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ABBREVIATIONS.,

Throughout this thesis the nomenclature and ‘style of
presentation suggested by the Editorial Board of the Biochemical
Journal has been used. Abbreviations acceptable to the zbove

Board have been used and are listed below.

ATP Adenosine 5'-pyroph0sphate

FAD Flavin-adenine dinucleotide

M Flavin mononucleotide

NAD" Nicotinamide-adenine dinucleotide (oxidized)
NADH Nicotinamide-adenine dinucleotide (reduced)
Tris tris (hydroxymethyl) amino methane

Tricine N-tris (hydroxymethyl)methylglycine

The abbreviagtion GDH has been used to indicate the enzyme glutamate
dehydrogenase in some tables of methods; where the lack of space

prevented the use of the full name.
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SUMMARY

Methods are described in which the liberation of ammonia from
amino acid substrates by the D- and L-amino acid oxidases is
coupled to the NADH dependent reductive amination of 2-oxoglutarate,
the reaction being catalysed by exogenous glutamate dehydrogenase
(L—glutamate: NAD(P) oxidoreductase (deaminating); EC 1.4.1.3.)

The inhibition of D-amino acid oxidase (D-amino acid: oxygen
oxidoreductase (deaminating), EC 1.4.3.3.) by the ADP needed to
activate and stabilise glutamate dehydrogenase was relieved by FAD.
The Michaelis constant (Km) for the enzyme was 3.3 mmol 1_1 with
D-alanine as the substrate which; when used in the assay at a

, ~1-
concentration of 17 mmol 1 permitted 84% of the maximum velocity.

’
Neither FAD nor FMN were required in the L-amino acid oxidase (L-amino -
acid: oxygen oxidoreductése (deaminating) EC 1.4.3.2.) assay which
utilized L-leucine as substrate (Km 0.6 mmol 1_1) 2t a concentration

of 3.3 mmol 1—1. This concentration of substrate was low enough to

avoid anj Significant effect of substrate inhibition and yet permitied
85% of +the maximum velocity.

The oxidation of NADH was monitored both as a fall in absorbance
at 340 nm and by the increase in fluorescence due to NAD+ in alkaline
solutibn (excitation maximum 365 nm, emission mazimum 455 nm). The
former provided the basis for a kinetic spectrophotometric assay
which was sensitive and precise and lent itself to valid kinetic
studies of the enzymes. The fluorescence due to NAD' in a solution
of 6 mol 1~ NaOH was stabilised by the presence of 10 mmol 1
imidazole and formed the basis of a sensitive, fixed time assay.

A study of human tissues demonstrated the presence of
'significant concentrations of D-amino acid oxidase in kidney and
liver with lower concentrations in samples of brain tissue. L-amino
acid oxidase could only be detected in kidney and liver and no other
tissues investigated showed any amino acid oxidase activity.

The specificities of human;'hog and snake venom amino gcid

oxidases were shown to be significantly different.



STATEMENT OF THE OBJECTIVES

The physiological role of the amino acid oxidases in mammals

has been a matter of debate since the subject was first raised by
Krebs; (1933) and one of the major difficulties in the study of
these enzymes has been the lack of a suitable method of zssay.
This is borne out by the large number of different assay methods
which have been published over the last forty five years; many of
which were either technically laborious or restricted to the use
of -a limited number of potential substrates.

Among the long term objectives in the present development of
an assay method for the amino acid oxidases was the possibility
that it might provide a means of assessing or monitoring diseased
tissue and also that variations in serum levels of the enzyme might
be used to monitor tissue destruction. The reputed presence of
these enzymes in kidney tissue, for instance, might offer a method of
assessing the condition of damaged or transplanted kidneys. There
* was also the possibility that in the wide specificity apparently
shown by the amino aci&onidases there might be some wvariation
between enzymes from different tissues and thus provide an enzyme
or substrate for that enzyme which would permit the study of a
specific tissue. Certainly the availability and use of a flexibtle
and sensitive assay method for the study of amino acid oxidases in
tissue and body fluids would help in the elucidation of a
physiological rdle for the amino acid oxidases in man.

In searching for a suitable method of assay; an important
criterion; second only to specificity; is the degree of sensitivity
shown by the method. A high degree of sensitivity is necessary not -
only to detect small quantities of enzyme in a given sample but
also to provide a tool to enable the examination of samples which
by their very nature contain only small gmounts of the enzyme. In
the preparation of tissue homogenates, dilution is alweys a difficulty
and some workers have overcome this to some extent by the use of
large samples of tissue. However the availability of a method with
the characteristics defined above would permit the assay of homogenztes

prepared from the small samples which would be available in any



critical study of the distribution of these enzymes in different

tissues or sub-cellular fractions.

The selected method; in addition to being a valid method of

quantitation; must be suitable for the study of the kinetic properties

of the enzymes concerned and; to this end; must permit the use
potential substrate. Methods which involve the measurement of
rates of reaction are the most acceptable for the study of the
properties of an enzyme and this information is obtained most

satisfactorily by the use of continuous monitoring techniques;

feature which lends itself to the subsequent automation of the

method.

Summary of objectives

1. Assay Method.

a) specific;

b) sensitive;
c) kinetic;
d) continuous monitoring.

2. Enzyme Studies.

a) distribution in tissuves;
b) kinetic characteristics;

c) variations due to disease or damage.

of any
initial

kinetic

assay



INTRCDUCTION

& review of the litergture available on the amino acid oxidases
fell naturally into two main areas because of the dual objectives
of the present work. The methodological requirements necessitated
an appraisal of the methods currently available for the assay of
both D- and L-amino acid oxidase. Information was also required on
the current understanding of the biological role of the enzymes if
the relevance of such _ data to the effective functioning‘df

tissues or organs was to be investigated.

Review of the amino acid oxidases

The fact that the deamination of amino acids with ite
concomitant release of ammonia was an oxidative processg involving
the alpha carbon was elucidated by Knoop & Oesterlin (1925)° The

equation for the overall reaction was proposed to be

RCHINHJCOOH + Y0, = RCOCOOH + NHg ...... Equation 1

Undoubtedly the foremost worker in this area was Krebs (1935)
who demonstrated that fresh slices of mammalian liver and kidney;
particularly the latter; were able to deaminate amino acids and that
the concurrent uptake of oxygen could be monitored and used as an
indicator of the reaction. He proposed.that the reaction proceeded
via the formation of an imino acid intermediste and that in %tissue
slices the oxoacids which were formed were very quickly removed in

an, as then unknown manner.

R(;H COOH > R(ﬁCOOH - RCOCOOH + 'NH3
NH, NH v

This loss of oxoacids was subsequently shown to be due to
either enzymic transamingtion or non-enzymic oxidation by the

hydrogen peroxide which was also formed during the rezction.



Krebs also reported that there were two enzyme systems involved
in the process which varied mainly in their stereospecificity and
he nzmed these enzymes "d-amino acid deaminase" and "l-amino acid
deaminase" indicating their stereospecificity. He also demonstrated
that the two enzyme systems showed different kinetic and physical
charaéteristics; (Table 1. below).

TABLE 1

Summary of differences between enzymes responsible for the oxidation
of amino acids. Krebs, H.A. (1935)

Treatment d-amino acid deaminase l-amino acid deaminase
Drying the tissue not destroyed destroyed
Extraction in water

from fresh tissue extractable not extractable
Effect of cyanide not inhibited inhibited
Effect of octyl alcohol not inhibited inhibited
Effect of pyruvate not inhibited inhibited
Effect of inorganic salts inhibited not inhibited
Optimum pH 8.8 7.4

Bernheim & Bernheim (1932) studied the oxidation of proline
by rat liver and monitored the reaction by the reduction of methylene
blue and the uptake of oxygen. In a further paper published in 1934
they noted that the oxidation of proline did not result in ammonia

formation. They also compared the rate of oxidation of proline and




alanine by vérious tissue homogenates and concluded that the
oxidation of each of these amino acids was catalysed by a different
enzyme. However they did not distinguish between the two
stereospecific forms of the enzymes nor were they aware of the effect
of hydrogen peroxide and the varying catalase content of the tissue
on the overall reaction.

Krebs (1935) discussed the deamination of amino acids and he
demonstrated quantitatively the existence of the two stereospecific
enzymes by the inhibition and extraction studies indicated earlier
(Table 1.p 8). He also reported that the two enzymes varied in their
activity towards different amino acids of the same configuration.

Whilst investigating the ratio of ammonia formed to oxygen
utilized; Krebs noticed that although the expected stoichiometric
ratio of 2:1 (Equation 1.p 7) was true in most tissue preparations
there were several samples where the ratio was nearly 1:1; notably
in trout and frog kidney. He concluded at this stage that the
apparent increase in oxygen utilization was due to the presence of
a suitable but unknown substrate or the presence of an unknown
catalyst. This was in fact the first observation related to the
formation of hydrogen peroxide in the reaction.

In the same paper Krebs also investigated extensively the
specificity of "d-amino acid deaminase™ but did not study the "l-amino
acid deaminase" as fully, (Table 2.p 10). He noted that the "d-esmino
acid deaminase" was present in the kidney and liver of all the
vertebrates that he investigated (eleven) and that tissue from the
kidney contained approximately four times as much as that from the
liver. However he could not demonstrate the enzyme in any other
tissues. "l-amino acid deaminase" was found in the renal cortex
but only small amounts were present in the iiver and intestinal wall.

The following year, Keilin & Hartree (19%6) confirmed the
findings of Krebs although they debated some of his conciusions;
particularly the suggestion that the enzymes functioned differently
in tissue slices from the way in which they functioned in tissue
extracts. These workers also initroduced the term "amino acid oxidase"
instead of the term deaminase used by Krebs. A mejor conclusion from

their work was that hydrogen peroxide was formed in the reaction.



