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"Gradually I beceme convinced

that the definition and purification -

were all-important probiems, not
only for the substances in my hands

but for the whole of biochemistry"

(A. Tiselius).
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INTRODUCTION

Adenosine deaminase (EC 3.5.4.4) was first discovered by
Schmidt (1928) during an investigation of the enzymes present
in rabbit muscle. The enzyme catalyses the hydrolytic break-

- down of adenosine to inosine and free ammonia without the
participation of co-factors, a reaction which is distinct from
the deamination of amino acids.

Since its discovery the enzyme has been shown to be widely
distributed throughout the animal kingdom. The occurrence of
adencsine deaﬁinase in plants has been reported (Fiers, 1960}, a
finding which was laier shown to be due to bacterial contamination
(Brady and Hegarty, 1966). The enzyme has been isolated from
Aspergillus oryzae (Kaplan, 1956) and from E;cherichia coli (Koch
and Vallee, 1959). Adenosine deaminases were also reported to
have been found in the blow-fly (Lennox, 1941), in the larvae of
Drosophilia melanogaster (Wagner, 1948), in sea-urchins’ eggs
(Gustafson, 1951) and in the hepato-pancreas of both crayfish and
lobster (Roush, 1956). The presence of the enzyme in higher
animals has been established by many workérs (Conway and Cocke, 1239;
Clarke, et al. 1952; Purzycka, 1962; and Brady and O'Donsvan, 15965)
who have also studied its distribution in various tissues. Sp]een'
and duodenum have invariably been founq to possess highest concen-
trations of the enzyine in most of the species investigated. In
some animals, both lung and placenta have been shown.to possess very
high deaminase activity (Brady and 0'Donovan, 1965).

The intracellular locativn of adenosire decminase has also



been investigated. Although it has been demonstrated that the
enzyme is present in the cytoplasm or 'soluble fraction' of the
cell (Schneider and Hogeboom, 1952; Dierick et al., 1967; Muller,
1969) adenosine deaminases have also been found in other sub-
cellular organelles. Stern and Mirsky (1953) detected the enzyme
in nuclei isolated from calf thymué, and a latent adenosine
deaminase has been shown to be ;ssociated with the mitochondrial
fraction of mouse brain (Mustafa and Tewari, 1970). Rabbit brain
has also been reported to have a somewhat diffuse pattern of
localization. Jordan et al, (1959) found that only 63.5% of the
adenosine deaminase activity of rabbit brain was in the 23,000 x g.
30 min. supernatant fraction; a total of 32.2% of the activity was
recovered from the cell debri, the nuclear, the mitcchondrial and
the microsomal fractions. The general concept of the exclusive
location of adenosine deaminase in the supernatant fraction of
tissue homogenates would therefore appear to need revision.

Various suggestions have been made_as regards the role of
adenosine deaminase. Because of its high concentration in rabbit
intestine Conway and Cooke (1939) suggested that the enzyme might
be important in detoxifying the strongly vasodepressant adenosine
into relatively inactive inosine. They also suggested that
adenosine deamination in other tissues is a physiological mechanism
for obtaining a ready supply of ammonja for use in bicsynthetic
reactions 6r for neutralizations. The latter suggestion has been
further substantiated by the studies of Sanger and Mustafa (1571).
They found that in rats, during NH,CL acidosis, the renal adenosine

and guanine deaminases increased by 2 and 2.5 fold respectively.



The renal DNA and RNA contents were found to decrease considerably
but the protein content of the kidney did not undergo any change.
Their findings suggested that both adenosine gnd guanine
deaminases might play an important role in the renal regulation

of acid-base balance. .

The remarkably high deaminase activity in the lung of several
species observed by Clarke et al. (1952) and Brady and 0'Donovan
(1965) raised the question whether adenosine deaminase might have
a role in respiration. The latter authors suggested that the
ammonia found tn alveolar air was due to the action of the enzyme,
and that this provides a subsidary route for ammonia excretion.

They also attributed a detoxifying role to adenosine deaminase in’
both spleen and placenta (Brady and 0'Donovan, 1965). Clarke et al.
(1952) who studied in detail the vasodepressant activity of

adenosine and some analogues also reported on the effect of adenosine
deaminase as a detoxifying agent. Following these studies Baer et al.
(1966) suggested that deamination of adeposine in the plasma may be
the mechanism of regulation of coronary blcod flow.

Although the level of adenosine deaminase in blood and plasma
is normally very low (Conway and Cooke, 1939; Brady and 0'Donovan,
1965), serum adenosine deaminase activity has been found to increase
in tumour bearing patients (Straub et al., 1957). and in patients
suffering from acute viral hepatitis or from cirrhosis of the liver
(Koehler and Benz, 1962; Goldberg, 1965; and Krawczynsky et al.,
1965). Gelanti and Giusti (1968) and Galanti et al. (1968) described
a very imarked increase of serum adenosine deaminase in over one

hundred patients suffering from typhoid fever and showed the increase



to be a consequence of enzyme release from damaged Peyer patches

- and from mesenteric lymph glands and intestinal mucosa, Recent
studies by Giusti (1970) on a new group of patients have confirmed
these observations, and this worker has aiso found an increase in
serum adenosine deaminase in patients suffering from parathyroid
B fever. Serum adenosine deaminase determinations therefore appear
to provide a useful diagnosis of typhoid fever énd other patholog-
jcal conditions.

The level of the deaminase in certain body tissues also increases
when these tissues become malignant. Nishihara et al.(1966) showed
that malignant lung tissue has 3 to 7 times higher adenosine deam-
inase activity than corresponding normal tissue. In addition it
has been shown that there is a difference in the serum adenosine
isoenzyme patterns in patients with lung cancer and that this alter-
ation may be of clinical importance in the diagnosis of lung cancer
(Nishihara et al., 1970). Changes in the adenosine deaminase level
of mouse liver has also been reported following the infection of
mice with RICH leukemia virus (Siegler et al., 1964; Rich et al.,
1965), a five-fold increase in enzyme activity being observed.
Furthermore, Cory et q]. (1970) have compared the properties of
the deaminase in liver extracts from normal and RICH virus-infected
mice, and while the enzymes had the same Michaelis constants, pH
optima and activation energies, they differed in their substrate
specificities and electrophoretic mobilites.

