2uk 8.0, 8.0ul

B = propionaldehyde

A = propionaldehyde 1.5, 1.2uM 2.2, 2.4uM 5.5, 4.0ul
= WAD"

4.%3.%5.2 Relationship between enzyme concentration and

initial velocity

The enzyme reaction velocity using high substrate
concentrations was proportional to the active site concen-
tration of the enzync (Fig. 4.2) with @ slope of 0.08% moles
NADII.(mole active sites..sec)_/l representing the catalytic-
centre activity or the turnover number. The linear
relationship indicates equivalence of the active sites
beczuse, in the range used, twice the active site concentra-
tion produced twice as much KADI in a minute.

4.%3.5.% Effect of pIl on Km for propionaldehyde

A two fold decreasc in the Km for pronionaldchyde
was found as the pHd of veronal sodium-IICl buffers was
increased in the range pH 6.8 to pil 9.6. In the same
range there was a less than two fold increase in V, however,
the maximnum velocity at pH 7.6 in sodium veronal buffer was
less than a third the velocity in phosphate buffer.
Comparing the Km for propionaldehyde in pH 7.6 phosphate
buffer and piI ¢.% pyrophosphate buffer the value increased
from 1.2ulh to 5.0ul. This is in conflict with the results
from the profile using veronal sodiun-HCl buffers. One




INITIAL VELOCITY

FIG. 4.8 RELATIONSHIP BETWEEN INITIAL
VELOCITY AND THE ENZYME
CONCENTRATION
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The enzyme concentration is expressed in terms of the active
site concentration determined by NADH titration. Units of
initial velocity are fluorescence units/minute (where a 2.92
PM NADH solution has unit fluorescence).
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possibility is that the veronal sodium-HCl buffer is having
an affect on the enzyme reaction, as it has been shown that
barbital ig capable of inducing increases in enzyne activity
in one of the aldehyde dehydrogenases fouad in genetically
responsive rats (Deitrich and 3iew, 1974). However, a far
more likely explanation is that the change in buffers and
ionic strength, phosphate buffer (.025F in phosphabte) at

pE 7.6 to pyrophosphate buffer (.033l in pyrophosphate) at
pl .3, 1is the cause of the apperent anomaly.

4.%3.3.4 Product inhibition

Product inhibition studies were carried out to help
establish the order of substrate addition to aildehyde
dehydrogenase. NADd wes found to be a competitive inhibitor
with respect to HAD® in the presence of excess propionalde-
hyde with an inhibition constant Kis = #.20 + O02uH. With
propionaldehyde, NADH gave non-competitive inhibition at low
NAD" concentration (16uM) giving K,g of opli and K;; of Sul
while at high concentrations of NAD® (790pl), NADH had no
inhibitory effect. High concentrations of the acid product
propionic acid were found to alter the pli of the assay
system but using a stronger buffler (0. 71) the propionic acid
(3.2mM) was found to have no effect on the enzyme reaction.
As NADH is the only product to inhibit the enzymic reaction,
not enough information is available to define the mechanisn
since from Table 4.1 the ordered Bi Bi and rapid equilibrium
random Bi Bi plus dead end EBQ conplex both with NADY
binding first and Theorell-Chence mechanism with aldehyde
binding first are consistent with the results.

4.%3.%3.5 Dead end inhibition

An acid, 2-bromo-2-phenylacetic acid, was found to
be a reversible inhibitor of aldehyde dehydrogenase even
though propionic acid was not. 2-Bromo-2-phenylacetic acid
(180ulM) was found to be an uncompetitive inhibitor with
respect to propionaldehyde at fixed HAD concentration (200ud)
with an inhibition constant K;; of 1.2ml. However, as the
inhibition constant is so high the inhibition found was
small, and so it was difficult to distinguish the uncompet-
itive inhibition from non-competitive inhibition. This was
also the case with NAD™ as the variable substrate, the two
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1,10—phonanu“$o11ﬂo & zinc chelating egent, was found to
be a compebtitive inhibitor of NAD' wisth on inhibition
constant of 75uli. The inhibition results are summarissd
in Table 4.06.
TABLE 4.6 INHIBITION QF SHERP LIVER-CYTOPLADHMIC ATDTHYDE
DEHYDRCGIENA ST
The values were deternined in pII 7.6 phosphate buffer.

Inhivbitor Varied substrate Inhibition Inhibition
constants
T 4
1% il
NADII NA Competitive 1. 20
propionaldehyde Non-competitive G pl Sl
(low NADY)
O“OUﬂon&ldenyde No inhibition — -
(high NAD*
2-Bromo-2- NAD" (high prop) Uncompetitive 570ul
Pl Rt akae e nropionaldehydce Uncompetitive 1200l

(high NADY)
Chloral hydrate
(high NADY)

-phenanthroline NAD

propionaldehyde Competitive

(high prop) Competitive

4.%2.3.6 Attenpts to initiate the reverse reaction

Using high concentration buffer to reduce the effect

of high concentrations of carboxylic acids on the pH (a

change from

pd 7.7 to pH 7.6 being observed) attempts were
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made to observe the utilization of NADH and carboxylic acids
by the enzyme. .0n following the absorbance at 340 nmthere
was no difference between the semple cells with carboxylic
acids and the control cell which contained NADH and acetic
acid but no enzyme, though all values decreased 15% over a

3 hour period. This decrease must have been due to non-
enzymic destruction of NADH or instability in the spectro-
photometer over the time period. It was demonstrated in this
way that acetic acid (10mM) and propionic acid (9.5mM) both
products of enzyme reaction are not substrates for the
reverse reaction and 2-bromo-2-phenylacetic acid (1.2ml), an
inhibitor of the enzyme is also unable to initiate the reverse
reaction.

Jith p-nitrobenzaldehyde it was shown that the
expected stoichiometric amount of NADH was produced from
solutions containing accurately known weights of aldehyde
in the presence of excess NAD' (4.6mM), Table 4.7.

TABLE 4.7 QUANTITATIVE PRODUCTION OF PRODUCT

Initial substrate Product produced
(p-nitrobenzaldehyde)

102ul1 100pM
41uM 43l

4.3.%3.7 Effect of high propionaldehyde concentration

When a wide range of propionaldehyde concentrations
was used it was found that the double reciprocal plots were
biphasic (see Fig. 4.9) being linear to 50uM and deviating
to faster rates above this value. The maximum velocity for
the linear portion of the graph gave a catalytic-centre activ-
ity (V//E/) of 0.082s~ using an active site concentration of
0.08uM. At very high propionaldehyde concentrations the

catalytic-centre activity was 0.275-1.

4.%2.%.8 Effect of high acetaldehyde concentration

Acetaldehyde was also studied over a wide concentra-
tion range. As can be seen in Fig. 4.8 the double recip-
rocal plot deviated from linearity over almost the entire
concentration range rather than the abrupt change between the
two phases observed for propionaldehyde. At low concentrations




FIG. 4.9 EFFECT OF WIDE RANGE OF ALDEHYDE
CONCENTRATIONS OF THE INITIALVELOCITYATpH 7.6
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the line appears linear with a X for acetaldehyde of 0.67pk

and & turnover munber of 0.0153_1. t/lnen the scetaldehyde
conncentration was increased deviations from linearity occurred
with a maximum velocity ziving a turnover number of 0.238_1,
a value 15 Uimes that obtained from the lincar portion of the
graph.
4.2.%2.9 D3Bubstrate specificity

At pll' 7.6 The substrate structure 15 alsé seen to
have an effect on the maximum velocity. As the cnzyne con-
centration is known, the catalytic centre activity (pmoles
NADI produced per sec per pumoles of active sites) may be
determined for the various substrates (Table 4.8). At

TABIE 4.5 SUBSTRATE SPECIFICITY AT pH 2.5

The NADI production was followed fluorimetricelly in an assay
containing aldehyde dehydrogenase (0.2ul), NADY (2mi) in
pH 7.6 phosphate bulfer.

Catalytic Centre

Substrate Concentration TR
(mM) (s—=T)
Propionaldehyde 054 .03
5.0 2
Butyraldehyde 2 P
4.6 01.7)
9.8 '/]3
Benzaldehyde 2.4 .O4
120 024
p-nitrcocbenzaldehyde 0.c4 .02
1.2 .01
m-nitrobenzaldehyde 0.4 .04
0.8 . Ol
p-methoxybenzaldehyde 0.5 .04
1.0 .04
Formsaldehyde 1 .06
11 <11

concentrations of substrate much greater than their respec-
tive K 's a change in concentration should heave no effect on
the catelytic rate constant. In cases where this constant
increases or decreasces with larger concentrations, substrate
activation or inhibition is occurring. Results show that
the aldehyde structure has an effect on the catalytic rete

constant of the enzyme, the aromatic aldehydés reacting



79
slower than the aliphatic aldchydes. This effect would
nean that the substrate or product formed was involved 1in the
rate limiting step, a step of almost equivalent rate or that
there is a change in rate deternining step on chonging
substcrates.

Aldehyde dehydrogensse wes at first thousht to be
capcble of using WADPT as a coenzyne zubstrote cince an
sbsorption increasc was obgarved when HADD” and propionnlde-
hyde were added to the enzyne. I[lowever, the abzsorption

g

B - ~ N . A ~1F
cnonie wes less than 17 ol thunt expected 1f all thas NADP

woes reduced ond the ¢ was reversed on the addition of

o
yeast alcohol dehydrogensse, an enayne which canrnet utilize

UADPII as a colactor (Barman, 1969). in G"pj<N”“”OH of thia
\ . T pyyF L v
result is that only HAD  impurities of NADPY were reduced
by aldehyde dehydrogenase and the NADH produced woy reoxidized

t

by alcohol dehydrogsenasc using nroplonnldehyde #35 the
B 4 . ,
svbstreve. ilence HADP ig not & coenzyne Tor cldelyde

dehydrosenase.

L4 DIBCUSSION

Tha low apeciiicity shewn by shecep liver aldekjde
dehydrogernase with respcect to zldehyde substrotes appears
to be a feature comnmon to o1l oldehyde deliydroscansens (o
instance, Muiean ond Tipton (170710), neda r~ad SLopponi
(1270)). ldehyde dehydrosenases hrve heen reportaed to he

czpable of uvilizing substrutes os dilferaont ng forunldenyde
cnd Z-pyridi ﬁwldohydc—ﬁﬁh'. ™o wide rance of cldehyde
substroves wiich Hind to vhe curyme but the loclk ol zZay
inkivition by octructurelly similar conpounds such ¢ nlcohols
ané ¥kectones suggest o binding site zpecific for the -CH=0
sroup but which 1s large enough to nccommodate buliiy nolecules.
Althoursh eldehyde dehydrogenases capable of using
NADPY zs a coenzyme have been found in sonz species (Jakoby,
1958; llorton and Borrett, 1975) no activity wes observed
with NADP' in the case of the sheep liver enzyme or the
horse liver enzymre (Feldman and YWeiner, 1972a). ~inalosues
of NAD' have been shown to substitute for WAD' with the beefl
liver enzyne (Preda and Stoppani, 1970) and presteady-state

studies (see Section 5) have shown that the sheep liver




t on MAD' analojues. A feature which also
comrn:on to all eldehyde dehydrozenases 1s the
- of the enzyne recction, carhoxylic acids
and NADI being unable to act 2s substrates in the reverse
on. The initisl velocity studics at plI ©.72 with the
secting; doudle reciprocal plots show the mechatizir to
icl. The low values for the [‘ichaelics

c
for noldehyde dehrydrorennses ag Deil

are not unusual T trich

al. (1962) found the consvents fox HAD+ a::d propioncldehyde
i'rom bovine liver to be AGph and Z2.85ul respectively nfb

pllI 9.6 and The pig brain enzyme has corresponding KF'S of
7.0pi and O0.Cpii at pll 7.2 (Duncen cnd Pipton, 1971b).
Gernerally the kinetic constante nre found to be lower then

for alcohol dehydrosenase. FTor inctonce the horse liver

J 1 hat £ "'
aldehyde dehydrocnase hes Rm's of RAD" and ncetzldehyde of
2.0ulM and &OpM reopectively ot pil 7 (Cckfeldt cnd Yonetani,

197G) while the alcohol dehydrosenase from the zame orizin

y - . . e . 4
has ¥_ wvalues of 17.4ull, 550ul’, ?Q#pm and 2G.8pll for NAD,
ethanol, acetaldehyde nnd NADI vrespectively at pil 7.15

(Bexrman, 1959).

The esterase activity shown for the sheep liver
encyne 1o conclstent with observetvions from other =zldehrde
dehydrorenaces. Xeldnsn and Yeiner (1977b) found that the
se liver enzyme was capable of hydrolyzing p-nitrophenyl
cecetate and were able Lo chow that the ester bound in the
cldehyde binding site. As the ismhiloition coastant was fouand
to be over 1000 times _reanter than thot calculeted for vhe
aldehyde binding; to the free enzyme from the dehydro:iensas

reaction dova, 1t was sulgested that

(R

ol t the dehydrogcenzie
nechanism was ordered with NADT bLindi ns prior to the =lde-
hryde. TIPeldran and Yeiner went gso far as to suggest that the
csterase and dehydrogenase reactions have a common thiohemi-
acetal 1nterumediate formed fror: ecither the oxidation of
cldehyde or the hydrolysis of o nitrophenyl ester in the
presence of NADM, 'Yhether the intermediate 13 in fact common
may be shown when the presence of o thiol group in the
aldehyde binding site of dehydrogenases is demonstrated.

The steady ctote kinetice at pld 7.6 with the inter-
sectling 1initial velocity patterns also indicate 2 seguential

mechanism, and the micro-molar range of the derived parametvers
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mean that the enzyme can operate at very low substrate con-
centrations. From product inhibition studies a dissociation
constant of 1.2uM for NADH was obtained, a value the same

as the dissociation constant for NADH found in Section 3 by
titration of the free enzyme with NADH. The fact that this
steady state dissociation constent agrees with the constant
found from the NADH titration in the absence of any cldehyde
substrate suggests that during the enzyme reaction HADY does
not bind as the second substrate in an orderecd mechcnisin.

The product inhibitvion patterns for NADI arc consistent with
an ordered Bi Bi {(with nant as leading substrate) mechanism
or a rapid cquilibrium random Bi 81 with dead end EBY complex
mechanism. Tnese are the only mechanisms in which the last
product to be released (Q), in Table 4.1, gives inhibition
patterns of the type observed for NADI inhibition. As the
Theorell-Chance mechanism jgives the observed inhibition
pattern for NADI only for the first product released (P), &
product which cannot bind to the frec enzyme, this mechanism
cannot e operating and hence a significant amount of a2 tern-
ary conplex rust be formed. The fact that the acid products
do not bind means that product inhibition cannot distinguish
the two possible mechanisns. However, the uncompetitive
innibition of propionaldechyde and NADT at saturating concen-
trations of fixed substrate with the compound 2-bromo-2-
phenylacetic acid is consistent with an ordered Bi 31 mechan-
ism in which the acid analogue does not react and hence

there can be no rcversible sequence between the analojsue eand
the aldehyde binding step. (It hos already been showm that
2-brono-2-phenylacetic acid Tails to initiate the reverse
reaction with HADI.) The inhibition patterns are not con-
sistent with o rapid equilibrium rondom Bi Bi with deced end
complex LBQ for whick one would expect competivive inhibition
with respect to both substrates at low concentrations of fixed
substrate and no inhibition at all at saturating concentra-
tions of fixed substrate. DIven if it was possible to form
both en EBG and ar AP dead end complex, the rapid equilibriun
rendon imechanism should exhibit conpevitive inhibition with
rcspect to propionaldehyde at ll concentretions of NAD+, a
situation which does not agree with the data. It is of
interest to note that in Section 7 the dissociation constant
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of NADH from the enzymc complex was unchanged in the presence
of propionaldehyde, suggesting that the EB) complex is not
formed.
The ordered nechanism with ternary complexes
postulated for aldehyde dehydrogenase is shown in ig. 4.10
ith NAD® vound prior to The aldenyde followed by the irre-
versible release of the acid product snd finally the dicsoc-
tion of NADI. The irreversible reclease of acids is pro-
posed because of the overall irreversibility of the rceaction
and the failure of normel acid products to inhibit. The
ordered mechenism with the oxidized and reduced cocnzymes
binding to the free enzymec scems Lo be gquite common anong
dehydrogenases, for instance a@lcohol dehydrogenase, lactate
dehydrogenase and mzlic dehydrogenase (3chwert and Yiner,
1970). Horse liver aldchyde dehydrorenase (Feldman and
Yeiner, 1972b), pig brain aldehyde dehydrogenase (Duncen and
Tipton, 1971b), bovine liver aldehyde dehydrogenase (Freda
and Stoppani, 1970) also postulatad an ordered mechanisn
with NAD' binding first waile Bradbury and Jakoby (1971b)
found that yeast aldehyde dehydrogenase followed an ordered
mechenisn in which the aldehyde bound first. The only non-
ordered mechanism to have been postulated is for huran liver,
where product and dead end inhibition results required that
a randon mechenism be proposed (3idhu and Blair, 1975b).
Usc of the King-hltman method for deriving steady-
state cquations (King end Altman, 195G) enables the kinetic
equation for the pathway in TFig. 4.10 to be calculated.

e 1 Ty SO K e
"\7 = ,] + LI\IADJ (1 + ;»,_i ) + mld -Hthfz ‘qud7 (1 4 ﬂK;-—_)

where V =
(k_5_1\.5 &{zl_rxr- + 1;71(5 + :\5 ;zj
Ka = i5 kLI- 1{5 7 ~ T
k—
Kia = <

r ¥ 1 P
1L5(1L_2k2; + .{_2(\_5 + 1{51‘:4)

b k2(k—5k5 + k4k5 + k5k5 + k§k4)
Kk

-5




FIG. 4.10 POSSIBLE MECHANISM CONSISTENT WITH
STEADY-STATE KINETIC RESULTS
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As there are so many individual rate constaents con-
cerned with each kinetic parameter the steady-stete kinetics
do not provide enough information to be able to determine
each rate constant. IHowever %E =

kqii7 and since the active
site concentration is known, k4 = 5 x 10% v~ 577 ana as
k_q = Kjg.kq, then k_4 = o.4s5" 1. Study of the reverse

reaction of the enzyme usuelly allows further reaction para-
neters to be obtained, however, since the reaction of
aldehyde dehydrogenase is irrevercible thesc additional
parameters cannot be obtained and hence fewer incdividuczl
rate constants can be resolved. TFresteady-stete kinetics is
required to determine further rate constants.