TABLE 2

Specificity of the amino acid oxidases - Krebs;H.A.
Date of paper 1935 1951
Stereospecific D 1 D 1
nature of enzyme
PH of assay 8.3 T4 8.8 7.2
Amino acid Enzyme activity expressed as a percentage
Alanine 100 38 100
Arginine 33
Aspartic acid 12 26
Cystine 47 15
Glutamic acid 4 144
Glycine 0]
Histidine 10 9 9
Iso-leucine 129 31 71
Leucine 37 100 22 100
Lysine . | 2
Methionine - 193 125 81
Nor-leucine 86
Nor-valine 35
Phenylalanine 121 41 45
Proline 231 7
Serine 60 66
Tryptophan 12 58 40
Tyrosine 37 296 .20
Valine 82 47 55 28

The data above was collected from two papers published by Krebs; in
1935 and 1951 and although the results were reported as oxygen uptake;
they have been recalculated as percentages of the oxygen uptake in

the presence of the two reference substrates namely D-alanine and

L-leucine.
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Working initially with uricase they demonstrated that the oxygen to
ammonia ratio of 2:1 could be reduced to 1:1 by coupling the reaction
to the oxidation of p-phenylenediamine by means of the enzyme
peroxidase.. The omission of peroxidase resultgd in a slow or partial
oxidation of the p-phenylenediamine and subsequént oxygen to ammonia
ratios between 2:1 and 1:1. A ratio of 1:1 was produced by the use
of ethyl alcohol alone which is more readily oxidised than
p-phenylenediamine., Keilin and Hartree found it more difficult to
demonstrate the formation of hydrogen peroxide in the amino acid
oxidase systems due to the inhibitory natﬁre of p-phenylenediamine
towards those enzymes.

The subject was further developed in a paper by Bernheim et al.
(1936) in which they described the conversion of haemoglobin to
methaemoglobin as a test for the presence of hydrogen peroxide.

The main finding in this paper was the detection of the oxoacid
formed during the reaction. Krebs (1935) had utilized the formation
of the dinitrophenylhydrazones to demonstrate the production of
oxoacids by D-amino acid oxidase in tissue poisoned by arsenic.
Bernheim et al.; however; attempted to quantitate the oxoacids so
formed by both a gravimeiric me thod involving the phenylhydrazones
and a titrimetric method involving the back titration of excess
sodium bisulphite with potassium permanganate. They could not
however éonsisﬁently demonstrate the complete formation of the
stoichiometric amounts of the oxoacid for all the ten amino acids
studied; their results varying from 55% to 100%. They did claim to
demonstrate that L—proline.was oxidised by their preparation of
D-amino acid oxidase.

The conjugated protein nature of D-amino acid oxidase was
demonstrated by Warburg & Christian (1938) who identified FAD as the
prosthetic group of the enzyme; an observation confirmed by
Negelein & Bromel (19%39). Most of this earlier work concentrated
on the D-amino acid oxidase; due no doubt to its ready availability
compared with the L-amino acid oxidase. The discovery by Zeller &
Maritz (1944) that snake venom contained L-amino acid oxidase not
only provided a more accessible source of this enzyme but also

complicated subsequent studies in that the enzymes of snake venom



were later demonstrated to be different from the L-amino acid
oxidase of mammalian tissue. Singer & Kearney (1950) demonstrated
that snake venom L-amino aéid oxidase was a flavoprotein with FAD
as the prosthetic group whilst Blanchard et al. (1945) identified
FMN as the prosthetic group of the L-amino acid oxidase from rat
kidney. .

Blanchard et al. (1944) studied the L-amino acid oxidase of
rat tissue and clarified the overall nature of the reaction with
regard +to the formation of hydrogen peroxide. They demonstrated
that the hydrogen peroxide was utilized in either the regeneration
of oxygen in the presence of catalase or the o;idation of other
compounds; particularly the oxoacids. Those oxoacids which were
formed from methionine; tryptophan and tyrosine were more susceptible
to such an oxidative reaction than other oxoacids. In a similar
manner; ethyl alcohol was oxidised by the hydrogen peroxide; These

reactions can be summarised thus:

RCHNH,COOH + 0Oy -  RCOCOOH + H0p + NHz ..... Equation 2

Ha0p > Hy0 + Lo,

RCHNH,COOH + %0, RCOCOOH + NH

272 3

In the same paper; these workers demonstrated an optimum pH
of 10.0 for L-amino acid oxidase compared +to the present value
of pH 7.5. Their studies on the substrate specificity of the enzyme
excluded glycine; the L-isomers of threonine and serine; the
dicarboxylic amino acids and the dibasic amino acids; lysine;
ornithine and arginine.

Krebs (1951) reviewed the nature and characteristics of the
amin6 gcid oxidases in an extremely comprehensive paper. He

classified the various oxidases in the following way.



General D-amino acid oxidases
1. Mammalian D-amino acid oxidases
2. D-aminc acid oxidases of moulds
3. Bacterial D-amino acid oxidases
General L-amino acid oxidases
1. Mammalian L-zmino acid oxidases
2. Ophio L-amino acid oxidases
3. L-amino acid oxidases of moulds
4. Bacterial L-amino acid oxzidases
Specific amino acid oxidases
1. Speéific D-amino acid oxidases
aspartic acid
2. Specific L-amino acid oxidases
glutamic acid
cysteine
proline and hydroxyproline
phenylalanine and tyrosine
histidine
3. Specific w-amino acid oxidases
glycine
ornithine

lysine

He again reviewed the specificity of the enzymes; the relevent
information being incorporated into Table 2.p 10. ﬁe noted that
the D-amino acid oxidases were present in the liver and kidney of
all vertebrates investigated and that the highest concentrations of
the enzymes were found in carnivorous aniqals and the lowest in the
herbivorous animals. The only other mammalian source of the enzyme
was possibly brain tissue although the levels demonstrated were
very low. Krebs discounted both of his previous suggestiOns;
-namely that mammalian D-amino acid oxidase was a fragment of the
L-amino acid oxidase and that the resoclution of racemic mixtures of
amino acids was a possible role of the enzyme but he could offer no
satisfactory alternative suggestion for its physiological role.

The study of the amino acid oxidases then moved into another

stage in which the elucidation of the reaction mechanism and the



developﬁent of a sensitive method of assay became major objectives,
Meister et al. (1960). These authors discussed at some length the
possible physiological roles of the enzymes and suggested that

L-amino acid oxidase might provide a route for the formation of
oxoacids. In effect this would be an alternative to the transamination
reéction and it was envisaged that the L-amino acid oxidase would act

in a similar manner to that of glutamate dehydrogenase

Transamination

a) alesnine amino transferase
2-oxoglutarate + amino acid > L-glutamate + oxoacid
b) glutamate dehydrogenase

L-glutamate + NAD > 2-oxoglutarate + INH; + NADH

¢) L-amino acid oxidase
L-agmino acid + oxygen - oxogcid + NH3

They also suggested that the possible metabolism of amino acids
such as lysine; the transamination of which had not been demonstrated,
could be facilitated by an L-amino acid oxidase system.

The same authors discussed several possible roles for the D-amino
acid oxidase of mammalian tissues but coﬁgidered the most likely to be
the eliminstion or utilisation of D-amino acids. These amino acids
may have been ingested or formed in the intestinal tract by bacterial
action and subsequently abéorbed by the animal. The possibility of
a natural substrate for D-amino acid oxidase not yet discovered was
also suggested. They could not demonstrate any activity of the
enzyme preparation with dicarboxylic amino acids; nor with dibasic
amino acids (except lysine which showed only slight activity). They
did find some activity with glycine and claimed that maximal activity

was demonstrated with proline.

It is evident that whilst there was broad agreement on the



conditions necessary for maximal enzyme activity there were some
discrepancies on the question of enzyme specificity. This subject
is discussad later in this thesis in relation to the data presented

in the study of the amino acid oxidases.

Review of aminc acid oxidase methodology

The changing approach to the assay of the amino acid oxidases
which reflects among other things; the advances made in analytical
techniques over the years particularly during the -period 1960 to

1970 is apparent from the following summary.

Date Technique

1934 Warburg manometry

1944 Kjeldahl distillation

1960 U.V. spectrophotometry

1960 Colorimetry

1964 Oxygen polarography

1964 Enzyme.inhibition

1966 Fluorimetry

1967 Coupled fluorimetry

1971 Vibrating electrode polarography

In attempting to review the large number of methods that have
been described for the assay of the amino acid oxidases; some
difficulty was experienced in degiding upon a suitable ciassification
system. The methods could be grouped according to the technique used
to monitor the reaction as indicated above bu@lin additiog:some
consideration had to be given to the kinetic basis of the method
employed; at least in the simplest terms of being either a kineti-:
or fixed time assay. The flexibility of the method in terms of the
range of amino acids that could be used as substrates and also the
sensitivity of the method were aspects that also had to be considered.

An examination of the reaction catalysed by the amino acid
oxidases indicated several possible parameters that could be monitored

in quantitative assay:



AMINO ACID + OXYGEN —> OXOACID + HYDROGEN PEROXIDE + AMMONIA
1 2 3 4 5

| - 3 L [ 3
subsitrates products

Hence for the purpose of this thesis; the methods have been
classified on the basis of the component of the chemical reaction

which is quantitatively monitored.

1. Variable substrate - amino acid

2. Obligatory substrate oxygen

3. Variasble product - oxoacid

4. Obligatory product hydrogen peroxide

5. Obligatory product ammonia

1. Variable substrate - amino acid or derivative.

Amino acids in general do not show any physicochemical
characteristic that woﬁld lend itself to a specific monitoring
technique. Many of the methods which have been described have
utilized an amino acid analogue Whioh showed a particular spectrgl
characteristic which was suitable for use in a quantitative method.
Such hethods obviously did not lend themselves to a critical study
of the catélytic nature of the enzymes but were suitable as a
convenient method of detection and quantitation. They also had the
disadvantage of being suitable for only one of the enzymes and hence
two different assay methods would have been required for the present
study.