Although it was originally believed that the adenosine deam-
inase present in mammalian cells deaminated only adenosine and the
closely related deoxyadenosine, further studies showed that the

enzyme also hydrolysed 6-chloropurine ribonucleoside (Cory and



Suhadolnik, 1965) and 2-amino-6-chloropurine ribonucleoside

(Baer et al., 1966) with formation of inosine and guanosine, res-
pectively. From these observations it appeared that the basic
mechanism of action was not a specific deamination but rather
seemed to constitute the catalysis of a nucleophilic displacement
by hydroxyl at the 6-position of the purine system. This hypo-
thesis has been tested and it was demonstrated that the enzyme
from bovine intestinal mucosa is capable of hydrolysing a numbef
of other constituents including methylamino-, hydroxylamino- and
methoxy~ groups (Baer and Drummond, 1966; Baer et al., 1968).
Because of the broad specificity of the deaminase an analogy has
been drawn between the catalytic process and that of esterolytic
enzymes.

‘The substrate specificity of bovine placental adenosine
deaminase, purified by Sim and Maguire (1971), has also been studied
in detail (Maguire and Sim, 1971) and was found to be similar to
that of the intestinal enzyme. Moreover, these authors proposed
a mechanism of action for the placental adenosine deaminase involv-
ing a sulphydryl, a histidine and a lysine residue at the active
site whiéh they suggest is applicable to ether mammalian adenosine
deaminases of similar molecular weight.

Numerous purifications of adenosine deaminase from both
animal and bacterial sources have been reported. The most extensive
purifications of the enzyme have been conducted in bovine tissues
probably because of their ready availability and the high level of
deaminase activity possessed by these tissues. Bovine intestinal
mucosa was shown by Brady (1942) to be a potent source of the

enzyme and since then various purificatiozs from this scurce have

been atiempted (Zittle, 1946; Kaickar, 1%7; and Klein, 1961).



In 1962 a highly purified preparation of the enzyme shown to be
ultracentrifugally homogenous was obtained from bovine intestinal
mucosa (Brady and 0'Connell, 1962). Other bovine tissues from
which the enzyme has been purified include the heart from which

a chromatographically homogenous adenosine deaminase has been
isolated by Rockwell and Maguire (1966). These workers demonstrated
substrate inhibition and produdt inhibition by the enzyme. Bovine
Spleen adenosine deaminase has been purified by Pfrogner (1967) and
0'Brien (1968) and surprisingly the preparations ottained by these
workers displayed differences in their properties. Bovine lung
adenosine deaminase has also been purified (Noonan, 1969).

A tissue other than that of the cow from which the deaminase
.has been highly purified is chicken duodenum (Hoagland and Fisher,
1967). These workers investigated the physical, chemical and
catalytic properties of the enzyme and demonstrated that it closely
resembled the deaminase isolated from mammalian tissues.

Procedures have also been published for the purification of
adenosine deaminase from Bacillus cereu§ (Powell and Hunter, 1956),
Escherichia coli (Koch and Vallee, 1959), bone marrow (Ipata, 1962),
bovine brain (Malysheva et al., 1964), Yoshida cells (Coddington,
1965) and bovine thyroid (Dierick, 1967).

In the best characterized cases, purified adenosine deaminascs
have been shown to possess molecular yeights in the region of 35,000
(Brady and 0'Sullivan, 1967; Hoagland and Fisher, 1967; Pfrogner,
1967; Murphy, et al., 1969b; Sim and Magwire, 197]). A number of
the purified enzymes, when subjected to electrophoresis, were
shown to possess multiple electrophoretic components. The bovine
intestiinal adenosine deaminase purified by Brady and G'Conrell

(1962) consisted of five to six multiple ferms (termed isoenzymes)



on starch gel electrophoresis., Murphy et al., (1969a), having
preparatively separated the isoenzymes by jon exchange chromat-
ography, demonstrated that they all had similar molecular weights,
the only significantly detectable differences between them being
differences in overall charge as evidenced by chromatographic

and electrophoretic experiments. Adenosine deaminase purified -
from bovine serum has also been shown to exist in multiple mole-
cular forms (Cory et al., 1967). The preparation was homogenous
in the ultracentrifuge indicating that the multiple forms were

of similar molecular weight as was found with the bovine intestinal
enzyme.

In recent years reports have been appearing in the literature
of adenosine deaminases having molecular weights greater than
35,000. These enzymes appear to have molecular weights in the
region of 200,000 and 110,000 respectively. Fisher et al. (1965)
presented evidence that adenosine deaminases in the livers and
duodena of chickens and frogs have different properties. Following
these studies Ma and Fisher (1968a) using Sephadex chromatography
demonstrated the presence of a large (110,000 mol.wt.) and a small
(30,000 mol. wt.) adenosine deaminase in chicken Tiver preparations.
From their investigations they showed that the tissue specific
differences between liver and duodenum in the chicken were du€ to
the presence of the large adenosine deaminase in the Tiver which
is not presént in the duodenum.- In a study undertaken to establisﬁ
the basis of the tissue specific differences observed in the frog,
Ma and Fisher (1968b) showed that three classes of adenosine
deaminases were present in both frog liver and duodenum. The

tissue specific differences appeared to be the result of different



proportions of these enzymes in the two tissues. Consequently,
Fisher classified the enzymes into three groups designating them
types A, B and C, which have molecular weights in the size ranges
of 200,000, 100,000 and 35,000 respectively as estimated by
Sephadex chromatography.