The catalytic-centre activity of shceep liver alde-
hyde dehydrogzenase 1is 0.0858-1 (from Tiz. 4.8) which is a very
low rete and mey have important implications in the in vivo
situation as Tar as removal of aldehydes present in the liver
ere concerned. Alcohol dehydrogenase has a catalytic centre
activity of 55"1 for the utilization of ethanol (Shore and
Gutfreund, 1970), a rate which is a factor of 30 that found
for aldehyde dehydrogenase. ILlecently lickfeldt and Yonetani
(1976) reported that the I', isozyme of horse liver aldehyde
dehydrogenase had a site turnover number of O.Zs_q, a rate
which is of the same order as thaet found for the sheep liver
enzyme.

The reason for the deviation of the double reciprocal
plot at hizh aldehyde concentrations could be due to a number
of fectors. Two enzymes with different Km and V values may
glve rise to plots of this form; there may be interactions
between subunits; or a random order of addition of substrates
rmay be operating at high aldehyde concentrations. Apparent
substrate activation has been noted previously by various
workers. Duncan and Tipton (1971b) found that propionalde-
hyde and acetaldehyde gave biphasic double reciprocal plots
but only one phase was found for other aldehydes studied.
Similar behaviour for acetaldehyde has been reported for
other aldehyde dehydrogenases (Horton and Barnett, 1975;
Tottmar et al., 1973; Erwin and Deitrich, 1966).

With regard to the possibility of two enzymes acting

on the same substrate, an attempt was made to fit two values

/l

of V and Ky to the experimental curve. K

and Vq were
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estimated from the linear portion of the plot at low sub-
strate concentrations, referring to postulated enzyme (1).
The assumption that postulated enzyme (2) contributed little
to the velocity at low substrate concentrations was reasonable
as the Km's were widely different and the maximum velocities
much more similer. From the total maximum velocity of the
system, the maximum velocity of enzyme (2) could be estimated
as (VTOTAL - Vq) end Ki as the concentration which gave half
VTOTAL (a reasonable approximation if Vs > Va, while the
value may be refined if this does not hold). The velecity of
the reaction with both enzymes was found by adding the
individual velocities of each enzyme found by substituting
the derived parameters in the lMichaelis-lienten equation

v\ /57 Vo/57

+

Va, + VA &
12 K, my K§+@

V:

The estimated parameters (especially Ki) could be refined by
comparison of the results with the experimental data.

For propionaldehyde it was found that the experi-
mental data could be fitted to @ two enzyme system, enzyme (1)
with a Km of 1.1pH and V,1 of 1.17 nmoles NADY per minute and
enzyme (2) with a K of 3.5m (3000 times K;) and o maximun
velocity of 3.21 nuoles NADHI produced per minute (Fig. 4.11).
lTowever, 1in ettempting to fit the acetaldechyde experirental
data to two enzymes (K; = 0.67ul, Kg = 2w, Vq = .22 nmol.min-t
V2 = 3.6 nmol.min_q), it was found that two enzymes acting
on acetaldehyde would give a much mores abrupt transition
between the two phases as the values for Km cnd V are so
‘different (see Tig. 4.11). Of course, there could be the
possibility that there are more than two cnzymes acting on
acetaldehyde but this would require that the additionel
enzymes do not act on propionaldehyde or at least act with
the same constants as previous enzymes. The double reciprocal
plots for NAD' show no activation at high concentretion and
only one apparent value for Km for NMAD*. The NADH titration
of cytoplasmic aldehyde dehydrogenase demonstrates the
equivalence of the NADI binding sites at the concentretions
used and so it appears that there is no change in the co-
enzyme parareters.




FIG. 4.11 ATTEMPT TO FIT THE BIPHASIC DOUBLE

RECIPROCAL PLOTS FOR ALDEHYDES TO A TWO
ENZYME SYSTEM

(a) PROPIONALDEHYDE
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Fitting of data to a two enzyme system in which enzyme (1) has parameters K, = 1.1 pM and V1 = 1.17 nmoles
NADH/min while for enzyme (2) K, = 3.6 mM and V3 = 3.21 nmoles NADH/min. The circles represent calculated
points using the parameters above while the solid line is the experimental data of Fig. 4.9(a).

(b) ACETALDEHYDE
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Circles represent calculated points while the solid line represents experimental data of Fig. 4.9(b).
Enzyme (1) ( Ky, = 0.67 pM, V4 = 0.22 nmol. min'1)

Enzyme (2) ( Ky, = 2mM, V5 = 3.6 nmol. min-1)
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In the purification of cytoplasmic sheep liver
aldehyde dehydrogenase only one activity band was observed
on polyacrylenide gels and only one band, with an isoelectric
point at pH 5.25, was found when the enzyme wes added to a
glass column isoelectric focusing apparatus in the pl range
4.5 to 5.5 (Crow, 1975). The reports of multiple enzyne
forms in prepearations of aldehyde dehydrogenase from
different sources has heen discussed previously (Section 2),
however the majority were separated by column chromatorraphy
during the general enzyme purification. Only Feldmen and
Weiner (1972a) in isolating the enzyme from horse liver have
separated isozymes from a single chromatographic peak. The
but the
kinetic properties of the isozymes were found to be identicel
(Weiner et al., 1974). These latter workers found that iso-

electric focusing on polyacrjllmldo ;els on the crude cnzym

separation was affected by isoelectric focusing

<9

samples during the purification showed five cytoplasmic and
two mitochondrial isozymes in all, and of the cytoplasmic
forms all stained heavily in an activity stain with acetealde-
hyde and p-nitrobenzaldechyde but only one stained heavily

for propionzldchyde and butyraldelhyde. Tn rat liver, the
sane workers found at least 17 forms of 2ldehyde dehydrozenase
in the cytosol and st least % forns in the mitochondrie.

hese latter results convradict Tottmar et al. (1974) who
could find no enzynme activity present in the rat liver
cytosol. Though the reports of aldehyde dehydrojenase iso-
zymes are confusing, there does appear to be several forms
found for most species, three forms are kxnown for the sheep
liver enzyme, but no cvidence has been found for multiple
enzyne forms in the purified cemples of cytoplasmic sheep
liver aldehyde dehydrogenase though the possible existence

of such forms should not be overlooked.

Another possibility for the observed plots is inter-
action between subunits of the enzyme molecule, such that the
active sites are no longer independent. Though the Hill plot
was derived for the fractional saturation of binding sites,
the use of kinetic data in terms of Y has also been applied
to the plot. A graph of g—against loﬂ /B/ is linear with
a slope of 1 only when the actlve sites are independent.
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Cornish-Bowden and Xoshland J». (19875) exhibited the shapes
of curves for various forms of subunit interaction where =&
slope of greater than, or less than one indicates pocitive
or negative cooperativity respectively. If the propionzldehyde
or acetaldehyde data is plotted as a [ill plot the suaope of
the graph 1is curved but the slope iz always less than 1
(Fig. 4.12) indicating that if a gubunit effect is occurring
it i1s a negetive cooperetive effect, in which the subseguent
substrates are bound less tightly and hence the substrate
concentration range over which the enzyme would operate is
greatly increzsed. Cooperative efllects have been found by
Sheppard et al. (1970) for mice liver aldehyde dehydrogenase
in which one strain has a positive cooperative effect (n = 2)
while the other has no cooperative effect with respect to
acetaldehyde. The fact that for the sheep liver enzyme at
—~—— equal to 1 (that is when v = %) the slope of the Hill
plot is close to 1 in the case of both aldehyde substrates
demonstrates that the effect is not symmetricel and hence
there are either more than two sites interacting (for exeample,
a four site system in which only the binding of the sccond
substrate is nepatively cooperative) or there is no cooperat-
ivity at all and the observed effect is due to some other
factor.

inother interesting possibility is that the hydrated
form of the aldchyde may be producing an effect on the enzyme

A

reaction at high total aldehyde concentrations by inhibition.
It has been shown that where an inhibitor is in constant
proportion to the variable substrate, as is the case of hy-
drated aldehyde and the free aldehyde substrate, then down-
ward deviation of double reciprocal plots occurs at high
substrate concentration when the inhibition is hyperbolic
competitive inhibition (Cleland et al., 1973). However,
hyperbolic inhibition would involve the hydrated aldehyde
being able to bind to a complex, which seems unlikely. Also
benzaldehyde, a compound which is virtually all in the free
aldehyde form, should then have no inhibition and hence have
a higher apparent V, where in fact specificity studies show
that the catalytic-centre activity is nuch less than some
significantly hydrated aldehydes, such as propionaldenyde.
This possibility can, therefore, be discounted.




FIG. 4.12 HILL PLOT OF PROIONALDEHYDE AND
ACETALDEHYDE DATA OF FIG. 4.9
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Curve A is data from reaction involving propionaldehyde while curve B is
for acetaldehyde.



90

The repid equilibrium assuwption was applied to the
initial rate experiments since eguations for the steady state
random mechanism are not available. However Segel (1275)
has shown that random Bi Bi systems which e&re not at equili-
brium znd in which one route to the ternary conplex is
significantly more favourable than the other, give rise to
a variety of nonhyperbolic velocity curves. Under certzin
conditions & double reciprocal plot may curve downwards as
it approaches the % axig, to resemble the experimental data
at high aldehyde concentrations. The aldehyde substrote mey
therefore have the obilily to bind to the free enzywme at high
aldehyde concentrations producing o significent sccond path-
way in the reaction schene which is inoperative or insignif-
icant at lower concentrations. Tt is interesting thst though
Feldnan and Weiner (1972bL) have postulcted an ordered Bi Bi
nechanism for the reaction of their howopencous horse liver
aldehyde dehydrogenase they found that high concentrovions
of propioneldehyde (20rl) inhibited the esterase activity.
This must mean that at that concentration propionaldehyde
was binding to the free enzyme, as no coenzyme was present,
and perhaps sugjests that at high aldehyde concentretions a
randonm mechznismn is possible for the horse liver enzyme.

Thouin ceveral different explarations have been
proposed for the apparent substrate activation, they are
similar in that they all involve binding sites for which the
aldehyde has a low affinity. The difference is a mavter of
whether these sites are on a different enzyme, the samne

nzyme, or the same location on the enzyme, as the site with
a high aldehyde affinity. As to which explanation is the most
likely, it would seem that the operation of a partially ran-
dom mechanism at high a2ldehyde concentrations would be the
most probable but the possibility of multiple isozymes cannot
be discounted. Ilowever, though propionaldehyde does produce
biphesic plots, because the transition is so abrupt the two
portions ere virtually independent and especially in the
lower concentration region kinetic studies may be carried out
without worry of interference from the other region and hence
an understanding of the cause of the biphasic plot is not
essential if the substrate concentrations are low.
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SECTION 5

PRESTEADY-STATE KINETICS

B INTRODUCTION

In the steady-state experiments the overall rate of
reaction is studied and information is inferred indirectly
about the enzyme intermediates which are involved. However,
if the reaction is followed during the short period of the
first turnover of the enzyme-substrate reaction, before
the reaction has reached a steady-state (that is presteady-
state), then more detailed information about the enzyme
mechanism may be obtained. The advantage of a presteady-
state kinetic study lies in the fact that it is often
possible to study steps other than the rate determining
step. If the enzyme is in sufficiently high concentration,
the reaction intermediates may be observable under suitable
experimental conditions and direct measurement of their
rates of formation and decomposition may be made. An instru-
ment which may be used for the presteady-state kinetic
study is the stopped-flow spectrophotometer first described
by Gibson and Milnes (1964). The reaction is initiated
within times as short as 1-2 milliseconds by forced mixing
of the reactants, after which changes in the physical
properties of the solution (such as absorbance or fluores-
cence) may be monitored. The technique and instrumentation
have been reviewed by Gibson (1969).

For the presteady-state phase of an enzyme catalysed
reaction (which is sometimes described as the burst) the
general equations describing the whole time course of the
transient appearance of product (enzyme bound and free) are
complex and cannot be easily used for the evaluation of
data (for instance see Darvey, 1968). Since the number of
exponential terms in the transient phase is equal to the
number of enzyme containing intermediates in the mechanism,
not counting the free enzyme (Maguire et al., 1974), the
observed behaviour can in principle be very complicated.
However, a number of factors may simplify the actual situ-
ation. No information may be gained about steps occurring
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after the rate determining step in the steady-state and
nothing will be observed until the step with the first
physical change occurs, although the preceding steps may
affect this change. Also the amplitude of the exponential
terms will finally determine whether steps will be observed
or not. So while theoretically the analysis of the pre-
steady-state phase may be rather complex, the actual presteady-
state phase produced may be much more simple. Laidler and
Bunting (1973) have described the derivation of equations
describing the presteady-state phase and the approximations
involved to produce terms which may be usefully applied to
experimental data.

Several dehydrogenases have been extensively studied
by stopped-flow techniques. Iwatsubo and Pantaloni (1967)
carried out the first rapid kinetic measurements on L-
glutamate dehydrogenase, which showed a rapid presteady-

state phase, with a rate constant of 2508-1

, corresponding
to the reduction of the coenzyme bound to the enzyme followed
by a slow steady-state phase which was similar in its rate
to the one measured under classical steady-state conditions.
Heck et al. (1968) using stopped-flow methods found that
for lactate dehydrogenase at pH 8.0 the reduction of the
first mole equivalent of NAD* per mole of enzyme sites is
much more rapid than the steady-state rate of NADH production
and that dissociation of the enzyme-NADH complex is rate-
determining for the steady-state oxidation of lactate.
Probably the most intensively investigated dehydrogenase
has been alcohol dehydrogenase. Theorell et al. (1967)
first studied this enzyme by stopped-flow methods using
fluorescence enhancement of NADH on binding to follow the
association of NADH with the enzyme. Although binding of
NADH was postulated as a two step process this was later
refuted (Geraci and Gibson, 1967). Study of the transient
kinetics of alcohol dehydrogenase using chromophoric alde-
hydes (Bernhard et al., 1970) showed an initial burst due
to oxidation of NADH and reduction of the aldehyde. When
the reaction was followed in the opposite direction (Brooks
and Shore, 1971) an initial burst was again observed and

by demonstrating an isotope effect of 6.2 between ethanol
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and deuterated ethanol it was possible to relate the
observed burst rate constant to the actual hydride trans-
fer step.

To try and determine more about the mechanism of
action of aldehyde dehydrogenase and to compare the mechan-
ism and rates of reaction with that of other dehydrogenases,
it was decided to study the enzyme under presteady-state
conditions.