Weissbach et al. (1960) described a method for the assay of

L-amino acid oxidase which utilized the conversion of L-kynurenine (1)



(absorbance meximum 360 mm) to kynurenic acid ( II ) (absorbance

8 . (1
\C'Hz C
Qﬁ-NHz —
N\ COOH w COOH
H

They proposed that the enzyme reaction could be followed by monitoring

maximum 331 mm).

O
(@)

the inccease in absorbance at 331 nm and they quoted the Km for L-amino
acid oxidase as 2.0 x 10 mol IL-1 but; due to subsfrate inhibition;
they>used a substrate concentration of 5.0 x 1074 mo1 lf1.> An
additional problem lay in the high absorbance at 33! nm due to the
pfesence of substrate which in the relatively high concentration used
resulted in a high blank reading.

Corrigsn et al. (1963) described 'a method for the determination
of D-amino acid oxidase utilising D-allohydroxyproline“( III )
which was oxidised to A' pyrroline-4-hydroxy-2-carboxylic acid (1)
by the enzyme. This was subsequently converted to pyrrole ( VI
via the intermediate pyrrole-2-carboxylic acid ( V ) under acid
conditions; and the pyrrole so formed condensed with p-dimethylamino-
benzaldehyde (PaB) giving a red coloured complex which had an

absorbance maximum at 550 nm.

HO HO

COOH COOH COOH “\ /

I-2Z

5 v \Y Vi



The method as described was fairly lengthy involving thirty
minutes incubation for the catalysed reaction; heating at 7OOC in
acid for reactions IV tc VI followed by ten minutes for the reaction
with PAB to reach a maeximum. Although most of their work was with
the D-amino acid oxidase of insect tissue they did demonstrate the
presence of enzyme in the liver and kidney of guinea pig.

The conversion of D-phenylglycine to benzoylformic acid
(absorbance maximum 253 nm) was proposed as aﬁ assay method for
D-amino acid oxidase by Fonda & Anderson (1967), Using a
pyrophosphate buffer pH 8.5 containing D-phenylglycine the increase
in absorbance at 253 nm was monitored after initiating the reaction
by the addition of the enzyme. After a lag periocd of increasing
reaction velocity a constznt maximum velocity was attained after
about six minutes. The main difficulty, epart from the use of a
substrate analOgue; was the cost of an instrument that functioned

effectively at 253 nm.

2. Obligatory substrate - oxygen.

It is not absolutely correct to refer to oxygen as an obligatory
substrate since it has been demonstrated that some other hydrogen
acceptors can be used. Dixon & Kleppe (1965b) demonstrated that
whilst the amino acid oxidases are very specific for oxygen; methylene
blue and dichlorophenolindophenol show slight activity as alternative
acceptors and in fact methylene blue reduction had been used in an
assay methed by Bernheim & Bernheim (1932). L-amino acid oxidase can
utilize; in addition to’these compounds; ferricyanide as an electron
acceptor; Marcus & Feeley (1962).

The majority of the original work on the amino acid oxidases
utilized the basic gasometric charccteristics of the reaction by
employing Warburg menometric techniques. The work of Krebs with this
method was particularly impressive. - A difficulty in the correlation
of results from different workers; in addition to the variations in
pH and temperature which were used; was the varying extent to which

catalase was present in the reaction system; this resulted in



considerable variations in oxygen uptake. Warburg manometry
obviously presented technical problems and although the use of the
Giison differential respirometer utilising volumetric measurements
considerably simplified the technique and even introduced the
possibility of a chart recording system; it could not improve the
inherent low sensitivity of gasometric measurements.

A paper by Clark (1956) describing an oxygen electrode led to
several workers adapting the electrode for use in monitoring amino
acid oxidase reactions. Dixon & Kleppe (19652) described a closed
system using a membrane electrode and reagents saturated with air.
Catalase was excluded from the system and they demonstrated that
hydrogen peroxide had no effect on the oxoacid formed under the
conditions of the assay. They also demonstrated that the effect of
pH on the decomposition of hydrogen peroxide was not significant
below pH 11. Luppa & Aurich (1971) described a vibrating platinum
electrode system in an open vessel which they claimed was more

sensitive and showed a quicker response than the original electrode.

3. Variable product - oxoacid.

Bernheim et al (1936) had tried to measure the amount of
oxogcid formed in the reaction by gravimetric and titrimetric
methods without a great deal of success. However Knox & Pitt (1957)
whilst studying & complex ( VIII ) which was formed between borate
and oxoacids and which showed a high absorbance in the ultraviolet;
demonstrated that the reaction involved the enol tautomer of the
oxoacid ( VII ) and that the normal keto-enol equilibrium could be
displaced to the enol by the presence of either an enzyme which

they called a tautomerase or arsenate ilons.

RCH=C —C=0
OH o o
2RCH=CCOOH + H3BOg3 - 8" + H 4+ 3H,0
o o
|
RCH=C — C=0

Vi VI



This information was utilized by Wellner & Lichtenberg (1971)
who used phenylalanine as the substrate and; after a fixed time of
incubation; complexed the phenylpyruvate which was formed with
borate in the presence of arsenate ions.' Catalase was incorporated
in the originagl mixture to protect the oxoacid from the hydrogen
peroxide which was also formed"during the reaction. The
concentration of the complex was subsequently monitored at 300 nm
but unfortunately the authors quoted the enzyme activity in ardbitrary
units rather than in international units.

Verity et al. (1967) utilized a condensation reaction between
pyruvic acid and o-phenylenediamine in acid solution to produce
2—hydroxy-3_methquuinOXaline( IX ) which fluoresces strongly
(excitation maximum 375 nm; emission maximum 480 nm) when heated

at 60°C in the presence of concentrated sulphuric acid.

Ne” HoN Ho_ N

| + - f

c AN
Hae! O HN HaC S N

IX

Soda (1967) published a similar method which Ynvolved the
complexing of the oxoacid formed after 45 minutes incubation; with
3-methyl-2-benzothiazolone hydrazone hydrochloride by heating at
SOOC and pH 5.0. The actual wavelength used 1o quantitate the
complex varied depending upon the actual oxoacid involved but was
usually between 316 nm and 325 nm.

The methods involving the assay of the oioacids were obviously
very complei and glso show a major disadvantage in being fizxed time
assays and were either restricted to a specific substrate or showed
variable absorption characteristics depending upon the actual

substrate used.



4. Obligatory product - hydrogen peroxide.

Despite the fact that initially hydrcgen peroxide was the most
obscure of the products; its chemical reactivity led to the
develqpment of several very novel assay methods. Margoliash &
Novogrodsky (1958) found that catalase was irreversibly inhibited
by hydrogen peroxide in the presence of 3—amino—1;2;4—triazole and
this fact was utilized by Scannone et al (1964) in a method which
related the degree of inhibition of catalase 1o the amount of
hydrogen peroxide and hence to the activity of the amino acid oxidase.
A buffered reaction mixture containing catalase; 3—amino-1;2;4—
triazole; amino acid oxidase and an amino acid substrate was incubated
for sixty minutes and the activity of the remaining catalase was
assessed by its ability to hydrolyse perborate; the residual perborate
being back titrated with potassium permanganate.

The method was claimed to be very sensitive but there were
obviously many factors that had to be carefully contrclled. The
authors also expressed concern over the relatively slow rates of the
inhibition reaction and the discrepancies that might occur due to
the rapid formation of hydrogen peroxide. |

Guilbault & Heiserman (1968) described a coupled fluorimeiric
assay which utilized the oxidation of homovanillic acid ( X ) by
hydrogen peroxide and peroxidase to the highly fluorescent
2,2'-dihydroxy-3, 3 '-dimethoxybiphenyl-5, 5'~diacetic acid ( XI )

(excitation maximum 315 nm, emission maximum 425 nm) .

CHpCOOH  CHCOOH
MeO CH,COOH ' ‘
HO MeO OMe
OH OH

X X1



Although the method was claimed to be very sensitive; no
explanation was given for the considerable difference in
sensitivity for D-zmino acid oxidase (1.2 i;u.l_1) and the L-amino
acid oxidase (0.03 i.u.l-1)°

A similar fluorimetric method was described by Lichtenberg &
Wellner (1968) in which the oxidation of the fluorescent compound
scopoletin by hydrogen peroxide resulted in the formation of a
non-fluorescent product. The method involved raising the pH of the
reaction mizxture to 10 in order to measure the fluorescence
(excitation maximum 395 nm; emission maximum 470 rm) and so resulted
in a fixed time assay rather than a kinetic assay.

A1l of these methods involving hydrogen peroxide have the
advantage of utilizing all amino acids as potential substrates and
were claimed to be very sensitive; but the fact that most were fixed
time assays was a disadvantage and there was some doubt as to the

precision obtainable by these methods.

5. Obligatory product - ammonia,

The fundamental physical characteristics of ammonia, namely
its stability and solubility; and the fact that it is & product
common to the oxidation of all amino acids made it very suitable as
the basis of many assay methods; although imino acids such as proline
do not react in this manner. Blanchard et al (1944) used =2 micro—
Kjeldahl technique to monitor the rate of ammonia formation but this
was obviously a laborious method and relatively insensitive.
Nagatsu & Yagi (1966) described a colorimetric method utilizing the
formation of indophenol (absorbance maximum 610 nm ) a reaction
described initially by Lubochirsky & Zalta (1954). The enzyme and
substrate reaction mixture was incubated for sixty minutes and
although the method was relatively sensitive the presence of some
components of the reaction mixture resulted in inhibition of the
colour development.

The value of the formation of ammonia became much more
significant in the search for a suitable assay method for the amino

acid oxidases when the potential of the glutamate dehydrogenase system



‘was realized. In the method developed in this thesis, the ammonia
formed during thé oxidation of the amino acid is coupled by the
enzyme glutamate dehydrogenase +o the oxidation of the coenzgyme
NADH to NAD+. The spectral properties of these coenzymes are such
that the fall in concentration of NADH can be monitored by the fall
in gbsorbance at 340 mm. with no interference frbm the NAD' which
is simultaneously formed. The method described is a kinetic method
which permits the use of any potential substrate of the amino acid
oxidases provided that one of the products is ammonia; end utilizes

~a recording spectrophotometer with a thermostatically controlled’

cell holder. Absorbance changes at 340 nm are monitored and the rate
of change of NADH concentration calculated from the rate of change
of absorbance using : - " the molar absorbance coefficient
of NADH.