In a study of hepatic adenosjne deaminases from eleven species
of amphibians (Ma and Fisher, 1968c) large amounts of both type -C
-and type -B enzymes were observed, the type -B enzyme having a much
lower relative substrate specificity'(ratio of activity with deoxy-
adenosine and adenosine as substrate) than the type -C enzyme.
Only barely detectable amounts of the type -A enzyme were found.
The livers of higher animals however showed strikingly different
patterns. In a survey of hepatic adenosine deaminases in fourteen
species of higher mammals including representatives from seven
different orders Ma and Fisher (1969) have shown that the type -A
and type -C enzymes are present, no evidence being obtained for the
presence of the type -B enzyme. Both the type -A (200,000) and type
-C (35,000) enzymes have the same relative substrate specificities.
Moreover, the type -A enzyme appeared to partially dissociate into
the type -C enzyme during ammonium sulphate concentration experiments.
The authors suggested that the type -A and type -C enzymes in higher
mammals actually represent one kind of enzyme which show different
tendencies to aggregate in different organisms. The hepatic
adenosine deéminases in a number of species of fish have also been
investigated (Ma and Fisher, 1972) where the patterns resembled

those found in amphibians, only type -B and type -C enzymes being

present.
Aderosine deaminases of two different molecular sizes have also .



been reported in human tissues (Akedo et al., 1970). The enzymes,
which were designated E1 and Es, were purified from normal human
lung and stomach and had molecular weights of 200,000 and 50,000
respectively. Studies on substrate specificity with respect to
adenosine and deoxyadenosine revealed no apparent difference bet-
ween the two enzymes suggesting tpat they are similar to the type
-A and type -C adenosine deaminases reported by Ma and Fisher.

A large adenosine deaminase, having a molecular weight of
214,000, has also been purified from Takadiastase powder (Asper-
gillus orygae) by Minato (1968) and was shown to dissociate in
guanidine hydrochloride into subunits possessing molecular weights
of 110,000 and 29,000. Previous studies reported on the Takadiastase

.enzyme indicated that it was a more non-specific type of deaminase
than mammalian adenosine deaminases. Wolfenden et al (1968) also
compared the physical properties and amino acid composition of the
Takadiastase deaminase and the bovine intestinal adenosine deaminase
and demonstrated that there were differences between them.

It was reported by Buggy (1966) in this laboratory that rabbit
duodenum contains two active adenosine deaminases separable by
Sephadex chromatography. In a survey of the molecular weights of
mammalian adenosine deaminases in a number of species using gel
filtration, Murphy et al, (1969b) demonstrated that the rabbit duodenal
deaminases have molecular weights of 260,000 and 34,000 respectively,
the rabbit béing the only species to possess a high molecular weight
form of adenosine deaminase. These enzymes would appear to corres-
pond to the type -A and type -C deaminases described by Ma and
Fisher (1968b). Whereas the type -C enzymes, as already mentioned,

have been purified and well characterized in a variety of species,
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the type -A enzymes have not been extensively investigated and
little is known about their relationship to the type -C enzymes.
It was with a view to studying this relationship that the
investigations described in the present report were undertaken.
The first half of the thesis is concerned with the purification
of the high and Tow molecular weight forms of the rabbit intest-
inal adenosine deaminase. The latter half of the thesis involves
a comparative study of the properties of the two forms and also
describes attempts at converting the high molecular weight form

into the low molecular weight form.
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MATERIALS AND METHODS
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DETERMINATION OF ADENOSINE DEAMINASE ACTIVITY

Unit of Enzyme Activity

The unit of adenosine deaminase activity is defined as that
amount of enzyme, which will deaminate one micromole of adenosine,

buffered at pH 7.0, per minute at 37°C.

Estimation of Enzyme Activity

The activity of the enzyme was determined by two methods:
(i) Estimation of Tiberated ammonia (Conway, 1939)
(ii) Measurement of decrease in adenosine concentration by spectro-

photometric assay.

(i) The ammonia liberated from adenosine by the enzyme was quantit-
atively determined by the Conway Microdiffusion Method. No. 1 type
Conway Units were set up in duplicate as fo]]ows:
Outer chamber : 1 ml. satd. K,COj
Central chamber :* 1 ml. 1% boric acid incorporating mixed
indicator (0.0033% bromocresol green
and 0.0066% methyl red)
The buffered substrate was prepared as follows: To 30 ml. of
1% adenosine was added 70 ml1. 0.1M phosphate buffer pH 7.0(final
adenosine concentration was 0.3%)
5 ml. of this mixture was pipetted into a test-tube, which
was placed in a water bath at 37°C. After temperature equilibration,
1 ml. of suitably diluted enzyme (also equilibrated at 37°C) was
added to the buffered substrate. The contents were rapidly mired
and replaced in the bath. After a suitable time interval, Iml. was

withdrawn and placed in the outer chamber ef the Conway Unit, which
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contained satd._K2C03. The unit Was quickly sealed by means of

a glass 1id with adhering fixative(paraffin wax and vaseline),

rotated gently and allowed to diffuse at room temperature for 2 h.

The contents of the centre chamber were then titrated to a pink

colour with 0.01 N HC1 using a horizontal microburette. From the

titration figure, the activity of the enzyme solution can be
determined.
Controls and an ammonia standard were run simultaneously.

(a) Enzyme blank. 0.6 ml. of suitably diluted enzyme was diluted
with 3 ml. of water, treated in a similar manner to the analy-
tical tubes, and 1 ml. added to the outer chamber of a Conway
Unit. |

(b) Adenosine blank. 0.6 ml. water added to 3 ml. buffered substrate,
and treated the same as the analyticals.

’ v(c) Absolute blank. 1 ml, distilled water added in duplicate to
the outer chamber of prepared units.

(d) Ammonia standard. 1 ml. standard ammonia solution (50 ng. NH3-

N/mi.) added to the outer chamber.

(ii) Spectrophotometric assay

The spectrophotometric assay of adenosine deaminase is based -
on the fact that the absorption of adenosime at 265 nm is 40% greater
than that of inosine at the same wavelength(Kalckar, 1947). An

: 1
adenosine solution(0.1 mM) was prepared, which gave a E265c§h of 1.3

on the specirophotometer.