FIG. 5.1 STOPPED-FLOW APPARATUS
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Schematic representation of the stopped-flow apparatus (from Gutfreund (1972) ). In the
fluorescence mode the light output to the photomultiplier tube is at right angles to the
light source.
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Consecutive Reactions

The solution to a reaction scheme consisting of two
consecutive reversible first-order reactions has been dis-
cussed in detail by Frost and Pearson (1961).

k k
vi R 2 .
E, vﬁ:;— E, VE:E E5 (mechanism (1))
The three solutions for the decay constant A are
Aq = 0
A2=%(p + q) (1)
AB = %(p - q) (2)
where p = (k,l + k_4 ¢+ ky + k_2)
and  q = (p* = 4(kq.ky + k_q-K_5 + kq.k_5))?

It will be noted that Ap + Az = D= kg + k 4+ ko + k_5

(3)
kq.k2 + k_,l.k_2 + kq.k_a

(%)
If at time zero all the molecules are in the form Eq,

that is E, = E1° and E, = E5 = 0 at time zero, then the
concentrations of Eq, E2 and E3 are given by the expressions:

A2. )\5

kik_5  kaOp = ky = k_5) ~Aot

E1 3 E1 (Ae A5 4 Ag(hg - AE) E 2

k,](k2 + 0B — AB) e—x5t)

+ . (5)
5(%2 = 13)
k., k k,(k - ) -ant k. -k 5) -2zt
E, = E4° ( -2, 1( =2 A2) L 3 — -§ e )
22 a3 a0 ap = az AZ(A2 T A3
(6)
K.k k., k -t K.k N
e (1 1%2 ot kK e
E5 = E, (12x5 + 2 = ag) e i;r;;:_127 . E )
(7

These general equations have been utilized for various
situations in the fast reaction experiments;

(1) 1In the biphasic NADH displacement experiments E3 is
the free enzyme and E1 and E2 are enzyme-coenzyme complexes,
all of which are present at time zero. Since the NADH
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displacement is irreversible under the experimental conditions,

k is equal to zero.

-2
(2) 1In the NADH association experiments k_2 is a pseudo
first-order rate constant dependent on NADH concentration
and at time zero all the enzyme is in the form E3 (though
equations (5), (6) and (7) are all in terms of E1° the
symmetry of mechanism (1) allows these equations to be
expressed in terms of E5° if required).

(3) In the burst experiments the proposed mechanism

- +
k4/FAD [ ENAD+__F24EEQK:ENAD+ . GNADH __ Fa o
X %k . fplqg —— sTow
-1 -2 .
displacement

«.. (scheme 1)
in which the enzyme is preincubated with excess NAD® and
hence all in the ENAD+ form and as the step k4 is small
may be ignored. Scheme (1) under these conditions is the
same as mechanism (1) with k_2 (of mechanism (1)) equal to
zero. At time zero all the enzyme 1is in the form Eq and
hence the equations for the concentrations of Eq, E2, and E5

at any time t, (equations (5), (6) and (7)) may be used.

5 e METHODS

212, A Stopped-flow Apparatus

Stopped-flow experiments were carried out using a
Durrum-Gibson D110 Stopped-Flow Spectrophotometer (Durrum
Instrument Corp., Palo Alto, California, U.3.A.) and a
Hewlett-Packard model 141B storage oscilloscope. Fluorescence
measurements were taken with the photomultiplier at a 90v
angle to the incident light with the apparatus set in the
transmission mode (Fig. 5.1). The stopped-flow spectrophoto-
meter allows rapid mixing of reactant solutions. The reac-
tants are placed in separate syringes and an air-actuated
plunger pushes the two solutions through a mixing Jet into

the observation chamber. When the stopping syringe hits the
trigger, the flow stops and the oscilloscope is activated

allowing changes in the observation chamber to be monitored.
The mixing time is about 2 milliseconds and O.’IScm5 of each
reactant solution is used in each run. The length of the
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observation chamber is 1.7cm. The trace produced on the
storage oscilloscope was photographed using a single reflex
Asahi Pentax SP500 camera with FP4 panchromatic film. After
developing, the negatives were projected onto graph paper,
by use of an enlarger, such that the grids on each matched.
The curves were then traced to provide a record on graph
paper from which measurements could be made.

For nucleotide fluorescence measurements the excita-
tion monochromator was set on 340nm, with a tungsten light
source and a 9nm bond width, and the fluorescence was
observed, at 90° to the exciting light, through Wratten 47B
and 2B filters sandwiched between glass discs made from
emission spectrograph plates. These filters together have
a maximum transmission at 43%5nm.

Protein fluorescence was studied by exciting the
enzyme solution at 290nm and measuring the fluorescence at
90° transmitted through a Wratten 18A filter (maximum
transmission at 3%3%5nm).

522 Standardization of Fluorescence Signal

As fluorescence has no inherent calibration system,
before the beginning of an experiment a known amount of NADH
was added and the increase in fluorescence was noted. The
procedure was as follows: the photomultiplier voltage was
set to 950V and the oscilloscope was zeroed with no input
signal, then phosphate buffer was forced into the observa-
tion chamber and the oscilloscope was rezeroed on this
signal using the stopped-flow offset control. A standard
NADH solution (in the same buffer) was added to one syringe,
and mixed with buffer fromthe other syringe in the stopped
flow to produce a fluorescence change. Experimental fluor-
escence changes could then be related to this standard.

It was found convenient to use NADH in preweighed (.2mg)
vials obtained from Sigma, and made up to give a final
concentration of about 5SuM.

B2, Buffers and Reagents

The standard buffer used was the pH 7.6 phosphate
buffer used in the steady-state experiments (Section 4). By
diluting the stock buffer (BOcmB) with water (20cm5) the same
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concentration as used in the steady-state assays was obtained.
Before use the buffer solutions were degassed, by attach-
ment to a water pump for 20 minutes. This procedure was
necessary to eliminate air bubbles since it was found that
their presence in the observation chamber of the stopped-flow
instrument caused fluctuations and base line drift in the
oscilloscope trace. All reagents used were made up in the
degassed buffer solution. The concentrations of all reagents
are quoted as the concentration in the observation chamber
after mixing unless otherwise stated (that is one half the
concentration of the reagents in the syringes). The effect
of pH on the displacement of NADH was studied with pyrophos-
phate buffers (0.05M in pyrophosphate in the stopped-flow)
which were brought to the required pH with concentrated
hydrochloric acid. NAD* (Sigma Grade III) was used without
purification unless otherwise stated. /7 - 2§7 propion-
aldehyde (CHBCH2CDO) was prepared by the Nef reaction
(Leitch, 1955) on /7,1 - 2&7 nitropropane.

5.2.4 NADY Purification

The purification procedure follows that of Whitaker
et al. (1974). NAD* (0.25g), Sigma Grade III, was dissolved
in water (5cm5) and neutralized to pH 6.4 with sodium
carbonate (2M). This solution was added to a DEAE Sephadex
A-25-120 column (2cm x 10cm), the column washed thoroughly
with water and then the NAD® was eluted from the column
with O0.1M HCl. Monitoring of the absorbance of the eluant
at 260nm, with a continuous flow Uvicord U.V. monitor, showed
a large band followed by two smaller bands. The peak
fractions of the large band were bulked and neutralized to
pH 6.5 with sodium carbonate (2M). The concentration of
NAD+, assuming an extinction coefficient of 1.83{’104 M’q cm
was about 30mM for the peak fraction. On dilution of the
bulked solutions to obtain the required NAD® concentration
the ionic strength and buffering capacity of the sodium

/]

carbonate became small. The solutions were used either on
the day of preparation or the following day.
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5.2.5 Esterase Activity

The rate of hydrolysis of p-nitrophenyl acetate by
aldehyde dehydrogenase was determined in the stopped-flow
by following the increase in absorbance at 400nm, due to
the production of the p-nitrophenolate ion ( € = ’I6x’IO3
M-qcm-q, Feldman and Weiner, 1972b). The p-nitrophenyl
acetate was dissolved in acetone and then diluted with
pH 7.6 buffer to a concentration of 50pM when mixed in the
stopped-flow (final acetone concentration, 0.8% v/v) with
aldehyde dehydrogenase solution (4.2ulM mixed) containing
NADH (9.6pM), which is reported to stimulate the esterase
activity (Feldman and Weiner, 1972b). The enzyme solution
contained 2-mercaptoethanol (280pM), present in buffers
throughout the purification scheme, which may react with
p-nitrophenyl acetate. The contribution of the nonenzymic
p-nitrophenyl acetate hydrolysis to the observed absorbance
change for the enzyme solution was measured by running a
blank, which contained 2-mercaptoethanol (280uM) but no
enzyme.

5.2.6 Enzyme Concentration

The enzyme concentration was always expressed in
terms of the active site concentration determined from
titration of the enzyme with NADH (Section 3).

Dt Displacement Experiments

When E-NADH complex in one syringe is mixed with X,
a ligand capable of binding to the same enzyme site as NADH,
from another syringe then some NADH will be displaced from
the enzyme.

Kors .
E - NADH *E;;"' E + NADH Mechanism (2)
E+ X X, =x

If the concentrations of X are such that RX127 is
much greater than koff and also much greater than kon ANAD§7
then NADH will be completely displaced and the fluorescence
change produced by the conversion of the E - NADH complex
to the less fluorescent free NADH species may be interpreted

MASSEY UNIVERSITY,
LIBRARY
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in terms of the rate constant koff' To ensure that the
conditions requiring kX{x7 to be large are upheld, the
experiment was conducted at various concentrations of X, all

of which should proceed at the same rate.
5.2.8 Treatment of Displacement Data

After the displacement reaction was recorded on the
oscilloscope, the instrument was retriggered to obtain the
infinity reading of the fluorescence at the end of the
displacement. From the record produced on graph paper of
the oscilloscope trace, the difference between the voltage
at each time interval and the voltage at the end of the
displacement (infinity reading) was measured. It was usually
more convenlent to measure the difference with a ruler
graduated in millimetres as no subtractions were then necessary
allowing the values to be plotted directly. The value in
volts could be calculated by simple conversion of grid
sizes if required.

For a simple first order process of A producing B

and C
A ——li—) B L © Mechanism (3%)
then 'dégz = x/&7
dt
d/E7
—Zz7 = -k.dt

and on integration 1n/&K/ = -kt + c _
with the initial conditions that 4@7 = (EZ at time t = O

1n &o

th = kt
. &7
In /A7 = -kt + ln[§7o
or  log A7 = (z=355)t + log /A, (8)

From equation (8) a plot of log /A/ vs t will give a straight
line of slope -k/2.3%0% from which the first order rate
constant k may be obtained.

However, in all cases biphasic plots were observed
for the displacement of NADH and the treatment of the data
had to be adapted in the following way. The data was plotted




FIG. 52 GRAPHICAL DERIVATION OF RATE CONSTANTS FROM A
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If the logarithm of the difference between the fluorescence at time t and the fluorescence at time ‘
infinity (that is AF) is plotted against time t, then the rate constant of the slow process may be obtained
from the slope of the extrapolated line (rate constant = -2.303 x slope).

TIME

By plotting the logarithm of the actual difference between the experimental AF values and the extra-
polated values of AF (that isAAF) against time, then from the slope of such a plot the rate constant for
the fast process may be obtained. The amplitudes of the fast and slow processes are the extrapolated
values forAAF and AF respectively, at time zero.
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as for a single first order process, and a straight line
drawn through the later points, to obtain the slow rate,

was extrapolated back to time zero. The difference between
this extrapolated line and the actual experimental points
was then replotted at each time interval. The rate constant
for the fast process was derived from the slope of this line
(Blackwell et al., 1973). This process is only useful if
there is a large enough linear portion to extrapolate
accurately, a condition which will not be met if the rate
constants of the two processes are similar (Fig. 5.2).

D« Treatment of Burst Data

To obtain the burst rate constant from the pre-steady-
state traces the following procedure was used. The steady-
state rate was extrapolated back to zero time and the
differences between the fluorescence at any time and the
extrapolated fluorescence value at that same time was
recorded. From a plot of the logarithm of this difference
against time the burst rate constant could be determined
(Laidler, 1973).

Derivation of Dependence of kob on Aldehyde Concentration

S

When NADY is premixed with enzyme before reaction
with an aldehyde then the sequence involves only a single
substrate addition and may be represented as

k,/B/ k
EA _2_2__\ EAB _L) EQ Mechanism (4)

where A, B, Q are NAD+, aldehyde and NADH respectively and
where the rate of dissociation of NADH is very slow and may
be ignored (Shore and Gutfreund, 1970). Since the aldehyde
concentration is much greater than ZE-—NAD17 then the alde-
hyde addition becomes pseudo-first-order. Assuming the
fluorescence increase is observed in the step with the rate
constant k5 and the concentration of EAB is low then

SR = 0 = Ky [ET/FAT - (kg + K p)/FABT

k,/B//EAT
e g

[EAB7
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But the total enzyme concentration is equal to the sum of the
enzyme species

&,

[EAT + [EABT + [BS7

ky + k_2)
4 /EGT ek /B7([ET - [EQT)
_égg_ k5ZEﬂ§7 = k/B/ + (k;*'E_gj
Af57 ko5l
LE7 o - (B %p[B + (kg + k_5) °

dt

On Integration

1(21{3
I (&, - 5D - i ¢

where the observed first order rate constant for the produc-
tion of EQ 1is

k2k5£B7
k =
obs kEE + k5 + k_2

In reciprocal form

(k. + k »)
] 1.— + " i:

This equation indicates that the intercept of a double
reciprocal plot should provide %— and the concentration of
B which produces half the maximulm burst rate is

(k3 + k_2)

s
k3 + k_2 (10)
= 0, -£B7 = ——
obs 2
It is interesting to note that study of the solutions
of the consecutive first-order reactions (mechanism (1),

equations (3) and (4)) shows that using the nomenclature of
mechanism (3)

A2 + AB = k2@ + k_2 + k-jv
A2 . XB i) k20k5-£ ;

On substitution for A2(whnﬂ1isassumedfastand of small
amplitude)

that is when

(k. + k » = 23)
1 _ 1 9
PR iak'ﬂf S
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which resembles the equation (9) derived from the steady-
state treatment and produces a double reciprocal relation-
ship as long as'k5 + k_2 is much greater than AB.

Burst Amplitude

According to Laidler (1973) the burst amplitude of
scheme (1), where k4 is an irreversible NADH displacement
step, at zero free NADH concentration is given by the following
equation (nomenclature of scheme (1))

kpkz/A1d/

Burst amplitude, By= [E7O (k213127(k5 3 k4)+-(k5 r k—2)k4)2 (12)

as long as the condition k2kBLKlQ7 greater than (k,)* is
satisfied.

Which means that

57, 3+ _ Kz Ky (kz + k_5)k,
&' - T o iE

So a plot of (E£§ agalnst'jx-i7 should have a wvalue for
(slope/intercept) equal to

(k5 + k_o)ky,

k2(k3 + k4)
which is the expression for the Michalis constant for the
aldehyde for the mechanism in scheme (1) (see discussion).

5.2.10 Computer Simulations

Computer simulations were carried out using the
"Continuous S8ystem Modelling Program" (CSMP?73) designed to
facilitate the digital simulation of continuous processes on
the Burroughs B6700 computer. The modelling programme
accepts as input a list of differential equations defining
the model, parameter definitions and control statements
which it translates into a FORTRAN programme.This programme
solves the differential equations as a function of time at
specified integration intervals (see discussion). The burst
was simulated using scheme (1) as the model. The programme
produced concentrations of all intermediates, products,
substrates and in addition a term consisting of the sum of
5.6 times the concentration of ENADH plus the concentration
of NADH, that is an approximation to the observed burst
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OBSERVATION OF BIPHASIC DISPLACEMENT FROM DEHYDRO-

GENASES BY NUCLEOTIDE FLUORESCENCE AND ABSORBANCE

(a) ALDEHYDE DEHYDROGENASE

Photograph A
Nucleotide fluorescence

The reaction mixture contained
enzyme (O.25mg/cm5) and NADH
(4.2uM) mixed with NAD" (4.3mM).
Vertical scale, 0.2V/div;
horizontal scale, 2 s/div.

(b) ALCOHOL DEHYDROGENASE

Photograph C

Nucleotide fluorescence
Vertical scale, 0.5V/div;
horizontal scale, 0.1 s/div.

Photograph B
Absorbance at %40nm

The reaction mixture contained
enzyme (5pM) and NADH (3.4pM)
mixed with NAD* (10mM). Verti-
cal scale, 0.001 absorbancy/div;
horizontal scale, 1 s/div.