Amino acid oxidase reaction:

RCHNHoCOOH + 0, -  RCOCOOH + Hy0p, + NHg

Glutamate dehydrogenase reaction:

NHz + HOOCCH,CH,COCOOH + NADH -> HOOCCHoCHyCHNH,COOH + NAD*

The fluorimetric method also described in this thesis is a
modification of the kinetic method in which the extent of oxidation
of NADH is measured fluorimetrically after the initial reaction has
proceeded for one hour. Excess NADH is destroyed by the addition
of acid and the remaiﬁing NAD" is converted to a fluorescent
derivative (excitation maximum 365 nm, emission maximum 455 nm) by
heating in an alkaline solution;'the fluorescent derivative being
stabilized by the presence of imidazole.

Some of the methods reviewed are listed in Table 3.1 24 which
also indicates the major features of each method. The kinetic method
described in this thesis is an extremely reliable; precise and
technically simple method which shows a ‘sensitivity which is better
than most. The fluorimetric method which was designed as a back up

method shows an increase in sensitivity over the kinetic method.
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TABLE 3

Comparison of some methods available for the assay of the

amino acid oxidases.

Author Specificity Technique Sensitivity Time Substrate
(lowest of range
measurable assay
activity in (min)
iou. 171

Blanchard D-, L- Manometric 90 v General

(1944) _
Corrigan D- Colorimetric 0.17 60 Restricted
(1963) |

Scannone D-, L- Titrimetric 0.03 60  General
(1964)

Luppa L- Polarographic 0.6 X General
(1971)

Verity D- Fluorimetric 1.3 15  Restricted
(1967)

Lichtenberg D-~, L- Fluorimetric 0.3 15 General
(1968) |

Guilbault D-, L- Fluorimetric 0.05 X General
(1968) |

Weissbach L- Spectrophoto- 0.5 X Restricted
(1960) metric

Dunn D~ Spectrophoto- 0.17 30 Restricted
(1963) : metric

Fonda D- Spectrophoto- 138 K Restricted
(1967) metric

Soda D- Spectrophoto- 5 10  General
(1968) metric

Wellner D-, L- Spectrophoto- 30 15  Restricted
(1971) metric

Present D-, L- Spectrophoto- 1.0 K General

metric

Present D-, L- FPluorimetric 0.05 60 General

?

By " General " it is implied that the method can be used with all
amino acids as substrates and by " Restricted " it is implied that
the method can only be used with one or two amino acids or amino

acid analogues.

A variable time of assay is indicated by v and kinetic assays are
indicated by K otherwise the time of assay is indicated.




CHAPTER 1

DEVELOPMENT OF THE ASSAY METHODS

Introduction.

The spectral properties of the NAD(P) coenzymes were first
suggested by Warburg & Christian (1938) as a suitable means of
monitoring enzyme reactions which involved these coenzymes. From
this suggestion Negelein & Haas(1935) described a method for the

determination of glucose-6-phosphate based on the increase in
absorbance in the near ultraviolet due to the formation of NADH
during the reaction. Subsegquently many coupled assays have been
described in which the reaction under investigation is linked to
the oxidation or reduction of one of these coenzymes in an
indicator reaction.

The enzyme glutamate dehydrogeyése was used by Kirsten et al
(1963) for the determination of ammoh:a by monitoring the fall in
absorbance at 340 nm due to the oxidation of NADH. Previous
experience in applying this technique to other assays provided the
basis for the deveiopment of the present asszy method for the amino
acid oxidases, Ellis & Goldberg (1970).

In attempting to establish a coupled assay method for the
amino acid oxidases it was necessary to elucidate the optimal
conditions for each of the three enzymes involved and to assess to
what extent the defined conditions were compatible for each of the
coupled reactioqsu It was also necessary to establish what activity
of glutamate dehydrdgenase was required in order that this indicator
reaction would not be rate limiting under any possible assay 4
conditions.

Subsequent to the development of the kinetic assay method it
was felt desirable %o develop a more sensitive method for the assay
of enzyme activities which were near the sensitivity limit of the
kinetic assay, in order to demonstrate the presence of very low

enzyme'activities in samples which might otherwise be reported as



negative. The fluorescent properties of the pyrimidine coenzymes
had previously been used in quantitative determinations by Theorell
et al (1954) and they had also been extensively investigated by
Lowry & Passoneau (1972) who had clarified the effects of solvents,
pH and light on the stability of the fluorescence. It was on the
basis of this information that the present fluorimetric method was
developed.

Experimental details.

Indicator enzyme
1. Glutamate dehydrogenase (EC 1.4.1.3). 1p 27

Test enzymes

2. D-amino acid oxidase (EC 1.4.3.3). D 39
3. L-amino acid oxidase (EC 1.4.3.2). p 46
Assay methods

4. Spectrophotometric method D 50
5. Fluorimetric method D 61

1. . Glutamate dehydrogenase.

T.1. Stability of the enzyme.

The enzyme glutamate dehydrogenase was the key to the coupled
assay and it was essential for the indicator reaction to be as
efficient as possible in order for valid kinetic studies to be
undertaken on the amino acid oxidases. Di Prisco & Strecker (1966),
had reported that glutamate dehydrogenase showed instability at
pH 8.0 in aqueous solution and that this evidenced itself as a loss
of catalytic activity. As a result of their investigations they
concluded: that the ionic species present in solution and the pH of
the solution altered the protein structure of glutamate dehydrogenase
in such a way as to have a marked effect on the catalytic activity
of the enzyme. In studying solutions of the enzyme at pH 700;'Ellis
& Goldberg (1970>,noted that there was a2 slow precipitafion of the
protein, which they monitored at 340 nm. Their investigations

revealed that the rate of precipitation increased at higher pH
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values and also in the presence of NADH and 2-oxoglutarate. They
also noticed that NADH itself was unstable in acid solutions and
that even at pH 7.5 the rate of guto-oxidation was small but
significant. '

In devising a method of assay for the amino acid oxidases, it
was decidéd to study inﬁtially,the stability of glutamate
dehydrogenase in the presence of substrates which would have to be
present in the final assay and to assess the instability ofvthe
enzyme in terms of the extent of precipitation, correlating this
with any simultaneous loss of activity. It was appreciated that
turbidimetric methods were more sensitive when radiation from the
blue region of the visible spectum was used due to the fact that
shorter wavelengths show a greater degree of scattering than do the
longer wavelengths. However because a wavelength of 340 nm would
. show any variation due to the instability of NADH; it was decided
vto monitor the extent of precipitation at 400 nm,where neither NAD+ '
nor NADH showed any significant absorbance. ‘

Using barbitone buffer at pH 8.0 and incorporating NADH and
2-oxoglutarate, the turbidity of the solution was monitored at

400 nm after the addition of glutamate dehydrogenase. An aliguot
of 3°O cm3 was removed at O; 15 and 30 minutes and the catalytic
activity assessed by the rate of fall in absorbance at 340 nm,after

3

initiating the reaction by the addition of 0.1 cm” of a solution
containing 10 mmol l"1 of ammonia. The results showed that there was
a parallel between the extent of precipitation and the loss of
catalytic activity and under the conditions of the test approximately
80% of the enzymic activity was lost after 30 minutes,correlating
with an increase in absorbance of 0.34 at 400 nm. The data reported
was a mean of two observations (Teble 4; p 29).

Following the conclusions of Di Prisco & Strecker (1966)
rezarding the effect of ionicispecies on the stability of glutamate
dehydrogenase, it was decided to study the effectiveness of various
buffers in maintaining the enzyme in a stable form. Four buffers
were selected on the basis of previous work by Ellis & Goldberg (1972a)
but bearing in mind that pH conditions would probably be different
in the final assay from those used by these authors. The buffers



Table 4

The effect of precipitation on the
activity of glutamate dehydrogenase

TIME ABSORBANCE REACTION RATE 1 ACTIVITY
= A
400 nm AE%Onmmnl %
0 0 0.43 100
15 0.13 0.26 60
30 0.34 0.09 21
PROTOCOL
Reagent Concentration Volume (cmB)
-1
Barbitone buffer pH8.0 0.1 mol 1 25.0
‘ -1
2-oxoglutarate 0.2 mol 1 , 2.0
NADH 2.0 mmol 1~ 2.0
GDHE | N 0.2

Monitor absorbance at 400 am. Remove aliquots of 3.0 cm3

at the required times and initiate the enzymic reaction
by the addition of

Ammonig ’ 10 mmol 1 0.1

Monitor absorbance at 340 nm.




selected were barbitone (5,5'—diethyl barbituric acid; pPKa 7.98);
tris(hydroxymethyl)aminomethane, pKa 8.3), Tricine (N—tris(hydroxy—
methyl)methylglycine,pKa 8.15), and glycylglycine (tKa 8.4).

The stability of the enzyme was studied in these buffers over
the pH range 7.0 - 9.0 using the extent of precipitation in a 30
minute period as an assessment of instability; and again
incorporating both NADH and 2-oxoglutarate in the system. It was
demonstrated that the enzyme showed the greatest instability at
around pH 8.0 but that this instability was least in the
glycylglycine and Tricine buffers (Figure 1; P 31).

Di Prisco & Strecker (1966) had also noted that the enzyme is
stabilized by the addition of some inorganic ionic compounds and
they found that potassium phosphate (10 mmol 17") and ammonium
sulphate (5.0 mmol 1_1) showed an apprecisble effect. However the
most effective stabilizing agent was the nucleotide ADP (0.5 mmol 1_1).
Ellis & Goldberg(1972b) similarly confirmed the stabilizing effect of
ADP and stated that the concentration of the stabilizing agent
required depended upon the concentration of glutamate dehyarogenase
involved. They demonstrated that concentrations of 0.3 mmol 1-'1 ADP
and 1.0 mol 1_1 NaCl were required to stabilize 0.01 cm3 of the
Boehringer preparation of glutamate dehydrogenase.