Procedure !

(1) 3 ml. substrate {nreviously incubated at 3700) was pipetted

’
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into the analytiéal cuvette of light-path length 1 cm.

(2)‘ 0.1 ml. suitably diluted enzyme was added to the substrate,
the contents rapidly mixed, and the spectrophotometer allowed
to record continuously over a period of 2 min. 3 ml. phosphate
buffer pH 7.0 was placed in the blank cell,

(3) The AE/min. was measured in.the initial part of the curve, and

- enzyme activity determined using the following equation:

AE/min. x 3.1
0.1 x 8.1

é.u./m]., =

The activity obtained with this method of assay represented
only 65% of the true activity obtained by the microdiffusion technique.
The concentration of adenosine used in the spectrophotometric assay
method (0.1 mM) was too low to give zero order kinetics and maximum
. velocity. However, this method is very rapid, and was used ihstead

of the microdiffusion assay, where speed rather than accuracy was

required.

A RAPID QUALITATIVE METHOD FOR RECOGNITION GF
ADENOSINE DEAMINASE ACTIVITY

This assay method is based on the colour change observed when
alkali is added to a solution of phenol violet indicator (orange—

blue). The alkali in this case was provided by the ammonia liberated

by the action of the enzyme on adenosine.

adenosine
ADENOSINE + H,0 > IMOSINE + NHy —
deaminase

PHENOL VIOLET =
Orange —>» Blue
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Procedure :

To 1.0 g. Agar, 1.0 g. adenosine and 25 ml, distilled water
was added 25 ml. saturated phenol violet solution. The entire
mixture was heated to 90°C with constant stirring. It was then
poured into a shallow dish, and allowed to set in a uniform layer.
On application of the analytical solution to the gel, the appearance
of a dark blue spot indicated enzyme activity, the length of time
taken for the épot to appear being inversly proportional to the
enzyme activity. This method was very useful for detecting regions

of enzyme activity during elution of columns.

DETERMINATION OF AMP DEAMINASE ACTIVITY

AMP deaminase activity was estimated essentially by the method
" of Kalckar (1947). 200uM AMP was made up im 0.1M potassium succinate
pH 6.5. To 3 mi. of this buffered substrate solution was added 0.1
ml. enzyme in a 1 cm. cuvette. The decrease in absorbance at 265 nm
was measured spectrophotometrically at 30°C. The rate of change in

optical density at that wavelength gave a measure of the enzyme

activity.

DETERMINATION OF ALKALINE PHOSPHATASE ACTIVITY

Alkaline phosphatase activity was assayed by incubating 0.1 ml.
enzyme with 3 ml. TmM p-nitrophenyl phosphate in 1.0 M Tris buffer
pH 8.0, which is the pk optimum for the reaction (Garen, 1960). The
increase in arsorpticn at 410 nm. resulting from the dephosphorylation

of p-nitrephenyiphosphate to yield p-nitroptenol, was followed
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spectrophotometrically with a cuvette of 1 cm. path length.

The molar absorbancy for p-nitrophenol in 1M Tris pH 8.0 =
1.62 x 104,

Specific activity was calculated using the following

equation:
AE/min. x 1,000

1.62 x 10* x mg. enzyme/ml.

Sp. Activity (units/mg. protein) =
' reaction mixture

DETERMINATION OF 5'-NUCLEOTIDASE AND ACID
PHOSPHATASE ACTIVITIES

The estimation of these enzyme activities was carried out
according to Itoh (Itoh, 1967).
‘ The 5'-nucleotidase was assayed in the following incubation
mixture : 100 ymoles of Tris-Maleate-NaOH buffer pH 6.5, 10 umoles
of MgCl,, 3 umoles of 5'-IMP and enzyme preparation in a total volume
of 1.0 ml.

The reaction mixture for the assay of acid phosphatase contained
in 1 ml., 100 wmoles of acetate buffer pH 5.5, 10 umoles of MgCl,,

3 umoles of disodium phenylphosphate and emzyme.

The incubation was carried out at 37°% for 10 min. and the
reaction terminated by the addition of trichloroacetic acid.to a final
concentration of 5%. The precipitated protein was removed by centri-

fugation and the supernatant fluid used for Pi deter@ination by the
method of Fiske and Subbarow (Fiske and Subbarow, 1925). To the
supernatant fluid was added 5 ml. riolybdate reagent (0.02M ammonium
molybdate in 3.3 N sulphuric acid) and 1 md. 0.25% aminonaphthol-

sulphenic acid and the final volume brought to 25 ml. A control was
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also included using glass distilled water instead of the supernatant
fluid. Both the control and the analytical were incubated at 37°C

for 5 min., allowed to cool, and the absorbance of each measured at

750 nm.

Using a standard phosphate solution, a graph was constructed
relating absorbancg to Pi concentration. From this graph the Pj
concentration of the analytical was estimated.

A unit of activity corresponds to the liberation of 1 umole of

Pi per hour.

DETERMINATION OF XANTHINE OXIDASE ACTIVITY

Xanthine oxidase activity was estimated by measuring the
increased absorbancy at 290 nm when hypoxamthine is converted to

uric acid. A unit of activity is the amoust of enzyme which forms

one micromole of urate per minute at 25°C.

Reagents :
Substrate : 10 mg. hypoxanthine in 500 mi. H,0

Buffer : 50 mM phosphate pH 7.5
Enzyme preparation

Procedure :

Into 1 cm. cuvettes pipetted the following:

Test Control
Buffer 1.9 mi. 1.9 ml.
Water - 1.0 ml.
Enzyne 0.1 mi: 0.1 mi.
Substrate (at zero time) ‘ 1.0 mi. -

The rate of increase in absorbance at 290 nm was then measured
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over a period of several minutes. The rate is proportional to
enzyme concentration within Timits of 0.01 to 0.02 units per test.
-1
The molar absorbancy of uric acid = 1,22 x 10* cm  (Wester-

field, 1959).
AE/min. x 1,000

Sp. Activity (units/mg. protein) =
1.22 x 10% x mg./mi. reaction
mixture

DETERMINATION OF PROTEIN CONTENT

Two methods were used for determining protein concentration.