Photograph D

Absorbance at 340nm

Vertical scale, 0.005 absorbancy/
div;
s/div.

horizontal scale, 0.05

The reaction mixture, in photographs C and D, contained alcohol
dehydrogenase (5uM) and NADH (5pM) mixed with NAD' (3.3mM) and

pyrazole (5mM).
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amplitude. The simulation was run long enough to obtain
a maximum value for the concentration of the intermediate
ENADH
using the same graphical technique used for the experimental
data.

and the burst rate constant was then obtained manually

5.3 RESULTS

s I | Displacement Experiments
5.%3.1.1 Displacement of NADH

Displacement of NADH from aldehyde dehydrogenase with
excess NAD' gave biphasic fluorescence plots, a fast change

followed by a slower change for the conversion of the highly
fluorescent enzyme-NADH complex to the less fluorescent free
NADH (Fig. 5.3 ). To ensure that this was not an artefact
of the fluorescence measurement the displacement was
repeated using the absorbance mode. It was found that

there was a small absorbance difference on displacement
which was also biphasic (Fig. 5.7 ). To check the linearity
of the stopped-flow instrument, in case the biphasic nature
of the plots was an instrumental feature, a study was made
of the reaction between a-chymotrypsin and proflavin. This
reaction has been reported by Fersht and Requena (1971) to
be a single phase process. a-Chymotrypsin (10.4uM) and
proflavin (110uM), both in pH 7.3 phosphate buffer (0.05M

in phosphate), were mixed in the stopped-flow apparatus and
the change in absorbance at 465nm was followed. The trace
produced was a single exponential which gave a first order

rate constant of 5.4s-/l

, 1n good agreement with the litera-
ture value. As a single exponential is produced in this
case, it appears that the biphasic nature of aldehyde dehy-
drogenase displacement is in fact a real phenomenon.
Results from the displacement of NADH from aldehyde
dehydrogenase by NAD+, followed by fluorescence, showed a
fast reaction with a rate constant of 0.85s™ + 0.20s™"
followed by a slower reaction with a rate constant of
0.225™1 + 0.055”". NAD* concentrations of 0.52mM to 410mM
all gave results in this range and a graphical analysis
is shown in Fig. 5.4 The amplitude of the
fluorescence change for the fast process was 50% to 70% of

the total change. Similar results were found when purified
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NAD" was used as the displacing agent. Table 5.1 shows other
displacing agents which were used to displace NADH and it
can be seen that they almost all involved two processes
with rate constants in the same range as those found for
NAD*. The only exception was B-pyridinealdehyde—NAD+ which
had a very low rate constant of 0.0Ss_q for the slow process.
In an attempt to observe the effect of any possible
ternary complexes a mixture of enzyme (2.2ub), NAD' (2.8uM)
and propionaldehyde (9.6mi) from one syringe was displaced
with 1,10-phenanthroline (0.28mM). The resulting trace was
biphasic with rate constants of 1.15™7 and O.Bs_q, similar
to the rate constants in the absence of propionaldehyde. A
similar experiment using 2-bromo-2-phenylacetic acid (0.%mM),
a product analogue, and again displacing with 1,10-phenan-
throline (0.28mM) produced rate constants of 1.0s~" and 0.255'1
The fact that both propionaldehyde and 2-bromo-2-phenylacetic
acid have no effect on the rate constants suggests that
neither forms a significant ternary complex with the binary
enzyme-NADH complex and hence ternary complex formation cannot
be used to further elucidate the enzyme behaviour.

TABLE 5.1 DISPLACEMENT RATE CONSTANTS FOR THE
LENZYME-NADH COMPLEX

Rate Constant Rate Constant
Displacing Agent for the for the
Fast Process Slow Process
NAD* (0.52mM~-10mM) 0.85s”1 + 0.20  0.22s~7 + 0.05
1,10-phenathroline -1 -1
(0.045mM—0.71mM) 1.0s 0.25s
deamino-NAD" -1 -1
(. 6mM—1.6mi) Tt8 PEE-ra
ADP-ribose -1 -
(.56mM-’I.8mM) 1.1s 0-298
.y +
?;?%iﬁglnealdehyde—NAD 0'95_1 0.0558_4

5.3.1.2 Displacement of NADH Analogue

As no NADH analogues were available they were prepared
from NAD* analogues. By reacting limited amounts of alde-
hyde and NAD* analogues with the enzyme, significant amounts
of the enzyme-NADH analogue binary complex could be produced
and subsequently displaced by NAD" in a typical displacement
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experiment. The remaining NAD" analogue should be in such
small amounts as to not interfere in the displacement. The
scheme was tested by reacting NAD" (8uM) and propionaldehyde
(5.4uM) with enzyme (1.7pM). After allowing the system to
react for a few minutes the mixture was added to one syringe
of the stopped flow instrument and the NADH formed displaced
by mixing with NAD" (4.%2mM) from the other syringe. The
displacement was biphasic with a rate constant for the fast

1 and a rate constant of 0.155_1 for the slow

phase of 0.6s”
phase, in good agreement with the values found for NADH
displacement. When the experiment was repeated using
deamino-NAD® (8ul), propionaldehyde (5.4uM) and enzyme (1.7uM)
using NAD' (4.32mM) as the displacing agent it was found that

1 could be

observed, even using a sweep time of 5 milliseconds per

only a slow process with a rate constant of 0.16s”
division.
S5s5a0:5 Effect of pH on the Displacement of NADH

The pH dependence of the displacement was determined
using a range of pyrophosphate buffers. The NAD* displacing
agent was made up in pyrophosphate buffer and placed in one
syringe while the other syringe contained ’Icm5 enzyme and
’1.50m5 NADH in pH 7.6 phosphate buffer and ’7.5cm5 of water,
so that this second solution had little buffering capacity.
Table 5.2 shows that a reaction mixture of NAD® (2.2mM),
enzyme (3pM) and NADH (5uM) showed little variation in dis-
placement rate with pH, though in pyrophosphate buffer the
slow process had a smaller rate constant than in phosphate
buffer.

TABIE 5.2 EFFECT OF pH ON NADH DISPLACEMENT

pi’ Fast Rate Constant  Slow Rate Constant
6.3 ‘ 0.79 0.073
9.0 0.6, 0.64 0.053, 0.055
9.9 0.68, 0.50 0.061, 0.053
7.6 phosphate? 0.85 + 0.2 0.22 + 0.05

1 pH value after mixing, determined by collecting the reacted

mixture and measuring its pH.

2 Standard phosphate buffer.




4110
5.3.1.4 Limits to the Use of the Guggenheim Plot

The Guggenheim method for evaluating rate coefficients
of first order reactions does not require a knowledge of the
initial or final concentrations of the reacting species
(Guggenheim, 1926). If time tqs to, t5 etc. and t,; + 4,
t2 + 8 t5 + A are selected where A 1s a constant increment
(usually two or three times as great as the half-life period
of the reaction, for accuracy) and r. and r! are readings

i i
of a suitable physical property at ti and t; + &, respec-
tively, then log (ri = ™ ) = constant - kti/2.505, and a

plot of log (ri - r! ) Vs t; gives a slope of -k/2.303.

The Guggenheim method was used in an attempt to over-
come a problem of drifting infinities which occurred in some
earlier runs. However, on analysis, the Guggenheim plots of
the displacement experiment were linear. When NAD?Y displaced
NADH in an experiment with a stable infinity value, the trace
was found by the usual analysis to be biphasic with rate
constants of 1.0s” ' and 0.21s”]
the same data, using A = 3s, gave a linear plot with a rate
constant of O.54s-q, intermediate between the two wvalues
derived from the biphasic plot. Similar results were obtained
using deamino-NAD" as the displacing agent, producing rate
constants of 1.15'1 and 0.275-1 from the biphasic plots and
O.6‘7s_/| from a Guggenheim plot. It 1is therefore obvious

while a Guggenheim plot on

that care must be taken to ensure that a reaction is a true
single first order process before analysing data in terms
of a Guggenheim plot (see Frost and Pearson, 1961).

5eie he 5 Note on NADH Displacement from Alcohol Dehydro-
genase

As the displacement of NADH from aldehyde dehydrogenase
was found to be biphasic it was decided to observe the
displacement from horse liver alcohol dehydrogenase. Shore
and Gutfreund (1970) reported that the NADH displacement
from horse liver alcohol dehydrogenase was a single expon-
ential with a rate constant of 2.8s” to 5.48_4.

When NAD" (4.3mM) was used to displace NADH (4.2pM)
from alcohol dehydrogenase (3pM) in pH 7.6 phosphate buffer,

with pyrazole in the NAD' syringe (since NAD' contains traces
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of alcohol, which may produce a slow steady-state reaction)
and using the same filters as for the previous displacements,
a biphasic nucleotide fluorescence trace was observed. The
rate constant for the fast process was 118-1 to 17s—1 and the
1 to 45”7 with about 30% of the total fluor-
escence change associated with the fast process (the

slow process 3s

proportion of the fast process is much less than found for
aldehyde dehydrogenase). When the displacement was repeated
in the absorbance mode at 355nm (wavelength used by Shore

and Gutfreund (1972)) for their displacement experiments
with this enzyme and corresponding to the maximum difference
in absorption between free and bound NADH (Shore, 1969)),
similar rate constants of about 2Os—/I and %.4 to 4.5s'/I were
obtained demonstrating that the biphasic nature of the
displacement was not Jjust a feature of fluorescence. It will
be noted that the slow rate constant obtained is similar to
the rate constant of the single exponential of Shore and
Gutfreund (1970). They also reported a value of about 8s”
(determined by Guggenheim plot) when 50mM sodium chloride

1

was added, with a corresponding increase in the catalytic-
centre activity from B.Os-q to 5.03—1. However when the
displacement was repeated with 50mM NaCl added, the process
was agaln biphasic with rate constants of 15-205—1 and
5—6s—1. Thus sadium chloride increases the rate of the slow
process to about the same extent as the catalytic-centre
activity and increases the amplitude of the fast phase to
approximately 50% of the total change. Thus the increase in
catalytic-centre activity observed by Theorell et al. (1955)
when sodium chloride is added can be explained by an increase

in the rate of the slow process.
5.3.1.6 Concentration Jump

Aldehyde dehydrogenase and NADH in one syringe were
mixed with an equal volume of buffer from the other syringe
and the return of the system to equilibrium was followed by
nucleotide fluorescence. A decrease in fluorescence was
observed due to the dissociation of the enzyme-NADH complex.
Biphasic plots were again obtained. A typical experiment
involving aldehyde dehydrogenase (3uM) and NADH (4.8pM)
produced rate constants for the fast and slow processes of
B.Os"q and 0.75"1 respectively.
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NADH ANAIOGUE DISPLACEMENT AND NADH ASSOCIATION TO

ALDEHYDE DEHYDROGENASE

Photograph A
Deamino-NADH Displacement

Nucleotide fluorescence. The
reaction mixture contained pre-
mixed cytoplasmic aldehyde
dehydrogenase (1.7ul), deamino-
NAD* (8uM) and propionaldehyde
(5.2pM) mixed with displacing
agent NADY (4.3mM).
scale, 0.1V/div;

scale, 2 s/div.

Vertical
horizontal

Photograph C
Concentration Jump

Nucleotide fluorescence. The
reaction mixture contained
cytoplasmic enzyme (O.4mg/cm5)
and NADH (4.8uM) displaced with
pH 7.6 phosphate buffer.
Vertical scale, 0.2V/div;

horizontal scale, 0.5 s/div.

Photograph B
Mitochondrial NADH Displace-

ment (see section 6)
Nucleotide fluorescence. The
reaction mixture contained
mitochondrial aldehyde dehy-
drogenase and NADH (5.2uM)
displaced with NADY (2.9mM).
Vertical scale, 0.2V/div;
horizontal scale, 5 s/div.

Photograph D
NADH Association

Nucleotide fluorescence. The
reaction mixture contained
cytoplasmic enzyme (O.9uM)
and NADH (8ulM). Vertical
scale, 0.2V/div; horizontal

scale, 0.2 s/div.
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0 e Association of Enzyme and NADH

When aldehyde dehydrogenase was mixed with a larger
concentration of NADH in the stopped-flow apparatus, an
increase in fluorescence was observed (Fig. 5.5 ) due to the
association of the enzyme and NADH to form a more fluorescent
species. Analysis of the traces showed that the association
was biphasic, a feature which had already been noted for
NADH dissociation and the concentration jump experiments.
Though the NADH concentrations used were often outside the
linear fluorescence range, it was thought that linearity
within the fluorescence change may still be assumed as the
change was only a small fraction of the total NADH fluorescence.
As with the displacement experiment the accuracy of the
rate constant for the fast process depended on the reliability
of the extrapolation of the slower process. When the NADH
concentration was varied from 8uM to 64uM, there was little
change in the slow process while larger changes were seen
for the faster process (Fig. 5.6 ). When the association
was repeated in pH 6.0 phosphate buffer similar results were
obtained.
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FIG. 56 NADH ASSOCIATION TO ALDEHYDE DEHYDROGENASE

FOLLOWED BY NUCLEOTIDE FLUORESCENCE
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The plots show the NADH dependence of the two processes observed on NADH associating with the
enzyme. The final solution contained enzyme ( 0.9 pM) and various NADH concentrations.
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SLE., 2 Burst Analysis

5.%2.2.1 Observation of the Presteady-State Phase

The mixing of aldehyde dehydrogenase with NAD' and
propionaldehyde in the stopped-flow spectrophotometer pro-
duced a rapid transient absorbance change when followed
at 340nm. This transient was followed by a linear increase
in absorbance representing the steady-state production of
NADH. On following the reaction in the fluorescence mode
the same two phases were observed (Fig. 5.7). A comparison
of the rates of appearance of the transient and subsequent
steady-state rate of production of NADH was made, by mixing
the same solution of enzyme with saturating concentrations
of NAD' and propionaldehyde, and following the reaction by
changes in the nucleotide fluorescence, absorbance and
transmittance (the latter two at 3%28nm). Care
was needed in separating the presteady-state and steady-
state phases in the absorbance mode because of the small
change in the molar extinction coefficient of the NADH bound
to the enzyme and free NADH. It was necessary to retrigger
the oscilloscope several times after the completion of the
first trace to obtain reasonable estimates of the steady-
state rate. However, the separation was much easier in the
fluorescence mode where there is a pronounced enhancement
of fluorescence when NADH is bound to the enzyme, relative
to free NADH. Results showed that the slow change, equiva-
lent to the steady-state rate, was identical for all modes
and similarly the rate of production of the fast transient
was first-order in each case and analysis gave rate con-
stants of 11.75_1, 12.25-1, 10.98-1 from the data obtained
in the fluorescence, absorbance and transmittance modes
respectively.

5.%.2.2 Effect of NAD' Concentration on the Burst

When aldehyde dehydrogenase was mixed with a solution
contailning saturating propionaldehyde and various concen-
trations of purified NAD+, it was found that at low concen-
trations the rate constant of the presteady-state phase
(burst) was proportional to the NAD' concentration, with a




FIG. 5.7

OBSERVATION OF A BURST IN NUCLLOTIDE FLUORESCENCE
FOR THE REACTION OF ALDEHYDE DEHYDROGENASE

Photograph A
Burst with Propionaldehyde as the Substrate

The reaction mixture contained enzyme (1.8uM)
and NAD' (420ulM) mixed with propionaldehyde
(5mM). Vertical scale, 0.1V/div; horizontal
scale, 50 ms/div.

Photograph B
Burst with Acetaldehyde as the Substrate

The reaction mixture contained enzyme (1.8ul)
and NAD® (390uM) mixed with acetaldehyde
(18mM). Vertical scale, 0.5V/div; horizontal
scale, 20 ms/div.
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slope of 2.31{1O+5 M-qs_q, but at high concentrations

reaches a maximum value (Fig. 5.8 ). NAD* which had not
been purified was found to give exactly the same values as
the purified NAD". At low NAD' concentrations there was a
noticeable lag phase in the fluorescence burst, which has
been shown by computer simulation to result from NAD*
having to bind to the enzyme before the reaction can take
place.