It was realised that the nucleotide FAD might be required to
optimise the conditions for the amino acid oxidases and it was decided
to investigate the possible effects of the flavin nucleotides on
glutamate dehydrogenase and at the same time attempt fo confirm the
findings of Ellis and Goldberg. The use of ammonium salts in
stabilizing the enzyme; as suggested by Di Prisco and Strecker; was
obviously inappropriate due to the fact that ammonia was the linking
substrate between the two coupled reactions.

The results of the investigation confirmed that the incorporation
of 0.3 mmol IL_1 ADP and 1.0 mol l_1 NaCl into all the four buffers
studied showed stabilization of the glutamate dehydrogenase by the

turbidometric method. No such stabilizing effects were shown by the

flavin nucleotides at these concentrations.

1.2 Optimum pH of the enzyme.



Figure |

Instability of glutamate dehydrogenase

Increase in absorbance at 400 nm.
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The turbidity due to the precipitation of the enzyme was
measured as the increase in absorbance at 400 nm in each
of the four buffers using the method indicated below.

E—a barbitone.
& -— Tricine

o---8 glycylglycine

Protocol

Reagent Concentration Volume (cm3)
Buffer 0.1 mol 1—1 2.6
2-oxoglutarate C.2 mol 17 0.2

NADH 2.0 mmol 1~ 0.2

GDH 0.02

Measure absorbance at 400 nm after 30 minutes.




J&

Although the optimum pH for glutamate dehydrogenase has been
generally reported to be pH 8,0; Barman.(1969); some workers have
reported values of pH 8.5-8.6, Strecker, (1955), and pH 7.4, Ellis
& Goldberg;(1972b). The fact that there are several sources of this
enzyme e.ge. corn; bovine liver; frog liver; and human serum;
together  with the fact that different buffers were used by these
workers; may have caused the apparent discrepancies. In the light
of these statements it was decided to clarify the optimum pH in the
two most suitable buffers.

A series of solutions containing O.1 mol ]__1 of the selected
buffers; glycylglycine and Tricine,were prepared and the pH values
adjusted by the addition of 1.0 mol 171 weom to give a range of
values from pH 7.0 to pHE 9.0. The activity of 0.01 cm3 oflglutamate
dehydrogenase was measured in each buffer by monitoring the
oxidation of NADH after initiating the reaction by the addition
of ammonia as indicated earlier (p 28.), The results confirmed an
optimum pH of 8.0 and demonstrated greater activity in the

glycylglycine buffer than in the Tricine buffer. (Figure 2; p33) .

1.3, Activation of the enzyme.

There was considerable evidence thaffKDP; as well as having a
stabilising effect of glutamate dehydrogenase; also had an
activating effect; Ellis & Goldberg (1970). These authors also
reported an activating effect of adenosine and AMP; although the
effectiveness of these compounds was considerably less than that of
ADP. The same authors (1972b) demonstrated that L-leucine also had
an activating effect although in the present study the use of this
compound was obviously inappropriate. Evidence that the activating
effect of nucleotides on some enzymes could be competitively
inhibited by other nucleotides; (Fonda & AnderSOn,1968),suggested
that the effect of ADP should also be assessed in the presence of the
flavin nucleotides. .

The experimental results (Table 5. p 34.) confirmed the
activating effect of ADP and demonstrated that; in the absence of ADP;
the nucleotide FMN was inhibitory to glutamate dehydrogenase

especially in glycylglycine and Tricine. However in the presence
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Optimum pH of glutamate dehydrogenase

0-8r
&
e - . D\ N
o6k Pl
P . < D e \ N
< g -:,:0\ .
' =INN
O .4[]3., | N, N .
. \\'
.\U‘
O-2F
0 1 1 Kl : 3
7-0 : 8-0 9-0
pH

The activity of glutamate dehydrogenase was measured as the
rate of fall in absorbance at 340 nm in two buffer solutions
using the method indicated below.

D O Tricine - - - @ glycylglycine

PROTOCOL

Reagent Concentration Volume (cm3)
Buffer 0.1 mol 17 1 2.5
2-oxoglutarate 0.2 mol 1 0.2

NADH 2.0 mmol 17 0.2

GDH 0,01

Monitor gbsorbance at 340 nm and initiate the reaction
by the addition of

Ammonia 10 mmol l—1 0.2




Table b

Effect of various co-enzymes ON
the activity of glutamate dehydrogenase

Rate of reaction (£>E34o am min”1)

Buffer pH 8.0 Coenzyme

None ADP FMN FAD ADPHFAD ADPYFMN.
Barbitone 0.10 0.44 0.14 0.20 0.37 0.38
Tris 0.10 0.42 0.06 0.06 0.35 0.40
Tricine 0.34 0.68 0.20 0.38 0.43 0.66
Glycylglycine 0.26 0.66 0.08 0.24  0.43 0.66
PROTOCOL
Reagent Concentration Volume(cmB)
Buffer 0.1 mol 17, 2.4
2-oxoglutarste 0.2 mol 1 1 0.2
NADH 2.0 mmol 1 0.2
GDH 1 0.01
Coenzyme 10.0 mmol 1~ 0.1

Monitor the absorbance at 340 nm and initiate the reaction
by the addition of

Ammonia 10.0 mmol 17 0.1




of 0.3 mmol l-_1 ADP it showed no inhibitory effect on the

activity of the enzyme. The other flavin nucleotide studied; FAD,
showed no inhibitory effect but it did reduce the activabting

influence of ADP to some extent. It was shown that the activating
effect of ADP was progressive as the concentration of ADP was

raised giving a maximuﬁ effect at a concentration of about 0.5 mmol l-1
(Table 6; P 36).

14, ffect of NADH concentration.

As indicated earlier, Ellis & Goldberg, (1970) had noticed
that the presence of NADH increased the instability of glutamate
dehydrogenase,whilst Yielding. et al.(1964) stated that NADH showed
substrate inhibition at concentrations ebove 0.4 mmol 1_1. In
considering this report it was calculated that the stated concentration
of NADH would give an absorbance at 340 nm of approximately 2.4 and ‘
it was felt tﬁat at this high value, the Beer-Lambert relationship
might not hold true. |

A series of dilutions of NADH were prepared containing from
0.05 mmol ZL-1 to 0.75 mmol l-1 and the absorbance of each solution
at 340 nm was measured. A plot of the data (Figure 3. p 37.)
revealed that the linear relationship between concentration and
absorbance at 340 nm was only experimentally valid up to an
absorbance value of 1.5 or a concentration of NADH of approximately
0.24 mo1 17,

A study of the effect of NADH concentration on the rate of
change of absorbance at 340 nm resﬁlting from the presence of a
fixed émount of glutamate dehydrogenase demonstrated an apparent
inhibition above a concentration of NADH of 0.13 amol l'_1 (Pigure 4;p38)°
In order to compensate for the invalidity of the 3eer-Lambert
relationship at high concentrations of NADH, the change in NADH
concentration during the first minute of the rea:tion was calculated
and expressed in mmol 17" min™' and used as a measure of reaction
rate. This was done by converting the zero time and one minute
absorbance values into terms of NADH concentration using the NADH

calibration curve and calculating the difference between the two values.



Table 6

Effect of ADP on the activity of

glutamate dehydrogenase

Final Concentration Rate of reaction
AP ( mmol 171) (AEz4q g min™")
0 0.04
0.001 0.03
0.005 0.03
0.01 0.04
0.05 0.07
0.10 0.09
0.25 0.10
0.50 0.11
0.75 0.12
1.00 0.12
5.00 0.12
PROTOCOL
Reagent Concentration Volume (cm3)
Glycylglycine buffer 0.1 mol 17 2.4
2—oxoglutarate 0.2 mol 1~ 0.2
NADH 2.0 mmol 17 0.2
GDH 0,01
Coenzyme 0.1

by the addition of

Monitor absorbance at 340 nm and initiate the reaction

Ammonia

-1
10,0 mmol 1

0.1
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Figure 4

Apparent inhibition of glutamate
dehydrogenase by NADH
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An gpparent inhibitory effect of high concentrations of
NADH was demonstrated when the observed rate of reaction

was used. ( AEsgyq pp min™! @ ®). This effect was
not demonstrated when the rate of reaction was
calculated. ( ANADH mmol min~ D----—.‘--D)

ZROTOCOL

Reagent Concentration Volume (cm3)

=1

Glycylglycine pH 8.3 0.1 mol 1 : 2.4

2-oxoglutarate 0.2 mol 1~ 1 0.2

ADP 15.0 mmol 1~ 0.1

NADH 0.2

GDH 0.01

Monitor absorbance at 340 nm and initiate the reaction
by the addition of

-1
Ammonia 10,0 mmol 1 0.1




These data were used instead of the rate of change in absorbance and
the resulting graph (Figure 4. p 38.) showed no inhibition effect
but the reaction showed maximum velocity at concentrations of NADH
above 0.13 mmol 17, ,
The results of “the investigations described above are summarised

below.

GLUTAMATE DEHYDROGENASE.

A summary of optimal assay conditions and inhibitors.

Characteristic Reagent Concentration
Optimum pH 8.0

Optimum buffer glycylglycine 0.1 mol 1

Stabilizer | ~ ADP 0.3 mmol 17

Sodium chloride 1.0 mol l-1

Activator ADP 0.5 mmol 17

Inhibitor FMN 0.5 mmol, 17

2. D-gmino acid oxidase,

2.1, Optimum pH of the enzyme.

The main commercial source of the enzyme D-amino acid oxidase
is from hog kidney and this has been fairly extensively studied using
a variety of methods which are described in the Introduction to this
thesis.