(a) Biuret Method
(b) Ultraviolet absorption at 280 nm

(a) Biuret Method.

100 mg. purified egg albumen (thoroughly dried in a dessicator)
was accurately weighed out and dissolved in 10 ml. 2% NaCl (protein
concentration = 10 mg/ml1.). A series of protein solutions were
preparéd from this, ranging in concentration from 0-10 mg./ml. (Final
volume = 1 ml.). To each solution 4 ml. Biuret Reagent was added and
allowed to stand at room temperature for 30 min. The absorbance of
each tube was then measured at 555 nm using tube 0 as a blank. Absor-
bance was plotted against protein concentration (mg./ml.) to obtain
a standard graph (Fig. 1). To determine the protein concentration of
a test so]ut{on, 1 ml. was treated as above and the absorbance measured

at 555 nm. From the standard graph the concentration- could be directly

read off.
This method could not be used to obtain an absolute determination

of the protein concentration of crude protein extracts because different
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proteins give different colour yields so that exact values cannot

be determined.

(b) Ultraviolet absorption at 280 nm.

For solutions, whose protein concentration could not be deter-
mined by the Biuret Method (e.g. solutions containing ammonium
sulphate), ultraviolet absorption at 280 nm was used.

With impure protein solutions (containing nucleic acids and

their derivatives) the following equation was employed (Layne, 1957).

. _ Icm - Icm
Protein conc. (mg./ml.) = 1.55 x E280 om 0.76 x E260 om

This is a revised form of an equation used by Warburg and

Christian (1942).
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COLUMN _CHROMATOGRAPHY

Two types of column chromatography were used :
1. Gel-filtration using Sephadex 6-75 and Sephadex G-200.

2. lon-exchange chromatography using DE-52 cellulose.

SEPHADEX GEL FILTRATION

Sephadex gel filtration, first introduced in 1959 by Porath
and Flodin, is a separation method based om differences in molecular
size. It is a rapid and gentle procedure, and therefore specially
suitable for the separation of labile biolegical substances such as
proteins and enzymes. This technique has been used for desalting
and concentration of macromolecules (Flodim, 1960) and in many puri-
fication procedures. It has also been used with success in determin-

. ing molecular weights of protein molecules (Andrews, 1964).

Construction of Sephadex Columns

The dry Sephadex was stirred into a large conical flask, and
allowed to swell in an excess of water for a period of time. Fines
were removed by repeated decantation, and the gel suspension de-
arcated using a suction pump. It was then allowed to equilibrate
over night against the desired bhuffer. A glass column 60 cm. x 2.8 cm.
was mounted vertically, and fitted with an extension tube. The
bottom of the column was packed with & glass wool disc, and some

glass beads. The buvfer wa;}passed up through the column to a height

of about 1¢ am., to aveid 2ir bubblas beinz trapped in the orifice.
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The measured buffer-Sephadex slurry was then poured into the
extension tube and the Sephadex particles allowed to settle under
gravity, while the buffer was allowed to drain off slowly through
the orifiée. When the required bed-height of Sephadex was reached,
the extension tube was removed. A circular paper was allowed to
settle on top of the bed. The column was then attached to a reser-
voir and buffer pasged through the column at a flow rate of 1 ml./
min. (approx.) for 48 hours,

During the latter stages of the work reported in this thesis,

commercial Sephadex columns with plastic fittings were used.

Application of proteins to the Sephadex columns

Proteins were applied to the columns in two Ways. In the first
procedure the meniscus was allowed to run almost into the gel i.e.

" just to the top of the gel bed. The protein sample was then added
slowly, allowed to sink into the bed, and washed down with 1 ml. of
equilibrating buffer. The column was then filled with buffer to the
correct height above the bed and elution begun.

The second procedure used was the "layering" technique. The
density of the protein solution was increased by adding sucrose in
solid form. On appiication to the columns, this formed a layer bet-
ween the Sephadex-gel bed and the eluting buffer. The layer was
allowed to seep inte the gel, and then élution was begun. This method
of application avoided damage to the surface of the Sephadex bed and

was preferred to the former procedure for this reason.

SGH-EXCHANGE CHRGHATUGRAPHY

Ion-exchange chromztography, as opposed to gel-filtretion, allows
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the separation of proteins on the basis of difference in charge,

rather than molecular size.

Treatment of the ion-exchange materijal

The material used was the microgranular anion exchange, Whatman
DEAE cellulose DE 52. This was pre-swollen material, which did not
require cycling with acid and alkali. About 500 m1. 0.03 M sodium
citrate buffer pH 5.8 was added to 50 g. DEAE cellulose. The mixture
was stirred and allowed to stand for a few minutes. The buffer was
filtered off, and the process repeated until the slurry had attained
a pH of 5.8. The material was then washed with excess water, the

fines removed by decantation, and allowed to equilibrate in 0.002M

sodium citrate buffer pH 5.8.

" Construction of the column

A pyrex K 15/30 Sephadex column with plastic fiftings was used.
The base of the column consisted of a porous disc encassed in a screw-
off plastic fitting. The column dimensions were 30 ¢m. x 1.5 cm,
The jon-exchange buffered slurry was poured into the column, and
allowed to settle out under gravity. This was repeated until . the
desired bed height was reached, and the column equilibrated “over

night with a slow flow of 0.002 M sodium citrate buffer pH 5.8..