SeBeced Effect of Propionaldehyde Concentration on the
Burst

The effect of mixing various concentrations of
propionaldehyde with a solution of aldehyde dehydrogenase
and saturating NAD* is shown in Fig. 5.9, where the data
is plotted as

/%

against the inverse of the propionaldehyde concentration,
kobs being the observed rate constant of the presteady-
state phase. From Fig. 5.9 the slope is 4.51{10-6 M s,
the half saturating concentration of propionaldehyde is
50uM and the transient rate constant at infinite substrate
concentration is 118_1, The variation of the transient
rate constant was also studied with deuterated propionalde-
hyde éﬁ-2§7 propionaldehyde (CHBCHacDO), and results showed
a similar hyperbolic plot with a comparable half-saturating
concentration of 57uM and a rate constant at infinite
propionaldehyde concentration of 8.55_1. A small kinetic
isotope effect of 1.3 was observed, however, at much higher
propionaldehyde concentrations (1mM to 20mM) no isotope

effect was discernible.

obs

Varying concentrations of aldehyde dehydrogenase
(0.47uM to 3.8uM) when preincubated with NAD® (337uM) and
mixed with propionaldehyde (410uM) gave a burst rate con-
stant which was independent of the enzyme concentration.

5.3.2.4 Effect of pH on the Burst

Using saturating concentrations of both substrates
(300pM) the burst rate constant was measured in .O5M
pyrophosphate buffers of varying pH. The steady-state rate




FIG. 5.8 DEPENDENCE OF OBSERVED BURST RATE
CONSTANT ON NAD+ CONCENTRATION
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Reaction mixture in stopped-flow apparatus contained NAD™, propionaldehxde (415 pM),
enzyme (3 pM). The open circles are a replot of the data at low NAD™ concentration,
where the [NAD?] is one tenth of that shown on the scale. The slope of this line is

2.3 x 105 m-151,
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could also be measured at the same time by using a long
sweep time, since the instrument had been calibrated with
known concentrations of NADH. Results in Table 5.3 show
that the burst rate constant increases about 8 fold in the
range pH 6.3 to pH 9.8. The catalytic-centre activity
increased only three fold over the same pH range which is
consistent with the steady-state pH data.

When benzaldehyde was used as a substrate in the
place of propionaldehyde (Table 5.4 ) the burst rate con-
stant was much smaller at low pH but increased with pH,
to approach the value for propionaldehyde at pH 9.8.

Table 5.3 Effect of pH on the Burst

Reaction mixtures contained A1DH (5.2pM) and NAD (350uM)
in one syringe, and propionaldehyde (280uM) and the approp-
riate 0.05l1 pyrophosphate buffer in another

Final pH Burst rate constant Catalytic centre ac’civi’cy/I
9.8 20.55~ 395~
9.3 15.857" 3357
8.3 9.9s7" 2957
7.3 6.25" 1657
6.3 2.657 " s~

1 Cetalytic centre activity determined with .52uM enzyme.

Table 5.4 Lffect of pH with Benzaldehyde as substrate

A1DH (5.8uM) and NAD (542uM) were mixed with Benzaldehyde
(2.%2mM) in pyrophosphate buffer of varying pH

Final pH Burst rate constant
9.8 17.55~"
9.3 8.1
8.3 2.8
) 2.4
6.3 1.7

5.3.2.5 NAD* Analogues

A burst was detected using propionaldehyde and
deamino-NAD® as substrates in the enzymic reaction. A study,



FIG. 5.9 DOUBLE RECIPROCAL DEPENDENCE OF THE OBSERVED BURST
RATE CONSTANT ON PROPIONALDEHYDE CONCENTRATION
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The reaction mixture contained premixed enzyme (4.8 pM) and NAD* (240 PM). The slope of the line is 4.54 x 106
s'1 and the concentration of propionaldehyde at one half the maximum rate constant is 50 PM'
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similar to Fig. 5.8 for NAD+, of the effect of mixing
varying concentrations of propionaldehyde with a premixed
solution of alaehyde dehydrogenase (1uM) and deamino-NAD*
(950uM) gave a maximum rate constant of 265~ (i6s_1) and
a half-saturating propionaldehyde concentration of 230ubi.
By premixing the deamino-NAD' most of the enzyme will be in
a binary complex with the coenzyme and hence the burst rate
constant only depends on the aldehyde binding and subsequent
steps. The maximum rate constant is about twice that
obtained for NAD' but the half-saturating propidnaldehyde
concentration is also higher by about four fold. It
therefore appears that the deamino-NAD' does not allow the
propionaldehyde to bind as tightly as does NAD+, but having
bound the aldehyde the reaction proceeds faster. Studies
with [T-2§7 propionaldehyde showed a similar small isotope effect
(1.3) with deamino-NAD' as the coenzyme, as had been found
for NAD+, and the steady-state rate showed no isotope effect.
When deamino-NAD" (0.6mM and 1.35ml) was mixed with
a preincubated solution of enzyme (1.8uM) and propionaldehyde
(0.9mM) the observed rate constant for the burst were 2.68-1
and 65

when enzyme-deamino-NAD+ complex were mixed with the same

respectively. On the basis of results observed

propionaldehyde concentration (0.9mM) it would be expected
that saturating concentrations of deamino-NAD' would produce
a rate constant of 20s~1. This result appears to demon-
strate that deamino-NAD' has less affinity for the enzyme
than NAD'.

When acetylpyridine adenine dinucleotide (2.7ml) was
preincubated with enzyme (1.0pM) and mixed with propionalde-
hyde there was no observable burst. The reaction either
occurring within the mixing time of the stopped-flow, which
is extremely unlikely as the reaction of the propionaldehyde
with the other binary complexes is slow, or there is no

burst at all.

5.%3.2.6 Inhibition of the Burst

A series of compounds were tested for their effect
on the transient rate constant. However acetone (8.6mM),
methylethylketone (6.9mM), methylacetate (6.7mM), ethyl-
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acetate (5.7mM) had no effect on the rate constant when
premixed with propionaldehyde (90uM) and mixed with A1DH
(1.8pM) and NAD' (413%ulM). a-Bromophenylacetic acid (1.6mM)
slightly inhibited the transient rate constant when added
with unsaturating propionaldehyde (51uM) and mixed with
enzyme (BpM)euuiNAﬁ'(180pM) by reducing the observed rate
constant from 6.55 to 5.48-1.

5.%3.2.7 Effect of Acetaldehyde on the Burst

It was found that when acetaldehyde was mixed with a
preincubated mixture of aldehyde dehydrogenase and NAD+, a
hyperbolic relationship existed between the burst rate
constant and the acetaldehyde concentration (Fig. 5.10)
similar to that found for propionaldehyde. However the
maximum burst rate constant is found to be 255_1, which is
about double that for propionaldehyde, and the half-saturat-
ing acetaldehyde concentration is 2.3mM, a factor of 50
times the value for propionaldehyde.

When the relationship between acetaldehyde and
[7,2-—2§7 acetaldehyde was studied it was found that at low
acetaldehyde concentrations (less than 1mM) there was a

kinetic isotope
D
(53 b Kobs)

effect of 2.6, which was reduced to unity at saturating
concentrations. A double reciprocal plot of the burst rate
constant and acetaldehyde concentrations gave the same
maximum rate constant (235'1) for each isotope but the
half-saturating concentrations were 2mM and 6.5mi for the
acetaldehyde and [7,2-—227 acetaldehyde respectively.

5.%.2.8 Other Substrates

The chromophore trans-4-N,N-dimethylaminocinnamalde-
hyde, described by Dunn and Hutchison (1973), has been found
to react rapidly with aldehyde dehydrogenase and NAD". When
the trans-4-N,N-dimethylaminocinnamaldehyde (3%6puM) was mixed
with enzyme (4.5uM) and NAD' (560pM) there was found to be
a decrease 1n absorbance at 400nm due to formation of the

acid with a rate constant of 85—1 which is comparable with




FIG. 5.10 KINETIC ISOTOPE EFFECT ON THE

OBSERVED BURSTRATE CONSTANT WITH
ACETALDEHYDE

W Robs(S)

1/ [ Acetaldehyde } (mM™)

The reaction mixture contained premixed enzyme (1.8 pM) and NAD* (390 pM).
Results for acetaldehyde are shown as closed circles and deuterated acetaldehyde ( CD3CDO )

as open circles.
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the nucleotide absorbance increase at 340nm of 15.93—1

for
the same reaction conditions. It does appear that the same
step of the reaction sequence was being observed in each
case. The enzyme also oxidized the chromophore,
4-(2'-imidazolylazo)benzaldehyde (prepared by the method

of Bernhard et al. (1970)) to the corresponding acid with

an absorbance decrease at 410nm. The rate constant obtained

when the aldehyde (6.5pM) was mixed with enzyme and NAD*

(concentrations as above) was about 4s™.

Other aldehydes which produced a presteady-state
phase are shown in Table 5.5.

Table 5.5 Various Aldehydes which Produce a
Presteady-State Phase at pH 7.6

Aldehyde Concentration Burst rate constant
(s
Furfuraldehyde 11. Tml4 3.0
Formaldehyde 0.%9M 3.0
0.0591 5. d
p-Methoxybenzaldehyde 67uM-"1mM TaO
p-Methylbenzaldehyde % . 7ml 2.5
Benzaldehyde 2mki~5miv 3.0
p-Nitrobenzaldehyde 50ul1-500uM No observable burst

5.%.2.9 Burst Amplitude

When the burst amplitudes for the mixing of various
concentrations of propionaldehyde (over the range 17-280uM)
with enzyme-NAD+ were plotted according to equation (13)
it was found that while the error in the amplitudes was
quite large the points appeared to obey the relationship
and a Michaelis constant of 3.2uM was found. This is to be
compared with the Michaelis constant from the steady-state
of 1.1pM indicating the value is of the right order.

However when mM concentrations were used the amplitudes were
greater than predicted. When acetaldehyde amplitudes were
plotted (acetaldehyde concentration range 90uli-20mM) the

low acetaldehyde concentrations appeared linear with a
Michaelis constant of 52pM,'a value which cannot be compared
with the steady-state as those lines were nonlinear,

/

=
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while at higher concentrations the curved deviated to
higher amplitudes than predicted.

5.3.2.10 Esterase Activity

Stopped-flow study of the esterase activity showed

-1

a burst with a rate constant of 10s followed by a slow
1

linear production of p-nitrophenolate with a rate of O.64mqs— .
The catalytic-centre activity of the slow phase was 0.158-1.
The amplitude of the burst was only 10% of that expected
for the enzyme concentration used. However the p-nitro-
phenyl acetate may not have been saturating in which case
the burst amplitude and rate constant will be less than

the maximum.

When p-nitrophenylacetate was mixed with 2-mercapto-
ethanol there was no burst, only a slow production of the
p-nitrophenolate ion of 0.0ﬂpMs-q. It therefore appears
that the observed esterase activity is due to the enzyme,
and not to the mercaptoethanol present in the enzyme solu-
tions, and it is of particular interest that the observed
rates of reaction are similar to the rates found for
dehydrogenase activity (even though NADH is not directly
involved in the esterase reaction).

5.%2.2.11 Protein Fluorescence

When a range of NAD" concentrations were mixed with
enzyme in the stopped flow and the protein fluorescence
studied it was found that a plot of k obs against NAD
concentration was linear with a slope of 1. 83{105 M _1
(Fig. 511 ). Though protein fluorescence quenching may
exhibit a non-linear relationship with the increase in the
fraction of coenzyme-binding sites occupied (Holbrook, 1972),
a correction not made in this work, the value for the
apparent NAD" binding rate constant (k ) of 1. 8){10+5 M-
is in close agreement with the value of 2. 31(10+5 U q
found from nucleotide fluorescence experiments. The inter-
cept (k_q) is of the order of 25_1 which would give a Kia
of about 11uM which is in good agreement with the steady-
state result.

9
s
/I
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FIG. 5.11 NAD+ ASSOCIATION TO ALDEHYDE

DEHYDROGENASE FOLLOWED BY PROTEIN
FLUORESCENCE
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The reaction mixture consisted of enzyme (2 PM) and various concentrations of purified
NAD*. The slope is 1.8 x 105 M-15-1,
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On mixing enzyme with NAD" and propionaldehyde the
protein fluorescence change was found to be the same as
for the mixing of enzyme and NAD*. That is, the major
change was the quenching of protein fluorescence on NAD*
binding. When premixed NAD' (1mM) and enzyme (1.9uil) were
mixed with propionaldehyde (772uM) an increase in protein
fluorescence was observed with a rate constant about the
same as that obtained from nucleotide fluorescence. As
NADY quenches the protein fluorescence more than NADH, the
conversion of NAD' to NADH on the enzyme produces an increase
in the protein fluorescence.

The quenching of protein fluorescence on binding of
NADH (64uM) to the enzyme was also studied but the traces
were not single exponentials, appearing biphasic with rates
constants of about 148-1 and 2.55_1. The reason for this
could be two binding steps and, or, non-linearity of the
quenching of protein fluorescence by NADH.

5.3.2.12 Computer Simulations of the Burst

It was of interest to determine whether the rate
constants which were used in the model produced a burst
similar to the experimental results. Since the simulated
model, scheme (1), is formed by numerical analysis not
involving approximations (other than arithmetical) it is a
good test of the derived equations.

Table 5.6 Rate Constants for Scheme (1)
Used in Burst Simulation

k, = 2x10° N s ky = ’l’ls‘1

k*% = 1,687 k, = 0. 28

k, = 10" u1s™1 k_, = 2x10° M1
B o 505~

Since distinct values have not been obtained for k2 and k_2
the values are estimated and although NADH dissociation is
thought to be biphasic, for simplicity it was considered as
one step.

NADH

Only the species E and NADH were considered to be

fluorescent in the simulation, with a fluorescence ratio of
‘I.

i
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5.6 : 1 respectively.

When the reaction at low NAD' concentrations and
saturating propionaldehyde concentration was
simulated it was found that the slope of a plot of kobs
against NAD' concentration was the rate constant for NAD'
binding used in the simulation, showing that it is probable
that the plot involving the experimental data also produces
the NAD" binding rate constant, kq. An interesting feature
of the simulated plots was that at low concentrations of
NAD' a lag phase was present in the burst, a phenomenon
which was observed in the experimental data, suggesting that
at these concentrations build up of ENAD+ is slow. This
means that the burst trace cannot be extrapolated back to
time zero as this would give an overestimation of the burst
amplitude.

Naturally simulation of varying propionaldehyde
concentrations gave data similar to the experimental data
as these were the major experiments used to estimate the
rate constants. However simulation of a single turnover
experiment was interesting. The conditions simulated were
premixed enzyme (6.7upM) and NAD' (500pM) reacting with
propionaldehyde (1.1pM) and the burst trace produced was an
exponential increase followed by a decrease, which could be
rationalized in terms of formation of ENADH and then dis-
placement of NADH by NAD*. From the simulation a burst rate
constant of 1.95_1 and decay rate constant of 0.18s5~71 were
produced. These results may be compared with the experi-
mental data under the same conditions which produced rate
constants of 2.18-1 and 0.285"1 respectively, showing
excellent agreement.
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5.4.1 Displacement

There appear to be three possible explanations of the
biphasic nature of the NADH displacement.

(1) Two isozymes of aldehyde dehydrogenase are present which
have different rates of NADH displacement.

(2) A single enzyme is present possessing two different
classes of NADH binding sites, and hence two different
NADH displacement rates. These sites may be independent
or the displacement of NADH from one may affect the
displacement from the other.

(3) All the binding sites on a single enzyme are identical,
but the NADH may be displaced in two steps. A first
step involving either a change in conformation of NADH
in the binding site, or a conformational change of the
enzyme-NADH complex, which is followed in each case by
the actual displacement of the NADH.

The NADH titrations (Section 3) showed that the binding
sites of aldehyde dehydrogenase appeared to be independent
and equivalent over a wide range of NADH concentrations. The
fact that the displacement experiment produced biphasic plots,
under conditions of enzyme and NADH concentration similar to
those pertaining to the NADH titration, means that explana-
tion (2) may be discounted. For the same reason, and further-
more because of the inability to produce any evidence for the
presence of isozymes (Section 4.4), explanation (1) may be
similarly discounted. Thus on the basis of experimental
observations explanation (3) is the most likely reason for
the biphasic decrease in fluorescence in the displacement
of NADH from aldehyde dehydrogenase.