Burton (1955), in reviewing the proresrties of the enzyme,
described the manometric method of assay and quoted the optimum pH
as 8.8, whilst Brumby et al. (1967) after quoting the optimum pH as
8.5 made the comment that the actual value varied with the ionic
composition of the buffer and with the amino acid used as the
substrate. Both of these authors used D-alanine as the assay

substrate and Dixon & Kleppe (1965b) stated that the enzyme showed



greatest activity with D-alanine as the substrate and that
D-methionine was also oxidised very rapidly.

It was decided therefore to use D-alanine in the initial
studies of D-amino acid oxidase and in order to clarify the effect
of pH on hog kidney D-amino acid oxidase, the activity of the enzyme
was studied in glycylglycine and Tricine buffers using the
gasometric method (Mbthod 1. p117). The pH values of a series of
solutions of the buffers each containing 0.1 mol 17| were ad justed,
by the addition of 0.1 mol l-1 sodium hydroxide, to gives values over
the range pH 7.0 to 10.0 and the rate of oxygen uptake by a fixed

1 DL-glanine was

amount of the enzyme in the presence of 3.3 g 1
monitored over a thirty minute period using a Gilson Differential
Respirometer. The enzyme showed an optimum pH in both buffers

pH 8.3, with the activity in the glycylglycine buffer being slightly _
' greater than in the Tricine buffer. (Figure 5p 41). Using the same
method, the activity of the enzyme at pH 8.3 was studied in all the
four buffers referred to on page 30. The activity in
glycylglycine was again demonstrated {0 be marginally greater than

in Tricine but the. enzyme activity in both buffers was substantially

greater than that in either barbitone or Tris buffers (Table 7. p 42).

2.2, Effect of coenzymes.

As indicated earlier; thé function of FAD as a prosthetic group
had been elucidated as early as 1938 and Dixon & Kleppe (1965a)
demonstrated that there was spontaneous dissscciation of the D-amino
acid oxidase holoenzyme into the apoenzyme and FAD, the rate of the
dissociation being increased as the degree cf dilution increased.
Fonda & Anderson (1968) studied the binding of FAD by the apoenzyme
of D-amino acid oxidase and noted that varicus adenosine nucleotides;
notably ADP and AMP competitively inhibited the enzyme with respect
to FAD. They reported that inhibition by ZMN only occured as a
result of photoactivation of the flavin derivative and was prevented
by the presence of FAD.

The dissociation of the FAD and the apoenzyme was confirmed by
dialyzing a solution of the enzyme in 0.1 mol 17| phosphate buffer,
(pH 7.0) against the buffer for 24 hours after which the activity of



Figure 5

Optimum pH of D-amino acid oxidase
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The activity of D-amino acid oxidase in two buffer solutions
was measured as the rate of oxygen uptake in pl min~ using
the method indicated below.

V—— Y PR QO - - o s
Y ——— v Tricine [@ T u— 0O glycylglt. cine
PROTOCOL
Compartment Reagent Concentration  Volume (cmB)
Main vessel  Buffer 0.1 mol 17 2.3
Catalase prepn. 0.3
Enzyme sample -1 0.2
Side arm DL-alanine 50 g 1 1 0.2
Well Sodium hydroxide 100 g 1~ 0.2
Monitor oxygen uptake‘for 30 minutes.




Table 7

Activity of D-amino acid oxidase
in  various buffers
Buffer Rate of oxygen uptake
pH 8.3 ( pl min-')
Barbitone 0.11
Tris 0.1
Tricine 0.15
Glycylglycine 0.16
PROTOCOL
Compartment Reagent Concentration Volume (cm3)
Main vessel Buffer pH 8.3 0.1 mol 17 .

Side arm
Well

Catalase prepn.

Enzyme sample

DL-alanine 50 g 1-1
Sodium hydroxide 100 g 1-1

Monitor oxygen uptake for 30 minutes.




the preparation was only approximately 40% of the undialyzed sample.
Addition of 0.3 mmol l--1 FAD increased the activity of this dialysis
residue to more than twice %that of the original preparation.

(Table 8. p 44). This dialysed preparation was subsequently used to
assess the extent of activation by FAD and the effect of ADP and FUN
on the activity of the enzyme.

A series of experiments were set up as for glutamate
dehydrogenase in which various nucleotides were incorporated in the
assay in concentrations of 0.% mmol 1-1. (Table 8. p 44). The
results confirmed the activation of the enzyme by FAD but failed to
demonstrate any significant variation in .the reaction rate in the
presence of FMN. The presence of 0.3 mmol 1_1 ADP caused a significant
degree of inhibition which was completely reversed by the presence of
a similar concentration of FAD.

In order to assess the optimal concentration of FAD for the
defined assay method; a series of dilutions of the coenzyme were
prepared and introduced into the gasometric enzyme assay. These
experiments were also repeated using the same concentrations of FAD
but incorporating 0.5 mmol 1"1 ADP into the asszy as well.

(Table 9. P 45). The enzyme showed maximal activity in a
E mmol l_1 and although the

presence of ADP reduced the activating influence of FAD at the lower

concentration of FAD of about 3.0 x 10~

concentrations, no reduction in activity was demonstrated at

3

‘ - -1
concentrations of FAD above 6.0 x 10 “ mmol 1 . A final assay

concentration of 1.0 x 10—2 mmol l'-1 FAD was selected; this
concentration effectively eliminated the inhibitory effects of
0.5 mmol 1—1 ADP on D-amino acid oxidase and yet was still very much
less than that concentration of FAD required to cause any possible
inhibition of glutamate dehydrogenase.

The results of the investigations described above are

summarised on page 46.
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Table 8

Effect of various coenzymes on the

activity of D-amino acid oxidase

Coenzyme un-
None FAD FMN ADP FAD/ADP mu/app | dialysed
sample
Rate of
oxygen uptake| 0.11 0.60 0.18 0.02 0.61 0.10 0.29
nl min™!
PROTOCOL
Compartment Reagent Concentration Volume (cms)
Main vess:1l Glycylglycine pH 8.3 0.1 mol 1-1 2,1
Catalase prep. 0.3
Enzyme sample 1 0.2
Coenzyme 10 mmol1l 0.2
Side arm DL-alanine 50 g 17 0.2
Well Sodium hydroxide 100 g 1-1 0.2

Monitor oxygen uptake for 30 minutes




Table 9

Effect of FAD and ADP on the

activity of D-amino acid oxidase.

Concentration of FAD ( mmol 17')

4 3

x10 x10” x1072

0 3.0 6.0 |3.0 6.0 3.0 6.0

Rate of oxygen uptake
( )L min~!) 0.10]0.16 0.36 | 0,50 0.48 |0.52 0.52

Rate of oxygen uptake

in the presence of 0.03] 0,08 0.30]0.49 0.49 [0.52 0,51
0.5mmol 1~ ATP
-1
( Pl min )
PROTOCOL
Compartment Reagent Concentration Volume’(cmj)
Main vessel Glycylglycine »H 8.3 0.1 mol 1™ 2.1
Catalase prep. 0.3
Enzyme sample 0.2
Coenzyme -1 0.2
Side arm DL-alanine 50 g 1 1 0.2
Well Sodium hydrozxide 100 g 1 0.2

Monitor oxygen uptake for 30 minutes,




D~-AMINO ACID OXIDASE,

A summary of optimal assay conditions and inhibitors.

Characteristic Reagent Concentrations
Optimum pH 8.3
Optimum buffer glycylglycine 0.1 mol 1_1
Activator FAD 0.0lmmol 17
Inhibitor ADP 0.3 mmol 17

3. L-amino acid oxidase,

Zola Optimum pH of the enzyme.

It has already been mentioned in the context of apparently
conflicting reviews (p 12.) that there are two main sources of
L-amino acid oxidase; namely snake venom and rat liver or kidney; and
that even the enzymes iéolatéd from the venom of different snakes
show some catalytic differences. Values quoted for the optimum pPH
varied from pH 7.0 to pH 10.0 although again this was further
complicated by the use of different buffer systems. L-leucine has
been consistently used as the substrate; Ratner'(1955a), and although
a degree of substrate inhibition has been reported; it was decided
initially to use L-leucine as the substrate for the present study
of L-amino acid oxidase.

Using the volumetric measurement of oxygen uptake (Method 1 p117),
the effect of pH on the activity of commerciglly available L-amino
acid oxidase from snake venom was studied in glycylglycine ard Tricine
buffers, initially over the pH range 6.0 - 9.0 and subsequently over
the range 7.0 - 8.0 (Figure 6. p 47). The enzyme preparation showed
maximal activity at pH 7.5 and as with the D-amino acid oxidase the
activity in glycylglycine buffer was marginally superior to that in
Tricine. Comparison of the effectiveness of all four buffers at pH
7.5 demonstrated again the marginal superiority of glycylglycine
although the enzyme activity in all four buffers was very similar
(Teble 10. p 48).
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The activity of L-amino acid oxidas
was measured as the rate of oxygen
the method indicated below.

e in two buffer solutions
uptake in pl min~ using

;_: :-_; Tricine C’)-——g glycylglycine
PROTOCOL
Compartment Reagent Concentration Volume (cm3)
Main vessel Buffer 0.1 mol 1'1 2.3
Catalase prep. 0.3
Enzyme sample 1 0.2
Side arm L~leucine 20z 1 1 0.2
Well Sodium hydroxide 100 g 17 0.2
Moﬁitor oxygen uptake for 30 minutes.




Table 10

Activity of L-amino acid

oxidase In various buffers

Buffer Rate of oxygen uptake
pE 7.5 ( 11 minT)
Barbitone 0.23
Tris 0.24
Tricine 0.24
Glycylglycine 0.26
PROTOCOL
Compartment Reagent Concentration Volume (cm3)
Main vessel Buffer pH 7.5. 0.1 mol 1- 2.3
Catalase prepn. 0.3
Enzyme sample 0.2
Side arm L-leucine 20 g 1! 0.2
Well Sodium hydroxide 100 g 1-! 0.2

Monitor oxygen uptake for 30 minutes.