Application of protein to the column

The buffer was aliowed to drain off until it had almost reached
the top of the DEAE bed. The protein solution was then placed in a
reservoir and allowed to flow on to the colusn. Unabscrbed protein

was removed with the starting buffer and an ionic gradient applied
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to elute the enzyme,

Gradient elution

A reservoir containing 0.03 M sodium citrate buffer pH 5.8
was connected to a 300 ml. mixing chamber containing 0.002 M sodium
citrate pH 5.8, and'provided wjth a magnetic stirrer. This gavé an
increasing gradient which resulted in the elution of adsorbed protein.
The DEAE cellulose had to be regenerated before use again.
This was accompanied by washing with IN HC1 until pH 4.0 was reached,
followed by extensive washing with water. It was then treated with
IN NaOH to bring it to pH 10.0, followed by further extensive washing

with water. The ion-exchanger was then ready for equilibration as

previously described.
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CONCENTRATION OF ADENOSINE DEAMINASE SOLUTIONS

Three procedures were used to concentrate solutions of the
enzyme. In one the deaminase solution was concentrated by freeze
drying (lyophilization). In this procedure a solution of the enzyme
- was frozen in a thin layer around-the walls of a round bottomed
flask by immersion in a mixture of acetone and dry-ice. The flask
was then attached to a Quickfit lyophilizer and evacuated using an
A.E.I. (Associated Electrical Industries) Metrovac Rotary Vacuum Pump
Type GDR 210 (Fig. 2). Since the deaminase was invariably denatured
when concentrated by this method, other procedures were used which
~gave little or no loss in enzyme activity.

In the first of these procedures the deaminase solution was
applied to a DEAE cellulose column (3 cm. x T cm.) and eluted with a
small volume of 2 M NaCl. This method was capable of effecting a ten
fold concentration of the enzyme.

In the second procedure Sephadex G-15 (coarse grade) was used.
The enzyme solution was conveniently concentrated by adding a known
amount of Sephadex G-15 (water uptake - 1.5 ml. per g. dry Sephadex)
to it. Water and low molecular weight substances were then absorbed
by the swelling Sephadex beads, while the enzyme remained in the
external solution. After 15 min. the gel grains were removgd by centri-
fugation and the supernatant retained. This procedure is simple and

rapid and was especially useful when small volumes had to be

concentrated.
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THIN-LAYER GEL FILTRATION

A schematic representation of the apparatus used in this

technique is shown in Fig. 3.

Procedure

The Sephadex (G-75 superfine grade) was pre-swollen in buffer
for 24 h. using 15 ml. of buffer per gram of Sephadex. (When using
G-200, 20 ml. buffer per gram was added, the swelling time being 3
days). The glass plates had dimensions 20 cm. x 10 cm. and were
thoroughly cleaned with detergent and distilled water before use.

The clean dry plates were then coated with the swollen gel, using a
Miller-Kirchner type spreader (supblied by CAMAG, Switzerland). The
thicknesslof the layer was 0.5 mm.

The plates were run by descending chromatography in an air-tight
chamber (polythene basin with glass cover). The solvent reservoirs
were connected, both to the upper and lower ends of the plate, by
filter paper wicks (Whatmant 3 mm.), the upper wick having dimensions
10 cm. x 10 cm. and the lower wick 10 cm x 6 cm. The flow rate
through the gel was regulaied by the angle of the plate to the hori-
zontal which was usually kept between 10 and 20 degrees. The f]o& :
rate was measured by applying a 1% solution of Blue Dextran. This
compound proved to be useful, because it has the same Rf value as
high melecular weight adenosine deaminase, both macromolecules being
completely excluded from the gel. The exact -position of this form of
the enzyme was therefore known at the end of a run. Each run usually

tock 6-8 h., the flow rate being approximately 1.5 cm./h. Befcore
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beginning an experiment, the plates were equilibrated by allowing
the solvent to flow through the gel for about 15 h., a step which
could be conveniently carried out over-night. After equilibration,
the sample was applied with a fine-tipped micropipette, as a spot
1 cm. in diameter. The solvent system used was 0.05 M KC1 pH 7.0.
After completion of a run the plate was removed from the
apparatus and allowed to dry for about 10 min. It was then developed
by a modification of the staining technique used in detecting the
isoenzymes of adenosine deaminase separated by electrophoresis
(Murphy, 1969). Instead of pouring the staining mixture (consisting
in this case of 2.0 g. agar, 1.0 g. adenosine and 50 ml. satd.
phenol violet) directly on to the thin-layer, it was found more
satisfactory to pour it over a clean glass plate and allow it to
solidify. A slab of solid gel was then cut from this and gently
placed on the thin-layer plate, care being taken not to disrupt the

lTayer. The sites of enzyme activity show up as blue spots on a

yellow‘background.

Detection of protein zones after thin-layer gel filtration

Protein zones were located by a modification of the method
used by Morris (Morris, 1964).

After chromatography the plate was supported horizontally and
the wicks removed. A 10 x 20 cm. piece of cellulose acetate paper
was then sdaked in distilled water and partially dried. The moist
paper was applied progressively to the gel surface starting near
the origin and proceeding to the other end of the plate. Care had
to be taken to avoid trapping air bubbles between the gel and the

paper. The celiulose acetate was then removed and the proteins
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fixed by immediate immersion in 10% trichloroacetic acid. Staining

was carried out as described on page 34 (using Method (iii)). A

typical separation of the high and low molecular weight forms of the .
deaminase using the thin-layer gel filtration method is illustrated
on Plate la. After chromatography the gel was stained using the

zymogram staining method.

HIGH VOLTAGE ELECTROPHORESIS

Cellulose acetate paper (Gelman Instrument Co., Ann Arbor,
Michigan, U.S.A.) was supplied commercially in strips 40 cm x 5 cm.
A half strip 20 cm. x 5 cm. was most suitable for separations. 30
mM phosphate buffer pH 7.0 was used in the buffer tanks and it was
also used to moisten the paper connecting wicks, and the cellulose
" acetate strip. Care had to be taken to float the cellulose acetate
strip on the buffer when wetting. If it was quickly submerged below
the shrface, air bubbles formed on portions of the paper, thus pre-.
Venting it from becoming wetted, and unless the paper was dried
thoroughly and re-wetted properly it could rot be used.