Using the model proposed in explanation (3), the
displacement reaction may be represented as follows:

k k
A3 1 " 2 - ]
ENADH — Egapg ——> E + NADH (Mechanism 5)

The displacement reaction represented by mechanism

(5) is identical to mechanism (1) for two consecutive first
order reactions (with k_,I = 0) and will in general be biphasic
with measured first-order decay constants Ry and AB (see
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equations (1) and (2)). The amplitudes of the two phases
will depend on the values of kq, k_q and k2 and on the initial
concentrations of the species present. These amplitudes for
various experimental conditions were obtained by computer
simulation of mechanism (5). The initial concentrations of
the enzyme species were derived by first determining the
total concentration of enzyme-NADH complexes and free enzyme
and NADH from the known dissociation constant and then the
individual concentration values for EﬁADH and ENADH were
obtained from the relative magnitude of the rate constants
k,| and k_q to be used in the simulation. The programme
produced concentrations of all the enzyme species and NADH,
and in addition supplied a graphical representation of the
logarithm of the change in fluorescence with time (the change
of the sum of the concentrations of EﬁADH and ENADH) which
showed the amplitudes of the fast and slow processes.

Since the replot of the NADH titration curves is
linear (Section 3) then the consistency of the NADH titration
data with mechanism (5) requires that either
(a) One of the enzyme-NADH complexes is present in neglig-
ibly small concentrations throughout the NADH titration, or
(b) Only two of the three fluorescing species present
(EﬁADH, ENADH’ NADH) have different fluorescence properties.

Considering explanation (a), if the Enapg complex is
present 1in much larger concentrations thanEﬁADHem equilibrium,
then, as may have been expected, and confirmed by computer
simulation, only a single process 1s observed, with a charac-
teristic decay constant equal to k2, the rate constant for
NADH release. On the other hand, if E§ADH is the complex
present in much larger concentrations at equilibrium then
k_,I must be larger than kq. As shown by equation (3) the
sum of the decay constants, which is about 1.257] (0.22 + 0.85),
should be the sum of the individual rate constants and hence
the maximum possible value for k_, would be about 1.287]
while kq and k2 would have to be much smaller (of the order
of 0.15_1). However when such small kq and k2 values are

used the calculated decay constant for the slow process,
A% is much smaller than the experimentally observed value.
For smaller values of k_q, kq must be made corresponding

smaller and although larger k2 values may now be used,
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equations (3) and (4) must still be satisfied with respect
to the experimentally observed decay constants (that is
Aot Az is about 1.2 and a,. Az is about 0.19). It will
be appreciated that when k2 is large, say of the order .9s %
then k,I must be of the order of .2s (to satisfy equation
(4)) which means that k_, is small (to satisfy equation (3))
and hence EﬁADH is no longer the major species. It is
therefore not possible to choose parameters that simultaneously
meet the thermodynamic requirement that the equilibrium
concentration of EﬁADH is much greater than ENADH and which
also give reasonable estimates of the experimental decay
constants, A and Az -
Thus, no matter whether ENADH or ENADH is assumed to
be the complex present in very small amounts, explanation (a)
does not accommodate the experimental observations.
Explanation (b) allows the possibility that either

(1) ENADH and NADH

.. £'s
or (ii) ENADH and NADH

or (iii) Eg,py and Ey,py

have virtually the same fluorescence properties. With respect
to the NADH titration, the dissociation constant derived for
a consecutive process would be:

/E/ /NADH/
K
D™ [inpu’ * Lyapur
The change in fluorescence, oAF, between the sample and the

blank in the titration would then be proportional in
case (i) to £E§ADH—7

case (ii) to ZENADH—7

case (iii) to Z(EﬁADH + Eyappl’/

These three different cases would all give an apparent single
titration curve. Since the decay constants of mechanism (1)
for consecutive reactions are not dependent on the species
being observed (equations (1) and (2)) then the three possi-

bilities could not be distinguished by decay constants alone.
However, the amplitude and the sign of the decay does depend

on the observed species and so amplitude studies, involving
computer simulation, may be used to distinguish the three
cases.
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When simulations were carried out over the widest
possible allowable range of the parameters kq, k_,I and k2
consistent with the rate constants found from the experiments,
it is found that the decay of E§ADH’ that is case (i),
proceeds as a single exponential or else displays a pronounced
lag phase. Both types of behaviour are inconsistent with
the biphasic traces found experimentally.

From these same simulations it was found that for
suitable choices of the parameters kq, k_q and k2 the decay
of ENADH with time, case (ii), gave biphasic plots, with
rate constants and relative amplitudes which agree well with
the experimental displacement data. However, when association
experiments were simulated it was found that the concentra-
tion of ENADH passed through a maximum. As can be seen from
Fig. 5.5 the fluorescence actually increased throughout the
association reaction and hence on the basis of these simu-
lations case (ii) may also be excluded.

Attempts were then made to obtain the best estimates
of k,, k_, and k5, assuming case (iii) in which E§ADH and
ENADH have the same fluorescence enhancement relative to free
NADH. Firstly the relative values of kq, k_q and k2 were
systematically varied to find those values for which the
calculated decay constants (equations (1) and (2)) apgreed
within experimental error to the experimentally determined

1 and

rate constants for the displacement reaction (0.85s”
0.228—1). These values were then used in computer simula-
tions to determine the relative amplitudes of the fast and
slow processes and compare these with the experimental
amplitudes to further restrict the possibilities.

It was found that the following combination of rate

constants produced the best fit to the data:

ENape <005~ Ewapg — =>—> E + NADH
in which the concentration of the species, ENADH’ is rela-
tively high and the fast process can be visualised in terms
of the dissociation of NADH from this species, while the
significant step in the slower process 1is interconversion of
enzyme-NADH complexes. Obviously there is some lattitude
in the values of the rate constants owing to experimental
error in the original experimental data and to a certain
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amount of insensitivity to small changes in the values.

The apparent dissociation constant for NADH may be
expressed 1in tefms of the rate constant for the individual
steps:

k
2 1
Ky = ( K
D k—2 .
)

Since values for K (1.2uM, from Section 3), k,, k_,and

)

k, have been derived, an estimate of the rate constant k_,,
the binding of NADH to the enzyme, may be calculated. This
value is found to be 5:x’IO5 M~Ys™1. 1t is interesting to
use these values to predict the rate constants for the
concentration jump experiment. The calculated constants for
1 and 0.24s57
which are in fairly good agreement with the experimental

values of 55—1 and 0.75—1.

the reported experiment (see results) are 2.6s”

In considering the association experiments it is found
that one of the decay constants is dependent on NADH while
the other is independent (Fig. 5.6). This is consistent
with the postulate of two step binding, since if parallel
binding on different NADH binding sites was occurring both
the processes would be dependent on NADH. Using the same
constants as for the concentration jump it is possible to
calculate the decay constants expected for the two processes.
Under the same conditions as Fig. 5.6, at 10uM NADH the
two processes would be 5.85_q and 0.255_/I while at 20uM NADH
they would be 10.8s~ and 0.25s”1. It will be noted that
qualitatively the decay constants give results in good agree-
ment with the experimental data, that is a fast NADH
dependent process and a slow NADH independent process. The
calculated results show a lower value for the slow process
and a greater NADH dependence for the fast process, however,
the experimental errors are very large, as demonstrated by
the scatter in the points of Fig. 5.6. The association
data is then in general agreement with the displacement data
but difficulty in determining accurate association decay

constants means that the data does not significantly aid the
refinement of the rate constants.

The insensitivity of the observed displacement rate
constants for aldehyde dehydrogenase to changes in displacing
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agent show that the rate constants are truely associated
with the release of NADH. The only exception was 3-pyridine-
aldehyde-NAD+ which was interesting as it was found that
this coenzyme analogue did not act as a coenzyme with
propionaldehyde in the steady-state reaction, but rather,
acted as an aldehyde substrate with NAD'. This analogue may
not then be expected to act as a suitable displacing agent.
In contrast to NADH, when deamino-NADH was displaced from
the enzyme only a single phase process was observed at a
rate similar to the slow process of NADH. This lack of a
second phase could be interpreted in several ways. There
may be an absence of the factor producing the additional
phase in NADH displacement or the extremely unlikely possi-
bility that the process is too fast to be observed (requiring
a very large increase over the NADH rate). However, from
the work on computer simulations to determine amplitudes of
biphasic displacement processes it is found that if the rate
constant for the interconversion of enzyme complexes, kq, is
equaltocn?greaterthan,ke, the rate constant of the dissoci-
ation step, then only a single phase will be observed. So
this additional possibility for the observation of a single
process should be considered.

The effect of pH on the displacement of NADH was shown
to be negligible and that neither the fast nor the slow rate
constant appeared to be dependent on pH. The association
experiment also showed no variation in the rates with pH.
This would argue against the postulation of a proton release
step as one of the two processes, as has been suggested for
malate dehydrogenase (Czerlinski and Schreck, 1964b).

Perhaps the most significant aspect of the NADH
displacement is the fact that the slow phase of 0.228_1 is
so similar to the catalytic-centre activity found for prop-
ionaldehyde and acetaldehyde in the steady-state of 0.258—1
and 0.278_1 respectively at very high aldehyde concentrations
(Section 4). It is even close to the catalytic centre activity
for the linear portion of the Lineweaver-Burk plot of 0.085_1.
This relation to the catalytic-centre activity demonstrates
that the displacement of NADH contributes significantly to
the limitation of the enzyme catalytic velocity. Further
confirmation of this relationship has been presented by
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Eckfeldt and Yonetani (1976) who observed that horse liver
aldehyde dehydrogenase possessed an NADH displacement rate

of 0.75-1, a value close to the catalytic-centre activity

of O.Bs'q, for acetaldehyde. #ckfeldt and Yonetani (1976)
have only reported a single phase displacement of NADH,
however the study was followed in absorbance where the changes
are small so any biphasic nature may not have been apparent.

Since a two step process on NADH displacement has been
observed for both sheep liver aldehyde dehydrogenase and
horse liver alcohol dehydrogenase, a two step displacement,
and perhaps association of NADH may be a more common feature
of dehydrogenases than has been suspected. Czerlinski and
Schreck (1964a) showed that NADH binds to rabbit muscle M4
lactate dehydrogenase in two distinct steps. A two phase
process was also found by the same authors for malate dehy-
drogenase, which was rationalized in terms of a slow binding
of NADH to the enzyme followed by protonation of the binary
complex (Czerlinski and Schreck, 1964b). Geraci and Gibson
(1967) refuted the postulation of Theorell et al. (1967)
that NADH association to alcohol dehydrogenase was a two step
process, suggesting that the lag phase observed was a mixing
artifact. Certainly the results for aldehyde dehydrogenase
exhibit no lag phase, but rather a fast process followed by
a slower process. While nc previous bpiphasic displacement
data has been reported for horse liver alcohol dehydrogenase,
the presence of a conformational change, or some similar
step has often been postulated to explain the difference
between the catalytic-centre activity and the NADH dissociation
rate. This 'step' is reputed to have a rate constant of
115~ (Shore and Gutfreund, 1970). This step could be
related to the faster process in the biphasic NADH displace-
ment from alcohol dehydrogenase reported in this work.

As aldehyde dehydrogenase and alcohol dehydrogenase
exhibit two step binding of NADH and X-ray crystallographic
studies have shown striking similarities among the coenzyme
binding domains of dehydrogenases (Ohlsson et al., 1974) it
is possible that this is a general feature of dehydrogenases
but the observation of the phenomenon may be obscured by the

relative sizes of the rate constants of the two processes.
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5.4.2 Burst

The observation of a burst in the kinetics of alde-
hyde dehydrogenase indicates that the first appearance of
enzyme-intermediates containing NADH occurs before the rate
determining step in the enzymic reaction. This is consis-
tent with the displacement experiments which indicate that
NADH release contributes significantly to the limiting
step. The presteady-state burst rate constant of 113—1 for
aldehyde dehydrogenase acting on NADY and propionaldehyde
has been observed in absorbance, nucleotide fluorescence
and protein fluorescence. The lack of a significant isotope
effect (greater than 1.4) on the burst rate constant when
using ZT-2§7 propionaldehyde in place of propionaldehyde
demonstrated that the hydride transfer cannot contribute
significantly to the burst, therefore the data has been
examined in terms of the following reaction sequence:

5
14_§£L2§ ZNADY ky/R1d7 ZNADY k NADH slow
*1 : E “a1d dlisplacement

(scheme 1)

_NADY NADH . ;
where it is assumed that LAld and EAcid are rapidly inter-

converted and the concentration of

NADH

Acid

is low so that no burst due to this complex is seen. The
complex

B

NADY
Ald

in the scheme could be replaced by

NADH
Acid
if the concentrations of ENADH
Acid
was small and ENAD+
Ald

E

E

was not significant.

The presence of three kinetic intermediates in
scheme (1) would be expected to give a triphasic exponential
rise to the steady state (Maguire et al., 1974). However,
as only a single exponential was observed this indicates
that two of the steps in the above scheme were too fast
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and, or, of too small an amplitude to be observed. It 1is
recognized that the mechanism represents an oversimplifi-
cation and that other steps could have been included.
However, the inclusion of additional steps would have made
the interpretation of the results very difficult. These
limitations must be recognized when confronting data which
i1s inconsistent with the proposed mechanism.

From Fig. 5.8 the rate constant for the NADY binding,
kq, is 2.3)(105 M_qs_q which agrees well with the value
obtained from protein fluorescence of 1.8){105 M—qs-q. From
the dissociation constant found in the steady-state (Section
) Kia = 8pll, then the dissociation rate constant, k_4, can
be calculated as ’I.6s—’I which is similar to the intercept
of Fig. 5.1, where k_ . = k./NAD'7 + k_,. The same inter-
cept is not found from Fig. 5.8 , for nucleotide fluorescence
because the enzyme and enzyme-NAD+ binary complex are not
necessarily in equilibrium, as is the case in the protein
fluorescence experiment. A value for k1 derived from the
steady-state analysis (Section 4) was 5)c’IO4 M_qs_q which
is lower than that found by stopped-flow experiments. However,

if the kcat value obtained at very high propionaldehyde
concentrations is used in estimating kq, a value of
1.2){105 M-qs—q 1s obtained, which is in much better agree-
ment. The quenching of protein fluorescence by NAD"
suggests the possibility of a conformational change on
binding (see Section 3). As has been suggested for lactate
dehydrogenase (Everse et al., 1972), such a conformational
change may be a prerequisite for the binding of aldehydes
and thus may be an explanation for the compulsory order of
binding in aldehyde dehydrogenase.

In considering the relative rate of binding of alde-
hyde to the enzyme-NADt complex compared to the burst rate there
are three possible hypotheses: (1) addition of aldehyde is
much slower than the following step (k2éﬁlg7 much less than
kB); (2) addition of aldehyde is comparable to the following

step (k2[K1g7 = k5); (3) addition of aldehyde is much
faster than the fdollowing step (keéilg7 much greater than
k3)° If the first hypothesis was true the relationship

between the observed burst rate constant and the aldehyde
concentration would be linear and even if at high concentra-

tions hypothesis (2) was approached the relationship would
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not be hyperbolic. If the second hypothesis was true a
biphasic plot would result, unless k_2 was much larger

than k2[Klg7 in which case probably only a single phase
would be observed, since the other phase would be very fast
and the amplitude small (equation (3)). Also to reach a
maximum burst at high aldehyde concentrations k,/A1d/ would
become large and hypothesis (2) may no longer apply. The
third hypothesis predicts a double reciprocal relationship
between k_, - and the aldehyde concentration (equation (11)),
a relationship shown by the experimental data. It would
therefore appear that the rate determining step in the

burst reaction sequence is k3 (which of course is a composite
rate constant). Fitting the data using equation (11) a

value of k; equal to 115~
and

is obtained from the intercept

- slope
Be™ (1nEercepf) e = kB’

that is k_2 = (50){10_6)k2 - 1. Although individual values
for k2 and k_2 cannot be obtained, the smallest values the
rate constants may have are 2.2x10° N Vs~ and 0.0s™7 for
k2 and k_2 respectively and the highest values would be
related to a diffusion controlled rate for k2. In comparing
the data with the steady-state predictions of the same
mechanism in which

_ K, (kz + k_p) _
K (propionaldehyde) = kg(k5 3 k47 = 1.1uM

(derived by method of King and Altman (1956) and Cleland
(1963)), it is found that on substituting the values for k3
and (k5 + k_2).(k2)_1, a value for k, of 0.245—1 is derived.
This value is similar to the slow NADH displacement rate
constant and the catalytic-centre activity, hence the pre-
steady-state and steady-state data appear to be consistent.

From the presteady-state behaviour of propionaldehyde
and NAD' some of the rate constants of scheme (1) may be
estimated.

ky = 2x10° Mg
k_, = 1.657
k_, = (50x107°).k, - 11
-2 ] 2
k, = 11s”
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While absolute values for the propionaldehyde binding and
dissociation rate constants (k2 and k_2) are not known, the
relationship between k2 and k_» is known. As the reaction
of aldehyde dehydrogenase is irreversible, presteady-state
studies in the reverse direction cannot be undertaken to
help elucidate further steps in the mechanism.