3.2, Effect of coenzymes.

No author has suggested that any coenzyme showed an inhibitory
effect on the L-amino acid oxidases but it has been reported by
Ratner (1955a),that the prosthetic group for the snake venom enzyme
was FAD whilst that for the rat tissues enzyme was FMN. Wellner
(1971), had reported that the FAD prosthetic group for snake venom
L-amino acid oxidase was very tightly bound to the apoenzyme and
suggested that in any assay method there was no need for additional
coenzyme to be included.

For the present study it was necessary to assess the requirements
of the enzyme for additional coenzymes and also to confirm the
reported lack of inhibition by other nucleotides. To this end a
sample of the enzyme was dissolved in O.1 mol l_1 phosphate buffer
PHE 7.0 and dialysed against the buffer for 48 hours. Although the
activity of the preparation fell during dialysis by approximately
40%, possibly due to denaturation of the enzyme; no increase in
activity could Be subsequently demonstrated by the addition of either
FAD or FMN, nor did the presence of ADP reduce the activity of the
enzyme preparation.

The results of the investigations described gbove are

summarised below.

L-AMINO ACID OXIDASE

A summery of optimal assay conditions and inhibitors.

Characteristic Reagent Concentration
Optimum buffer glycylglycine 0.1 mol l_1
Activator . none
Inhibitor L-lz2ucine 3.0 mmol 1!




4. Spectrophotometric assay.

4.1, Concentration of 2-oxoglutarate.

It was necessary; having elucidated the optimal conditions for
each of the enzymes; to decide on the conditions for the coupled
assay. The necessary substrates for each of the two assay methods
were evident from an examination of the basic equations for the
reactions (Equation 1 & 2, p 7 & 12). Both assay methods required
2-oxoglutarate and NADH as substrates for the indicator reaction{
the oxygen required for the test reaction was available as dissolved
oxygen in the solutions.

The reported Km value for 2-oxoglutarate was 0.7 mmol 17!

Barman (1969)9and final concentrations of 13.3 mmol 1—1 had been
used previously; Ellis & Goldberg‘ (1970). The concentration of NADH
used would depend upon the maximum sbsorbance which was capable of

being accurately measured (p 35).

4.2. Effect of coenzymes.

It was evident from the studies on the activation and
inhibition of the three enzymes that there would be some inhibition
effect in the coupled assay; namely ADP activating glutamate
hydrogenase but inhibiting D-amino gcid oxidase, However the eﬁidence

was that at the concentration selected; namely 0.5 mmol 1_1; and in

the presence of FAD the inhibitory effect would be negligible
(Table 9. p 45).

4.3, Assaz pH.

There was some difficulty over the selection of the pH at which
the assays would be performed. In order to gain maximum sensitivity,
it was desirable tc select the optimum pH of the appropriate amirno
acid oxidase as the working pH butyas neither of these values were
the most appropriate for the glutamate dehydrogenase; the effect
would be to suppress the activity of that enzyme. From the studies on

the effect of pH on glutamate dehydrogenase,described earlier



(Pigure 2. p 33.), it was calculated that at pH 7.5,glutamate
dehydrogenase showed approximately 91% of maximal activity, whilst
at pH 8.3 it showed approximately 85% of maximal activity.

4.4, Amount of glutamate dehydrogenase.

In order that the indicator reaction should not be rate
liﬁiting, it was decided that the amount of glutamate dehydrogenase
that would permit a 100 fold increase in reaction rate over that
actually expected, should be used. On the basis of previous
experience with kinetic assays utilizing the oxidation of NADH, it
was felt that a rate of reaction comparsble with a fall in absorbance
of 0.1 per minute could be regarded as an absolute maximum; Ellis &
Goldberg (1970)° This reaction rate would equate with the formation
of 0.5 x 107" miéromole of ammonia in one minute in the 3.0 e’ of
the assay and on this basis the coupled assay would require a

3

minimum of 5 units of glutamate dehydrogenase per 3.0 cm” of reaction
mixture. The volume of glutamate dehydrogenase subsequently used in

the assay was 0.05 cm3 which; according to the specifications of the

preparation contéined 60 units of activity, was more than enough

even allowing for the effect of pH on the activity of the enzyme.

4.5, Amino acid substrates.

In standardizing the assay methods; it was essential to know the
concentration of the amino acid substrate necessary to give zero order
kinetics and in order to assess this value,it was necessary to
determine the Michaelis constant (Km) for each enzyme using the
substrate indicated. A series of dilutions of D-alanine and L-leucine
containing 5 - 200 mmol ZL_1 were preparel from stock solutions of
each amino acid.which; when incorpérateé into the assay; gave final
concentrations from 0.16 mmol 17 4o 6.66 mmol 1. Using Method 2
. (p 119), the rate of reaction produced by a fixed amount of the
appropriate enzyme in the presénce of these concentrations of subs%fate,
was measured in terms of absorbance change at 340 mm (Figure 7 p 52).

Using the statistical method indicated (Method 3. p121),the Km

. . . - -
value for D-amino acid oxidase was calculated to be 3.3 mmol 1 .



Figure 7

Effect of substrate concentration

on the

activity of the amino acid oxidases.
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Table 11

Effect of substrate concentration on

the activity of the amino acid oxidases

Rate of reaction ( A Bz nm)
Final Concentration - D=amino acid L-amino acid
of substrate oxidase oxidase
( mmol 1_1) ( D-alanine ){ ( L-leucine )
0.16 0.004 . 0,017
0.33 0.008 0,030
0.66 0.014 0.045
1 .OO‘ 0.020 0.052
1.66 0.030 0.056
2.50 0.039 0.057
3+33 0.046 0.056
6.66 0,058 0.041
Method Michaelis Constant (mmol I'I)
Graphical 3-3 0-7

Statistical 3-3*042 0-6£0-16




(Table 11. p 53). Burton (1955),and Ratner (1955b),quoted values
between 2 - 9 mmol 17t ‘

For the L-amino acid oxzidase, however; the results indicated
a significant degree of substrate inhibition at concentrations of
L-leucine above 3.0 mmol 1_1, the inhibition becoming progressivly
gréater as the concentration increased. (Figure 7. p 52). These
results were not completely unexpected as Ratner (1955a),had stated
that concentrations of L-leucine above 10 mmol IL_1 were inhibitory.
She also noted that ammonium ions inhibited at the same concentration.

The non-inhibited portion of the Lineweaver - Burke plot was
used to calculate the Michaelis constant and it gavé a value of 0.6
mol 17 (Tsble 11. p 53). Ratner (1955a),had quoted a value of
about 1.0 mmol 1-1 whilst Nakano & Danowski (1971) gave a value of
1.3 mmol 1_1.

A concentration of D-alanine of 0.5 mol l_1 was chosen for the
working substrate for the D-amino acid oxidase assay which; when
used as described in (Method 2. p119), gave a final assay concentration
of 17 mmol 1—1. This concentration was approximately five times
greater than the Km value for the substrate and permitted 84% of the
theoretical maximum velocity. In selecting a suitable concentration
of L-leucine for the L-amino acid oxidase assay; not only was the
inhibitory nature of L-leucine to be considered but also the fact
that it showed only a limited solubility of approximately 0.2 mol 1_1;
Weast (1967). As inhibition only became evident at concentrations in
excess of 3.0 mmol l_1 it was decided to use a working solution
containing 0.1 mol l_1 Which; as well as being within the solubility
range of L-leucine, also provided as assay concéntration of 3.3 mmol 1"'1

and theoretically permitted 85% maximum velocity.

4.6. Assay procedure.

A typical trace of an assay of either D-amino acid oxidase or
L-amino acid oxidase by the method described is shown in Figure 8
(p 55). On addition of the semple to the reaction mixture from which
the substrate had been omitted; there was.a rapid fall in absorbance
at 340 nm due to the oxidation of NADH by ammonia present in the sample.

The absorbance either stabilized or continued to fall at a constant
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rate depending upon the extent of endogenous ammonia formation by
the sample. This represented the blank reaction which wés measured
and subsequently subtracted from the test reaction rate. The
approprigte substrate was then added to initiate the reaction and
after a lag period,during which the reaction rate increased to a
maximum; the rate of reaction held constant until the concentration
of NADH fell to a level at which it became rate limiting. The
reaction rate during this linear part of the reaction was measured
at 340 nm in terms of absorbance change per minute and the enzyme
activity of the sample was calculated in International Units per
litre of sample. (ilethod 4. p122). '

This calculation assumed that the only rate limiting factor
in the assay was the activity of the test enzyme but it was
appreciated that there were other factors which could become rate
llimiting under certain conditions. Although steps had been taken
to maintain high concentrations of substrates and indicator enzyme
in order to eliminate or minimise these effects; nevertheless the
concentration of NADH particularly had to be held relatively low
because of its high absorption at 340 nm. It was felt necessary
therefore to test the validity of the equation over a wide range
of enzyme activities and in order to do this,a series of dilutions
of samples with high concentrations of each amino acid oxidase
Were-assayed in the normal way and the measured rate of reaction
plotted against the percentage concentration of the enzyme in the
sample (Figure 9. p57). The results indicated that the linear
relationship between the rate of reaction and enzyme concentration
held true for both assays only up to an enzyme activity of about
150 i.u. 17! ( an sbsorbance change at 340 nm of 0.06 units per
minute). Enzyme activities beyond this level resulted in an
increasing deviation from the linear relationship,particularly for
the L~amino acid‘oxi&ase zssay. Using this method it was possible
to detect activities as low as 2.4 units 1-1 without difficulty;
this being equivalent to an absorbance change of 0.001 units per
minute, and with care it was possible to detect activities as low as
1.0 1ou. 17

The precision of each method was assessed by performing ten

replicate assays on samples with mean activities of approximately
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Relationship of enzyme concentration for D-amino acid
oxidase (O——0) and L-amino acid oxidase ( v— — —¥)
with the rate of reaction and showing linearity up to
an enzyme activity of approximately 150 i.u. 1-1.