After wetting, the celluiose acetate strip was placed between
two sheets of absorbant paper to remove excess surface buffer, and
transferred on to a perspex plate. Protein samples were applied to
the strip by using a very small platinum wire loop or a narrow
rectangular strip of cellulose acetate which had to be scaked in
the protein solution and placed on the sheet. The samples were
applied 4 cm. from one end of the strip, and 1 cm. in from the edge.

The wicks used were 60 cm. x 7 cm. strips of a very thin paper,

having a low water absorbancy (Postlip filter paper, Technical Szales,
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Ltd., London). These were folded over so that the dimensions were
30 cm. x 7 cm. The wicks were thoroughly wetted in the buffer and
the excess moisture removed by blotting with absorbant filter paper.
The cellulose acetate strip, to which the samples were applied, was
then placed between the folds of the wicks, giving an overlap of
about 1.5 cm. at the cathode end.

Both plates of the high voltage electrophoresis apparatus
(Shandon Scientific Co. London) were covered with polythene sheets
for insulation purposes. The cellulose acetate strip was placed on
the plate of the electrophoresis apparatus.. ‘At pH:7.0 the enzyme ran
towards the cathode. A polythene strip 6 am. x 17 cm. was placed on
top of the cellulose acetate, so that it covered the entire strip
with the exception of the ends covered by thg wicks7 Thg top plate
of the apparatus was clamped down to hold the cellulose acetate strip
firmly.

A pressure of 14 1b./sq. in. was applied between the plates.

The apparatus was then cooled by the passage of tap water through

the plates. A potential of 4,000 V. was applied for 15 min. and the
resultant current was usually between 10 and 15 mA. After the run
(which normally took 15 min.) any moisture near the cellulose acetate
was removed with absorbant paper and the strip transferred to a
perspex plate. A strip of polythene 6 cm. X 22 cm. was placed over
it, and any air bubbles formed between the cellulose acetate strip

and the perspex plate were eased out by exerting slight pressure on
the polythene strip. This was an essential step, because the pressure

of air bubbles on the plate presented probiems when testing for aden-

osine deaminase activity.
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LOW VOLTAGE CELLULOSE ACETATE ELECTROPHORESIS

This technique is essentially the same as the high voltage
method just described, except that the apparatus used is greatly
simplified. The tank used (supplied by Shandon Scientific Co. Ltd.)
had four compartments which were filled with buffer solution to a
height of 2.5 cm. below the level of the cellulose acetate strip.

Two buffer systems were employed depending on the type of experimenf
being carried out. 30 mM phosphate buffer pH 7.0 was used when iso-
enzyme patterns were being investigated, and when electropherogram
and zymogram patterns were being compared. When staining for protein
alone however, 50 mM barbitone buffer pH 8.6 was used, as this was
found to give much sharper protein separations than the phosphate

_ buffer system.

In this technique filter paper wicks were not used, the cellulose
acetate strip being allowed to dip into the buffer at each end of the
tank. The same procedure was adopted for wetting the strip and
applying the protein as in the high voltage electrophoresis technique.

In this method however, a voltage of only 300 V. was used, the running

time being approximately 45 min.
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LOCATION OF ADENOSINE DEAMINASE AFTER
CELLULOSE ACETATE ELECTROPHORESIS

Adenosine deaminase was located or the paper using a modified
form of the procedure used by Brady (Brady and 0'Connell, 1962).

1.0 g. adenosine, 1.0 g. agar énd 25 m1. saturated phenol
violet were made up to 50 ml. with water and dissolved by heating
to 90°C. It was cooled to 45°C and poured over the cellulose acetate
strip. The reaction of the enzyme with adenosine, resulting in the
production of ammonia changes the indicator from yellow to blue-black
in those regions where the enzyme is located. A protein solution
confaining a minimum of 3 e.u./ml. was necessary to produce enough
ammonia to change the colour of the gel.Plate 16 Shows a separation
(using the high voltage technique) of the isoenzymes of the low

molecular weight form of rabbit intestinal adenosine deaminase as

stained by this method.

PROTEIN STAINING TECHNIQUES FOR CELLULOSE ACETATE
ELECTROPHORESIS

The following methods were used when staining for protein on

the cellulose acetate strip.

(i) Ponceau S Stain The cellulose acetate strip was immersed

in a 0.02% solution of Ponceau S in 5% trichloroacetic acid
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for 10 min, It was then removed, washed with 5% acetic
acid and dried.

(i1) Nigrosine Stain : The cellulose acetate was placed in a

0.002% solution of Nigrosine in 2% acetic acid over-night.
It was then removed, washed with running tap water and
dried.

(iii) Ponceau S-Nigrosine Stain : This staining method is essent- -

ially a combination of the other two procedures. After staining
the strip in the Ponceau S solution as above, it was removed

and thoroughly washed with 5% acetic acid. It was then placed
in the Nigrosine solution and the staining allowed to proceed

overnight. This staining procedure used by Meighen (Meighen,

1970) gave much better results than Methods (i) and (ii).

POLYACRYLAMIDE GEL ELECTROPHORESIS

Polyacrylamide gel as an electrophoretic medium was suggested
by Raymond (1959) as an improvement over starch gel (Smithies, 1955),
and is used either as horizontal or vertical slabs or in the "disc
electrophoresis" microtechnique of Ornstein and Davies. Sharp
separations of proteins and other mixtures have been reported. The
following method is a modified form of the "disc" technique. In it
both the “"spacer” gel and the "large pore® gel of the Ornstein tech-

nique are omitted. Only microgram quantities of protein are required

and electrophoretic separations are carried cut vertically in homogenous
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réd-shaped gels.
Procedure

Acrylamide gels were prepared by dissolving acrylamide monomer
and cross-linking agent N, N'-methylene-bis acrylamide (BIS) in
water. Properties are such that on addition of suitable catalyst-
accelerator compounds, and exclusion of oxygen, strong gels are
formed after 10-30 min. at rooﬁ temperature. The gel consists of
a three-dimensional network of long hydrocarbon chains, cross-1inked

at intervals by methylene groups:

-CH, - CH = CH, - CH - CH, -
. |
CO - NH CO - NH,

[
CH,

|
CO - NH CO - NH,
| [ -
~CH, - CH - CH, - CH - CH, -

The following working solutions were prepared.