The kobs pH profile showed that the step involved
in the burst was pH dependent with the greatest rate con-
stants occurring at high pH's, a trend that was .shown even
more dramatically by benzaldehyde. Either the removal of a
proton is directly involved in this step or indirectly
through the ionization of an adjacent group.

Studies with enzyme—deamino—NAD+ complexes and
varying propionaldehyde concentrations showed a maximum burst
rate constant, k5’ of 268—1 and k_2 = (250)(10_6).k2 - 26.
Comparison with the results for NAD" show that k3, the burst
rate constant, cannot be the only value to change with
variation in the coenzyme (since the two expressions cannot
be solved in terms of identical k, and k_o). Hence the
coenzyme must in some way be affecting the rate of association
or dissociation of aldehyde from the enzyme-coenzyme complex.

When acetaldehyde was used as the aldehyde substrate
in the burst studies it was found that the maximum burst
rate constant was greater than for propionaldehyde and had
no kinetic isotope effect. However, at lower acetaldehyde
concentrations there was an isotope effect of 2.6. With
respect to the mechanism suggested for propionaldehyde,
this would mean that there was no isotope effect on k5 but
there was an isotope effect on (k3 + k_2).(k2)—q, that is
k2 and k_2 are affected suggesting a kineticisotope effect
on the association and dissociation of acetaldehyde from the
enzyme. Unlike the deuterated propionaldehyde, the deuter-
ated acetaldehyde used in the isotope experiments was fully
deuterated (CDBCDO). However any secondary isotope effects
that this may produce would only account for a kH/kD ratio
of about 1.3 (Laidler and Bunting, 1973) and so could not
produce the observed isotope effect. Similarly the fraction
of unhydrated aldehyde in sodium phosphate buffer (pH 7.0,

p = 0.1) at 25°C is 0.48 for acetaldehyde and 0.40 for
deuterated acetaldehyde (Eckfeldt and Yonetani, 1976) and
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since the unhydrated aldehyde is the probable substrate
(Bodley and Blair, 1971) an apparent kH/kD ratio of 1.2
would result which also cannot explain the observed result.

It is possible that some sort of covalent binding of
the aldehyde on attachment to the enzyme is occurring or
removal of the hydride ion may have already proceeded to
some extent in the Michaelis complex.

With regard to the mechanism in scheme (1) it is
possible that the hydride transfer step is involved in the
steps designated k2 and k_2, a suggestion which did not need
to be considered in the case of propionaldehyde since there
was no significant isotope effect on any of the steps and
hence it was not possible to know with which step the
hydride transfer rate was associated. For acetaldehyde it
1s possible that aldehyde binding and transfer of the hydride
occurs in a concerted sequence so that the reaction quickly
proceeds to Eﬁﬁgg. The observed burst rate is the same no
matter whether it is followed in absorbance, nucleotide
fluorescence or protein fluorescence. If Eﬁﬁgg is regarded
as a significant intermediate and yet does not produce an
observed spectral change then either the intermediate has
no absorbance or fluorescence properties, or the amplitude
of these changes are so small as not to be observed. It
seems unlikely that an intermediate containing such a
strongly absorbing, fluorescing and protein fluorescence
quenching group as NADH does not show any of these charact-
eristics, so it 1s probably more likely that the intermediate
does absorb and fluoresce.

If this 1is the case then such a complex would be
observed unless its concentration was very small, that is
k_2 was very large. However, from the proposed mechanism
we have a restriction fEPm_Phe data that k_2= (2.3){10-3)k2-23
which requires that k,/Ald/ be greater than k_,
except at low concentrations of aldehyde, producing a
significant concentration of Egﬁgg and hence a biphasic
trace would be expected with the contribution of the faster
phase becoming greater as the aldehyde concentration
increased. This means that even if the fast phase was
completed in the mixing time of the instrument the amplitude

of the slower phase should decrease with increasing aldehyde
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concentration (see equation (?) ). From this discussion it
does not seem possible to explain the isotope effect at low

aldehyde concentrations in terms of a fluorescent Egﬁgg
species and it would seem unlikely, but possible, that

EE%EE is not fluorescent suggesting that the sqheme would

have to contain additional steps in order to explain the
isotope effect. However, it is not obvious whether additional
steps would be able to accommodate both the isotope cffect

and the other observed results, that 1s a single exponential
burst and the hyperbolic aldehyde dependence. Some method

of observing single transient intermediates, for instance
study of proton release (Shore et al., 1974) or blocking of
segments of the pathway by inhibitors, if possible, would
elicit more information.

Recently Eckfeldt and Yonetani (1976) studied the
presteady-state kinetics of horse liver aldehyde dehydro-
genase with acetaldehyde by following the burst at 350nm
utilizing a small change in absorbance between free and
bound NADH, similar to that found for sheep liver aldehyde
dehydrogenase (Section 3). They found a kinetic isotope
effect with acetaldehyde and deuterated acetaldehyde
(CHBCDO) and because of the low value, 2.8,
concluded that k5 was a hydride transfer step,
and that k_> was of the same order of magnitude as k3.
However, from a double reciprocal plot of kobs and aldehyde
concentration the isotope effect on k3 was found to be
1.9 + 1.5 while the isotope effect on the slope, which is
(kg + k_2).(k5k2)_1, was 2.8 + 0.1. While these results
were interpreted in terms of k3 being the hydride transfer
step the fact that the isotope effect onthe isolated hydride
transfer step, k5’ is much less than on the more complex
slope term except at the very high end of the k5 error
scale when in fact it should be much greater as it was
stated that k5 and k_, were of the same magnitude and because
the magnitude of the isotope effect is much less than the
ratio of about 7 expected if k3 was solely the hydride
transfer step suggest that the interpretation may not be
correct. The same results would better fit the situation
found for sheep liver aldehyde dehydrogenase where the hydride
transfer step is not observed directly but affects the steps
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designated k2 and k_2 in scheme (1). This agrees with the
thought that chemical steps in catalysis are usually not
the major rate determining ones (Cleland, 1975) and in fact
alcohol dehydrogenase is one of the few dehydrogenases to
show an isotope effect (6.0) in the burst (Shore and
Gutfreund, 1972).

It is interesting that a similar maximum burst rate
constant with acetaldehyde for the enzyme from horse liver
and sheep liver is found (533'/I and 258—1 respectively) and
the apparent similarity of enzyme action may well be extended
to other species.

At this point it is worthwhile to consider the
esterase results. p-Nitrophenylacetate binds to the enzyme
(acylation of the nitrophenyl ester) and then hydrolysis
produces the chromophore, p-nitrophenolate ion, and an
acetyl-enzyme complex which then proceeds by deacylation to
form acetate and free enzyme. The burst observed indicates
that the acetyl-enzyme complex is quickly formed and the
rate determining step is the deacylation, which is in
contrast to the results of Feldman and Weiner (1972b) who
from steady-state comparison with dehydrogenase activity
suggested that the acylation was rate limiting. The interest
in the acetyl-enzyme complex is due to the fact that when
NADH is bound to the complex as well it should resemble the
acetyl intermediate from the dehydrogenase reaction with
acetaldehyde and hence the deacylation rates should be the
same for both the esterase and the dehydrogenase reactions.
It is therefore interesting that the catalytic-centre
activity for the esterase reaction is about 0.15S_q since a
step of the same order of magnitude as the NADH dissociation
step 1s required to explain the different catalytic-centre
activities for various aldehydes in the dehydrogenase
reaction. This step may be the deacylation step.

In comparing the steady-state results with the pre-
steady-state results the most interesting is the behaviour
of the burst at aldehyde concentrations which give the
apparent substrate activation in the steady-state. Analysis
of the burst rate constants show no deviations from the
expected behaviour for propionaldehyde and the same is true
for acetaldehyde (Fig. 5.9 and Fig. 5.10) over wide




143

concentration ranges so the steady-state effect does not
reflect itself in the burst rate constant, as it may have
been expected to. However, when the amplitudes of the burst
are analysed it is found that at high aldehyde concentrations
the amplitude is greater than would be predicted and it is
possible that this behaviour may be associated with the
non-linear steady-state. It would appear from the values
for the NADH displacement from the enzyme, of .22s_q, that
this step is solely rate determining at high aldehyde
concentrations (for both propionaldehyde and acetaldehyde,
see section 4) and at lower concentrations some additional
step has a significant effect on the overall rate of
reaction. Eckfeldt and Yonetani (1976) also postulated such
a step, for horse liver aldehyde dehydrogenase, to explain
the difference between NADH dissocilation rate and the
catalytic-centre activity. This additional step must be
after the burst producing step, which 1is over 58-1 at 50uM
propionaldehyde, but before the NADH dissociation step.

The step may well be deacylation, as suggested from the
esterase reaction.

In summary it has been shown that scheme (1) is a good
approximation to the kinetic behaviour in the presteady-
state using NAD" and propionaldehyde as substrates but that
it does not explain some facets of the steady-state
behaviour. However for acetaldehyde even the burst kinetics
cannot be explained fully by scheme (1) and a more complex
mechanism has to be considered.
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SECTION 6

COMPARISON OF MITOCHONDRIAL AND CYTOPLASMIC
ALDEHYDE DEHYDROGENASES

S5 INTRODUCTION

While it has been generally recognized that aldehyde
dehydrogenase is the major enzyme in the oxidation of acetal-
dehyde produced from the metabolism of ethanol (Richert and
Westerfield, 1957) there has been some confusion in the
literature over the localization of the enzyme activity. The
most extensively studied aldehyde dehydrogenase has been
that from rat liver. Dietrich (1966) reported that 87% of
the total liver aldehyde oxidizing capacity was located in
the cytoplasm, however, Tottmar et al. (1973) found aldehyde
dehydrogenase activity in the mitochondria and the microsomes
but virtually none in the cytoplasm. This activity was
attributed to a single enzyme existing solely in the mito-
chondria and another distributed between the mitochondria
and the microsomes. These findings were supported by Horton
and Barrett (1975) who found a similar enzyme distribution,
80% in the mitochondria and 20% in the microsomes. However
Marjanen (1972) reported that 80% of the total enzyme activity
found was in the mitochondrial fraction, 20% in the cyto-
plasm, but no activity was observed in the microsomes. While
much of this information is contradictory and may depend on
the efficiency of the cellular fractionation procedures, it
would appear that for rat liver aldehyde dehydrogenase most
of the enzyme activity is found in the mitochondria. This
view 1is supported by the in vivo studies of Eriksson et al.
(1975) .

In this laboratory a study of the intracellular
localization of sheep liver aldehyde dehydrogenase has been
carried out and it was observed that 37% of the enzyme
activity was in the cytoplasm, 34% in the mitochondria, 10%
in the microsomes and 19% in the 500 x g centrifuge sediment,
which consisted of whole cells and nuclei (Crow et al.,
1974). Enzymesof known subcellular distribution were used
as markers to detect any possible cross-contamination of the
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subcellular fractions. The engymes from both the cytoplasmic
and mitochondrial fractions have been purified and their
properties investigated. The most significant difference
in kinetic properties between the two enzymes was the
difference in the Michaelis constant for NAD' at pH 9.3 using
acetaldehyde as a substrate, Km's of 12uM and 77pl being
observed for the cytoplasmic and mitochondrial enzymes
respectively. As found for aldehyde dehydrogenase from other
sources (Maxwell, 1962) the sheep liver enzymes were both
affected by steroidal hormones, however, while progesterone
lowered the activity and diethylstilbestrol raised it in both
cases the quantitative effect was much greater for the cyto-
plasmic enzyme. Differences 1n substrate specificity between
the cytoplasmic and mitochondrial enzymes were also observed.
Kitson (1975) showed that the cytoplasmic enzyme was much
more sensitive to the thiol reagent disulfiram than the mito-
chondrial enzyme in that 0.01mM disulfiram reduced the initial
activity of the former to 5% of the control while the latter
was only reduced to 96%. Similar differences in sensitivity
to disulfiram have been shown by the horse liver aldehyde
dehydrogenase isozymes Fq and F2, which are of cytoplasmic
and mitochondrial origin respectively (Eckfeldt et al.,
1976). Although some of the kinetic properties of the two
sheep liver enzymes were different, the physical properties
were very similar. The molecular weights were almost
identical, as determined by gel filtration (212,000 and
205,000 for the cytoplasmic and mitochondrial enzymes
respectively) and the subunit molecular weights as determined
by sodium dodecylsulphate-polyacrylamide gel electrophoresis
were 53,100 + 2,000 in each case (Crow, 1975).

To aid in the understanding of the function of the
two similar but distinct enzymes in separate intracellular
compartments, it was of interest to compare more of the
kinetic properties of the two enzymes. In this regard some
of the kinetic experiments carried out on the cytoplasmic
enzyme were repeated using the mitochondrial enzyme.




FIG. 6.1 ATTEMPT AT NADH TITRATION FOR
MITOCHONDRIAL ALDEHYDE
DEHYDROGENASE
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6.2 FIETHODS

The mitochondrial sheep liver aldehyde dehydrogenase
was supplied by Dr. T.M. Kitson and the methods and reagents
used for the experiments involving the mitochondrial enzyme
were identical to those previously described for the corres-
ponding cytoplasmic enzyme experiments. Phosphate buffer,
pH 7.6, was used throughout.

6.3 RESULTS

6.3.1 Equilibrium Studies

An attempt was made to titrate the mitochondrial
enzyme with NADH, in an identical manner to the cytoplasmic
enzyme, in order to determine the catalytic-centre activity.
However, as shown in Fig. 6.1(a), there was an initial sharp
rise in fluorescence on addition of the first aliquots of
NADH but continued addition of NADH produced smaller increases
in fluorescence, until a maximum value was reached. The
result of this behaviour was that the replot was not linear
(Fig. 6.1(b)) and any extrapolated enzyme concentration would
appear to be negative, a situation which was obviously not
physically meaningful.

Gl Steady-State Studies

The effect of a wide range of acetaldehyde concentra-
tions on the initial velocity of the mitochondrial enzyme was
studied (Fig. 6.2). The double reciprocal plot was linear
up to 10pM acetaldehyde and a Michaelis constant of 0.2pM
was derived. However at higher acetaldehyde concentrations
the line deviates from linearity towards higher initial
velocities. It was found that at 20mM acetaldehyde the
initial velocity was nine times that predicted by extrapolation
of the linear portion of the graph to a supposed maximum
velocity. In fact the overall shape of the plot is very
similar to that found for the cytoplasmic enzyme (Section
4.3.%2.8) although the plot is linear over a wider range at
low acetaldehyde concentrations.

6.%.3 Presteady-State Studies
Displacement of NADH (5uM) from the mitochondrial
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aldehyde dehydrogenase by various displacing agents was
observed to be a biphasic process (Table 6.1). It would
appear from the consistency of these results that saturating

TABLE 6.1 NADH DISPLACEMENT FROM MITOCHONDRIAL
ALDEHYDE DEHYDROGENASE

. . Rate Constant for Rate Constant for

Displacing Agent the Fast Process the Slow Process
NAD* (4mM) 0.545™ 0.09s~"
NAD' (2.9mM) 0.7s] 0.08s~]
ADP-ribose (1.7mk) 0.578_1 0.095_’l

concentrations of NAD® and ADP-ribose were used. When these
results are compared with those of the cytoplasmic enzyme
(Section 5.3.1.1) which has rate constants of 0.853_1 and
0.228-1 the striking similarities are immediately apparent.
However the proportion of fluorescence change attributable
to the slow process was about 60%, significantly greater
than the 30-50% seen for the cytoplasmic enzyme (Fig. 5.5).
When the mitochondrial enzyme, premixed with NAD?Y
(2.7mM) was mixed with propionaldehyde (780upM) the burst
observed in nucleotide fluorescence had a rate constant of
about 105'1. However it was noted that the size of the
fluorescence change in the burst for this enzyme solutiohn
was about one sixth of the change observed for NADH displace-
ment from an enzyme solution of the same concentration. This
suggested that the concentration of the enzyme species being
observed in the burst was much less than the total enzyme
concentration,and that other nonfluorescent enzyme species
must be in appreciable concentration. Supporting evidence
for this statement was the fact that a range of propionalde-
hyde concentrations (0.4mM to 20mM) all produced about the

same observed rate constant of 125_1

+ 3 (with large scatter
due to the small burst size) but the amplitude of the
fluorescence change in the burst increased by over a factor
of three. When the maximum burst rate constants with
propionaldehyde for the mitochondrial and cytoplasmic enzymes
are compared, 125=71 and 115~ respectively, great similarity

in the two enzymes is apparent.
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On following NAD*Y binding to the enzyme by quenching
of protein fluorescence it was found that the observed rate
constant varied with the NAD' concentration (Table 6.2).