20,100, and 250 i.u. 17'. The results indicated that the overall
precision was very good particularly for activities of about 100
iou. 17 giving coefficients of variation between 1.2% and 0.2%

(Table 12. p 59). Precision was less at the two extremes of the

activity range but was still very satisfactory.

4.7 Substrate specificity of the enzymes.

It was necessary to investigate the specificity of the two
amino acid oxidases in order +to confirm the selection of D-alanine
and L-leucine as the assay substrates, and also to compare the
results obtained using the present assay method with previously
published data. Solutions of chromatographically pure D- and
L-stercoisomers of some amino acids were prepared at the same
concentrations as those used in the assays involving D-alanine and
L—leucine; namely 0.5 mol l_1 and 0.1 mol '.L'-1 respectively.

However when the solubility of an amino acid would not permit these
concentrations; a solution of lower concentration was prepared aund
an appropriate volume; calculated to give the final concentration
of amino acid required,was used in the assay.

Both amino acid oxidases were tested with all the chosen amino
acids of both configurations and the activity of the enzyme shown
with each amino acid was expressed as a percentage of that given
with the normal substrate for the enzyme (Table 13. p 60). A four
cell autochanger system was used in the spectrophotometer and the
first cell always contained the normal substrate for the enzyme.
Although ultimately neither amino acid oxidase showed zny reaction
with amino acids of the opposite configuration to that specified
for the enzyme,there was initially one apparent exception in that
both enzymes showed an appreciable activity with both the D- and
L- isomers of aspartic acid. This was subsequently proved to be an
artifact and was traced to contamination of each sample of aspart:ic
acid with ammonia. This contamination could be demonstrated most
easily by the addition of the substrate to the assay reagent in the

absence of the amino acid oxidase.



Table 12

Precision of assay methods

Activity ( I.U. 170)
Mean SD CcV
Spectrophotometric method
28 1.0 3.6
93 0.2 0.2
234 0.8 0.3
3473 4.1 1.2
Fluorimetric method
1.1 0.1 16.3
12.8 1.3 10.4

These results are based on ten replicate assays at each
activity under the conditions of the standard assay. The
data is expressed as International Units per litre.




Table 13

Specificity of the amino acid
oxidases
Amino acid L-amino acid D-amino acid oxidase
oxidase Human
snake venom hog kidney Liver Kidney
Alanine 0 100 100 100
Arginine 1 1 0 0
Aspartic acid 0 30 30 34
Cystine 40
Glutamic. acid 0 0
Glycine 0
Histidine 10 0 24 24
iso—leucine 20 80 46 49
Leucine 100 60 22 19
Lysine 0 0 0 0
Methionine 110 100 40 41
Phenylalanine 60 70 38 39
Serine 1 27 28
Threonine
Tryptophan 80 0 0
Tyrosine 65 80 73 76
Valine 0 50 34 33

Data for specific D- and L- isomers of the amino
are the mean of three observations and are given as a percent-
age of the activity of the enzyme with either D-alanine or

L-leucine and in the same final concentration.

acids above




5. Muorimetric method.

5el Fluorescent properties of NAD:

It was decided to use the fluorescent properties of the
nicotinamide coenzymes as the basis of a back-up assay method for
two main reasons. A method had been described by Lowry & Passonneau;
(1972), for the quantitation of NAD' based on its fluorescent
properties in alkaline solution and it was felt that this method
could be modified to provide an assay method for the amino acid
oxidases. Another reason was that a fluorimetric assay method;
although unsuitable for kinetic studies of amino acid oxidase activity;
.reputedly offered greater sensitivity than absorptiometric methods.

A study of the fluorescent properties of NAD' in alkaline
golution using a recording spectrofluorimeter confirmed an excitation
maximum at 365 nm and an emission maximum at 455 nm (Figure 10. p 62).

The pH conditions necessary for the destruction of NADH and the
development of maximum fluorescence from NAD+ were reputedly critical.
Lowry & Passonneau stated that 99% of NADH was destroyed in just over
1 minute at pH2 at 2300, and that for'maximum fluorescence from NAD+,

a pH of 10.5 had to be achieved. They suggested a final concentration
of 6 mol l_1 sodium hydroxide as being the most suitable means of
achieving the latter. "

In the development of a method for maximum sensitivity; it was
obviously desirable +to minimise any dilution factors and therefore
any reagents used to modify pH conditions had to be as concentrated
as possible. Using the same assay buffer system; namely O.1 mol l—1
glycylglycine pH 8.3; it was discovered that the addition of a tenth
of its volume of 2.0 mol 17 HC! reduced the pH to 1.4 and
subsequently the addition of two volumes of 10 mol 1 | sodium
hydroxide; as well as giving a final concentration of approximately

6.5 mol 17" resulted in a solution of pH 11.5.

9

5.2. Stability of NAD® fluorescence.

One of the difficulties with the fluorescence of NAD+ in alkaline

solution was that the intensity of fluorescence diminished on
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exposure to natural light and specifically to ultraviolet radiation,
a fact noted by Lowry and Passoneau in their original work. However,
Lowry & Carter (1974),stated that this fluorescence was stabilized
by the presence of 10 mmol 1—1 imidazole in the sodium hydroxide
solution.,

This statement was investigated by preparing three solutions;
each in duplicate; of NAD+ of varying concentration and producing
the fluorescent derivative in (a) sodium hydroxide solution only;
and (b) in sodium hydroxide solution containing 10 mmol 1“1 imidazole.
After heating at 5600 for 15 minutes an aliquot of each sample was
exposed to bright sunlight Whilst‘éhe remainder was kept in the dark.
The intensity of fluorescence of each gliquot was measured initially,
and after 30 minutes,against a reference solution which was also kept
in the dark. The intensity of fluorescence of those samples in
sodium hydroxide alone fell on average by 36% over the 30 minute
period whilst no other sample showed any significant variation
(Table 14. p 64). '

5.3. Effect of NAD' concentration.

The fluorimetric method utilized the same reaction mixturs as
the kinetic method and therefore the maximum concentration of NAD+
generated would be 0.15 mmol 1_1, due to the oxidation of all the
NADH incorporated in the assay reagent. The relationship between
the intensity of fluorescence and the concentration of NaDt up to
this maximum concentration was studied by preparing a range of
" §aD*. The

of these solutions
1

dilutions of a stock solution of 0.15 mmol 1
fluorescence was developed by heating 1.0 cm3
with 2.0 cm’ 10 mol 17 sodium hydroxide contairing 10 mmol 1~
imidazole at 5600 for 15 minutes and the intens: ity of fluorescence

was measured as a percentage of that produced ty the highest
concentration of NAD+. The results indicated <hat over this
concentration range there was a linear relationship between
concentration of NAD" and the percentage fluorescence (Figure 1M1.p 65).
At the same time a duplicate set of solutions was set up to which

0.1 cm3 0.15 mmol 1—1 NADH had been added. Prior to the addition

of the sodium hydroxide; 0.1 cm3 2.0 mol . HC? was added and the



Table 14

Photosensitivity of NADT® fluorescence

NADT Intensity of fluorescence ( % )
Concentration :
( mmol 1'1) Without imidazole With imidazole

Sunlight Dark Sunlight Dark
0.015 - 64 100 99 99
0.010 42 65 66 66
0.005 - 19 31 32 33

Each s%mple was prepared in duplicate by heating

1.0 cm” of the NAD™ solution at 56°C for 15 minutes
with either 2.0 cm? NaOH solution ( 10 mol 1-1)

or 2.0 cm” NaOH solution containing 10 mmol 1-1
imidazole. The resulting fluorescence was measured .
after allowing the mixtures to stand for 30 minutes
in either the dark or bright sunlight.
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mixture allowed to stand for 15 minutes. The results showed no
difference from the unmodified solutions and indicated that the

NADH was effectively destroyed under the specified conditions.

5.4. Rate of NAD+ formation.

It was evident from an examination of the plot of the kinetic
method of assay (Figure 8. p 55.),that the oxidation of NADH showed
a linear relationship with respect to time, from about the third
minute onwards and continued for a variable perioa of time depending
upon the availability of NADH, and the concentration of the enzyme
in the sample. In order to assess the effective range of the fixed
time assay it was necessary to define more clearly the period of
time for which the linear relationship held true. To this end three
samples of D-amino acid oxidase were prepared; the activity of each
was measured by the kinetic method and calculated to be 15.0; 8.0 ‘
end 4.8 i.u. 17, An assay was set up for each enzyme preparation
as indicated in (Method 2 p119) but using volumes 10 times greater

E aliquots were taken after 3

than specified,and duplicate 1.0 cm
minutes and subsequently at 5 minute intervals up to 63 minutes.
The fluorescence produced by the NAD' in each of these aliquots was
measured using the described technique;'(Method 5.p123). A plot
of the intensity of fluorescence against reaction time (Figure 12. P6T),
indicated that for enzyme activities of 8.0 i.u. l_1 and less; the
rate of formation of NAD' was linear for in excess of 60 minutes,
whilst for enzyme activities of 15 i.u. 17" the reaction deviated
from linearity after about 40 minutes.

The initial decision to take samples at 3 and 63 minutes was
based upon the observation that the reaction rate was not linear
until about the third minute. Whilst this was certainly true for
high concentrations of enzyme it was felt that at low activities this
might be less of a problem. To clarify this situation the rate of
formation of NAD' over the first ten minutes of the reaction was
monitored in the same way,using two enzyme preparations with
activities of 15 i.u. 1_1 and 1.8 i.u. 1—1. Although the concentration
of NAD+ produced was very low, it was possible to demonstrate that for

low activities of enzyme there was no noticeable deviation from
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which contained 10 mmol 1~!

The rate of formation of NAD' in the coupled assay was

measured using the fluorimetric method and fthree different
activities of D-amino acid_oxidase.
heated at 56°