TABIE 6.2 NAD® BINDING TO THE MITOCHONDRIAL ENZYME
FOLLOWED BY QUENCHING OF PROTEIN

FLUORESCENCE
/FAD* 7 Observed Rate Constant
(1) (s™") |
25 74
50 9.5
150 74
250 9.1
500 12.5
1000 23

While the scatter in values from Table 6.2 1is
obvious, it is possible to estimate a value for the NAD'
binding rate constant, k,, as 2x10% s~ and k_, as us™7.
These results may be compared with the cytoplasmic enzyme
values of 1.8 x10° M 1s™" and 2577 for k, and k_, respec-
tively from protein fluorescence. 1t should be remembered
however that in the case of the cytoplasmic enzyme corroborative
evidence was availlable from nucleotide fluorescence so the
results were more reliable. However if a comparison is made
of the binding rates it 1is seen that the rate constant for
the cytoplasmic enzyme 1is a factor of ten faster while the
dissociation rate constants are fairly similar, only differing
by a factor of two. The difference in NaD”* binding rate
constants is perhaps not unexpected since the lMichaelis
constant of NAD® for the mitochondrial enzyme 1s six times
that of the cytoplasmic enzyme (Crow et al., 1974). The
Michaelis constant for the four intermediate reaction schemes
shown in Fig. 4.10 is

k5k4k5

fa T EEGE v KK ¢ Gk ¥ 5K,

and hence any changes 1in k,I would be expected to be reflected
in the value of K.




FIG. 6.2 DOUBLE RECIPROCAL PLOT OF INITIAL VELOCITY AGAINST
ACETALDEHYDE CONCENTRATION FOR THE MITOCHONDRIAL

ALDEHYDE DEHYDROGENASE
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The concentration of NAD* was held at 1.35 mM. K, for acetaldehyde (at low concentrations) is 0.2 pM and Vmax
at these concentrations is 0.07 fluorescence units per minute, while at 20 mM the initial velocity is 0.66 fluorescence
units per minute. (Excitation 345 nm, emission 455 nm).



151

6.4 DISCUSSION

The nonlinear nature of the NADH titration plots
would suggest that NADH binding sites of the mitochondrial
enzyme are not equivalent. Either there are multiple classes
of NADH binding sites or there is a single binding site but
a two step binding process. As discussed 1n Section 5.4.1
a two step process for NADH binding in which the fluorescence
of each of the enzyme-coenzyme complexes are different would
also lead to nonlinear NADH titration plots. While in
isolation there is no compelling reason to favour either
possibility, the fact that the steady-state and presteady-
state results are so similar to the results for the cytoplas-
mic enzyme makes it perhaps more probable that a two step
binding process 1is taking place in which the two enzyme-
coenzyme complexes have different fluorescent properties.

The displacement experiment for the mitochondrial enzyme
produced two rate constants of the same order of magnitude

as those obtained for the cytoplasmic enzyme. The rate

L is somewhat less
(compared with 0.228_1) while that for the faster one is
about the same in both cases. It would therefore appear

constant for the slower process of 0.08s”

that the catalytic-centre activity of the mitochondrial
enzyme should be less than for the cytoplasmic enzyme, as
the mitochondrial enzyme reaction velocity cannot be greater
than the NADH displacement rate but may be less if this step
is not rate limiting.

The steady-state data for the mitochondrial enzyme
showed the same deviations from linearity as in the data for
the cytoplasmic enzyme. It is interesting that over these
same concentration ranges the amplitudes of both the bursts in the
presteady-state experiments changed drastically. It is
unfortunate that no estimate of the mitochondrial enzyme
active site concentration could be made since it may have
been expected that the catalytic-centre activity of the
enzyme would be the same as the NADH dissociation rate.

It appears that the general features of the kinetics
of mitochondrial and cytoplasmic sheep liver aldehyde dehydro-
genases are very similar, the only obvious difference being
the NAD* binding rate constants. Since the proportion of
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aldehyde dehydrogenase activity in the mitochondria and the
cytoplasm are similar (Crow et al., 1974) and the NADH
displacement rates about the same, then the actual concen-
trations of the enzymes would be expected to be similar in
the two compartments. Therefore it would appear that in

the in vivo situation any differences in the activities or
importance of the two enzymes would be related to the concen-
trations of the substrates and the products in the two
compartments rather than any kinetic factor.
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SECTION 7

CONCLUSION

In the belief that the interpretation of experimental
data must be solidly based on what is observed, and that the
simpler is to be preferred to the more complicated explanation,
in the analysis of the presteady-state data (Section 5) the
simplest reaction scheme consistent with the experimental
observations was considered. The scheme used was sufficiently
simple to allow a reasonably detailed analysis of the data
in terms of rate constants for individual steps. While,
except indirectly from the acetaldehyde isotope effect
studies, evidence was not obtained for other steps in the
mechanism, it 1s possible to speculate about other trans-
formations which our rationalization of chemical changes in
similar systems may lead us to believe are taking place.

It is possible to postulate a series of reaction steps
which may be involved in the oxidation of aldehydes to
carboxylic acids by the enzyme aldehyde dehydrogenase from
sheep liver (Fig. 7.1). Since the reaction is ordered,

NAD" binds to the enzyme first after which the aldehyde may
associate with the enzyme at the active site (step (1)).
Subsequently it is proposed that a nucleophile in the enzyme
active site reacts with the aldehyde to form a covalently
bonded intermediate with a tetrahedral carbon atom. The
hydride transfer reaction then occurs with the formation of
an acyl intermediate (step (%)) and the production of NADH.
This is followed by a general base catalysed nucleophilic
attack by water on the acyl intermediate to form a tetra
hedral intermediate. The breakdown of this tetrahedral
intermediate leads to the release of the carboxylic acid
product (step (5)) and finally NADH dissociates in a two
step reaction. It 1s reasonable to assume that the covalent
reaction of the enzyme and aldehydes involves a nucleophilic
group on the enzyme. Although it has been postulated by
other workers that aldehyde dehydrogenase contains a thiol
group in the active site (Stoppani and Milstein, 1957;
Feldman and Weiner, 1972b) as the nucleophile, the existence
of such a group could not be shown for the sheep liver enzyme
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using Ellman's reagent. However the reaction with the drug
disulfiram (Kitson, 1975) suggests that the sheep liver
enzyme may in fact contain an essential thiol group in the
active site. It has been found that the enzyme glyceralde-
hyde %-phosphate dehydrogenase, which catalyses the oxidative
phosphorylation of D-glyceraldehyde-3-phosphate from glycer-
aldehyde, involves a thiol group (Harris et al., 1963).

This dehydrogenase is of interest since glyceraldehyde com-
bines with the thiol group to produce a thiol ester inter-
mediate, and so it is possible that aldehyde dehydrogenase
reacts with aldehydes in a similar manner That a nucleo-
phile is involved in the aldehyde dehydrogenase reaction is
shown by the fact that the same enzyme may act as an esterase
(Section 5), catalyzing the hydrolysis of esters. The two
reactions have been shown to occur at the same site on the
enzyme (Feldman and Weiner, 1972b) and so any dehydrogenase
sequence must be able to accommodate ester hydrolysis as
well. Mechanism (1) can accommodate esterase activity since
a covalent reaction of the enzyme nucleophile and an ester
would form the same acyl intermediate and the subsequent
reaction would be identical to the dehydrogenase reaction.
Since for propionaldehyde the maximum burst rate had no
isotope effect a step such as step (4) may be rate limiting
in the burst. This seems reasonable as the burst showed a

pH dependence (Section 5), a greater rate constant being
observed at high pH, an effect which could be due to the
presence of a weak acid in the enzyme active site (BH') which
only at a high pH will be completely deprotonated and hence
be able to carry out its full catalytic effect. The catalytic
effect is envisaged as a general base catalysis of the
hydrolysis of the acyl enzyme intermediate. The overall
enzyme reaction is irreversible and in mechanism (1) it has
been postulated that this irreversible step is the formation
of the tetrahedral intermediate (step (4)) during deacylation
of the acyl-enzyme intermediate. This postulate would seem
reasonable since the hydroxyl group of the carboxylic acid
1s such a poor leaving group. The breakdown of this tetra-
hedral intermediate, by comparison of the aldehyde dehydro-
genase and esterase bursts, is probably quite slow and of
the same order of magnitude as the NADH displacement.
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Step (5) in the reverse direction, the reaction of the
carboxylic acid with the enzyme nucleophilic group, would
not be expected to proceed to any significant extent since
the carboxylate group does not normally undergo nucleophilic
substitution reactions.

It is well recognized that oxidation of ethanol by
the liver in vivo and in vitro is associated with an increase
in the ratio of NADH/NAD' in both the cytoplasmic and mito-
chondrial spaces (Forsander, 1970). The perturbation of
the normal NADH/NAD® ratio in these compartments is in turn
thought to be responsible for the abnormalities of carbohy-
drate and fat metabolism observed after ethanol adminis-
tration (Arky, 1971). Conversely the hepatic rate of ethanol
oxidation is considered to be determined by the rate of
reoxidation of cytosolic NADH. According to the kinetic
mechanism in which the removal of NADH from the enzyme
complex is the rate determining step, a high cytosolic
NADH/NAD+ ratio should decrease the flux through alcohol
dehydrogenase.

This study of sheep liver cytoplasmic aldehyde dehy-
drogenase shows that the NADH dissociation step for this
enzyme also has an effect on the overall rate of reaction
and hence the activity of the enzyme may be expected to
reduce when the NADH/NAD' ratio increases in the liver.

The same would be true of the mitochondrial aldehyde dehydro-
genase (Section 6). From the results for sheep liver an
estimate can be made of the cytoplasmic aldehyde dehydrogenase
concentration. The cytoplasmic enzyme activity of 200,000
nmoles of NADH produced per minute (Table 2.1) may be con-
verted to 3,500 nmoles per second. Using a catalytic-centre
activity of 0.25-1 this activity would correspond to 17,500
nmoles of enzyme active sites. The weight of liver from
which the cytoplasmic enzyme was extracted was 500g, and so
assuming a cytoplasmic water volume of about O.5cm3 per g, an
enzyme concentration of OuM 1is obtained. It has been
reported that the concentration of alcohol dehydrogenase in
horse liver is about 40uM (Reynolds, 1970). Since the cata-
lytic-centre activity of alcohol dehydrogenase is greater
than that of aldehyde dehydrogenase it is perhaps not
surprising that the concentration of aldehyde dehydrogenase
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1s greater. It 1s also apparent that since the coenzyme
dissociation constants of aldehyde dehydrogenase are so
small (8uM and 1.2uM for NAD* and NADH respectively) that a
large proportion of the coenzymes in the cell are going to
be bound to the enzyme.

Acetaldehyde concentrations are difficult to measure
since the concentrations are so low and artefacts may affect
results (Truitt and Walsh, 1971). However Korsten et al.
(1975) reported a blood acetaldehyde level of 20uM in patients
after alcohol consumption. The levél in the liver would be
expected to be at least as high as the blood level and at
these levels, the cytoplasmic aldehyde dehydrogenase from
sheep's liver would not be functioning at its maximum rate.
The Michaelis constant for the horse liver alcohol dehydro-
genase catalyzing the reduction of acetaldehyde to ethanol
is 100uM and this may explain why the acetaldehyde concen-
trations never approach the original ethanol concentrations.

Since the enzymes alcohol dehydrogenase and aldehyde
dehydrogenase both require the coenzyme NAD' there will be
competition between the enzymes in the cytoplasm for NAD™ .
it has been suggested that in rat liver most of the acet-
aldehyde is transported to the mitochondria, where the
NADH/NAD" ratio is lower, and oxidized by the mitochondrial
aldehyde dehydrogenase. This is supported by the fact that
most of the rat liver enzyme activity i1s in the mitochondria
and the rat liver mitochondrial enzyme has a much lower
Michaelis constant for acetaldehyde than the rat liver cyto-
plasmic enzyme. Neilther of these observations are true for
sheep liver dehydrogenase and hence it 1s not known which
1s the major acetaldehyde oxidizing compartment. The cyto-
plasmic enzyme has a much lower Michaelis constant for NADY
(Section 6) and this may negate the effect of the higher
NADH/NADY ratio in the cytoplasmic compartment on ethanol
consumption. Also the cytoplasmic enzyme is more sensitive
to disulfiram (Kitson, 1975) which suggests that it may have
an important role in alcohol metabolism.

For the obvious reason of lack of availability of
fresh livers, little work has been reported on the human liver
aldehyde dehydrogenase, but it is unfortunate that no study
of the subcellular distributing of the enzyme has been made.
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However, the work which has been carried out (Blair and
Bodley, 1969; Sidhu and Blair, 1975a) shows similarities
with the sheep liver enzyme. Since remarkable similarities
have been shown among the enzyme from various mammalian
species (horse liver, rat liver, bovine liver and sheep liver)
this suggests that the sheep liver enzyme may be a good model
for investigations into human alcohol metabolism. Work has
already been carried out in this department on computer
simulation of the alcohol metabolism in the liver utilizing
some of the kinetic parameters derived in this study.
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APPENDIX I
ABBREVIATIONS

V24 concentration of species A

ADP-ribose adenosine 5'-diphosphoribose

CHM carboxymethyl

DEAE diethylaminoethyl

Deamino-NAD' deamino diphosphopyridine nucleotide

E enzyme

ENADH enzyme with NADH bound

EﬁADH enzyme with NADH bound (distinct
from ENADH)

Ejoia enzyme with NADH and acid bound

AF fluorescence difference

AFmax maximum fluorescence difference
gram

g unit of gravitational field (in
centrifugation)

kcat catalytic-centre activity (also
known as the turnover number)

kobs observed rate constant

Ka’ Ky Michaelis constants for A, B

KD dissociation constant

Kia dissociation constant for A

Kii graphical intercept inhibition
constant

Kis graphical slope inhibition constant

A observed decay constant

NAD* nicotinamide adenine dinucleotide

NADH dihydronicotinamide adenine dinuc-

leotide
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NaDPt nicotinamide adenine dinucleotide
phosphate

Nb32 5,5'-dithiobis(2-nitrobenzoic
acid)

B—pyridinealdehyde—NAD+ pyridine-3-aldehyde adenine
dinucleotide

fluorescence enhancement

fractional saturation of NADH
binding sites

S seconds
v velocity

v maximum veloclity
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APPENDIX II

CHEMICALS

Acetaldehyde
17,2,2,2—2§7 Acetaldehyde
ADP-ribose
Barbitone-sodium
a-Bromophenylacetic acid

p-Carboxybenzaldehyde
Chloral hydrate

1-Cyclohexyl-3-(2-morpho-
linoethyl) carbodiimide
methyo-p-toluene sulphon-
ate

Deamino-NAD"

3,3'-Diaminodipropylamine

p-Dimethylaminocinnamalde-

hyde
2,2'Dipyridyl

5,5'-Dithiobis(2-nitro-
benzoic acid)

EDTA

2-Mercaptoethanol

NAD*
NADH
NADP™

1,10-Phenanthroline

British Drug Houses (BDH), Poole,
England

Bio-Rad Laboratories, Richmond,
California '

Sigma Chemical Company, Saint
Louis, Missouri

Hopkin and Williams Ltd., Essex,
England

Chemical Procurement Laboratories,
New York

Chemical Procurement Laboratories
BDH

Aldrich Chemical Company,
Milwaukee, Wisconsin

Sigma Chemical Company
Aldrich Chemical Company

Grade II, Sigma Chemical Company

BDH

Sigma Chemical Company

BDH

Fluka AG, Buchs, Switzerland
Grade III, Sigma Chemical Company
Grade III, Sigma Chemical Company
Sigma Chemical Company

Hopkin and Williams Ltd.



Propionaldehyde

Protion resin

Pyrazole

32-Pyridinealdehyde-NAD"
Quinine sulphate
Semicarbazide hydrochlor-
ide

Sodium pyrophosphate

162
Koch-Light Laboratories, Bucking-
hamshire, England

Tasman Vaccine Laboratories,
Wellington, New Zealand

gift from Dr. M.R. Grimmet,
University of Otago

Sigma Chemical Company

BDH

May and Baker, Dagenham, Essex,
England

BDH
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