(a) 30 g. acrylamide + 1 g. Bis + 123 ml. water

(b) 0.28% N, N, N', N'-tetramethylethylene diamine (V/V)
(c) 0.14% ammonium persulphate (W/V)

(d) 29 g. glycine + 6 g. Tris + 980 ml. water.

A 5% gel was obtained by mixing the working soluticns in the .
following proportions:
2 vol. (a) + 1 vol. (b) + 4 vol. (c) + 1 vol. (d)

Before}electrophoresis the tubes 5 mm x 35 mm were first of
all cleaned with detergent, then rinsed with distil]ed'water and
finally rinsed in a 1 : 200 solution of “"Photo-flo" solution and
allowed to dry. The bettom end of each tube was theh sealed with

an inert polythene cap. Tae prepared acryleaide monomer solution



was quickly pipetted into each tube, filling each to the same mark

(10 mm. from the top). Each tube was then overlayered with distilled

water, this operation being completed within 10 minutes of adding

the persulphate catalyst to the monomer solution. The function of

the water layer is twofold: to exclude oxygen which would inhibit

~gelation of the top surface of the gel solution and also provide

a flat surface (interface) with no meniscus so that the subsequent

A geT face is fiat and the protein sample 'stacks' at a perfectly flat

origin at right angles to the direction of electrophoretic migration.

Polymerization in the tubes was indicated by the formation of a

refractile boundary between the top of the gel and the water layer.

| The cap was then removed from the end of the gel tube, taking care

to avoid disturbing the gel by suction. The overlayered water was

poured off and the gel surface wéshed with a gentle stream of dis-

éil]ed water. The gel surface was never allowed to dry ocut.
Electrolyte used in the electrophoresis was 1:10 dilution of

a stock solution prepared as follows:

29 g. glycine

6.0 g. Tris

5ml. 1T N HCI

975 ml. distilled water

The pH of the diluted stock solution was then adjusted to 8:1.
The Tower tank of the electrophoretic apparatus was filled with
electrolyte, and the gel tubes fitted into position. The protein
solutions were mixed with an equal volume of 6% sucrose (containing
a trace of bromophenol blue). After application to the gel surface,
the protein sclution was then carefully layered with the electrelyte,

filling each tube to the top. The upper task was next filled with
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electrolyte, and the electrodes cohnected to the power supply.

A current of 2 ma/tube was used until the bromophenol blue
had decended into the gel. It was then increased to 5 ma/tube and
electrophoresis allowed to proceed until the dye had almost reached
the end of the tube. This took approximately 20 min.

After electrophoresis, thg gels were removed from the tubes
by squirting water from a syringe between the gel and glass wall,
and by using a pipette bulb to exert pressure.

Proteins were fixed and stained by immersion of the gels in 0.1%
Amido Black in 7% acetic acid for 1 h. Staimed gels were cleared of

residual dye by leaching in 7% acetic acid.

Zymogram stain for adenosine deaminase

A modification of the zymogram stain developed by Harris for
" starch gel electrophoresis (Harris, 1968) was used. ‘

0.2 g. agar and 10 mg. adenosine were added to 15 ml. phosphate
buffer pH 7.5 and the mixture heated fo 90°C. On cob]ing to 40%,
8 ul nuéleoside phosphorylase, 8 ul xanthine oxidase, 2 mg. tetrazolium
salt (MTT) and 2 mg. phenazine metasulphate were dissolved in 5 ml.
phosphate buffer pH 7.5 and added to it. The acrylamide gels were
then placed in tubes containing this staining mixture, and the tuBes
kept in the dark for about 5 min. Sites of enzyme activity showed
up as blue bands on a yellow background.

Satisfactory photographs of these gels could not be obtained as
the yellow background quickly turned blue die to photo-oxidation of

the dye. However, the number of bands present could be counted.
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SODIUM DODECYL SULPHATE POLYACRYLAMIDE
GEL ELECTROPHORESIS

Electrophoresis in polyacrylamide gels in the presence of the
anionic detergent sodium dodecyl sulphate (SDS) has proved to be a
useful tool for the separation and identification of polypeptide
chains (Maizel, 1966; Shapiro, 1966; Vinvela, 1967). The following
method is a modification of the technique developed by Weber (1969).

Preparation of protein solutions.

The proteins were incubated at 37°C for 2 hours in 0.01M sodium
phosphate buffer pH 7.0, 1% in SDS and 1% in g-mercaptoethanol. After
incubation the protein solutions were dialysed over-night against 500

ml. of 0.01M sodium phosphate buffer pH 7.0 containing 0.1% SDS and

. 0.1% g-mercaptoethanol.

Preparation of gels.
Gel buffer contained 8.8 g. NaH,P0, 2H,0, 20.5 g. Na,HPO, and 2g.

SDS per litre of water. 11.1 g. of acrylamide and 0.3 g. of methylene-
bis acrylamide (BIS) were dissolved in water to give 100 m1. of solut-
jon. The glass gel tubes were 10 cm. long with an inner diameter of
6 mm.

For a typical run the following mixture was prepared:

15 m1. gel buffer
13.5 ml. acryiamide solution

1.5 ml. ammonium persulphate {15 mg./ml.)
0.5 ml. N, N, N', N'-tetramethylethylenediamine(TEMED)

After mixing, each tube was fiiled with 2 ml. of this solution,

which was then overlayed with water. After 10 to 20 min. an interface
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could be seen indicating that the gel had solified.

Preparation of samples.

Prepared a solution containing the following reagents:

1 ml. 0.05% Bromophenol Blue
20 ml. glycerol

1.6 ml. mercaptoethanol

16 ml. dialysis buffer

The protein solution to be analysed was diluted 1:1 with this
mixture, and applied to the gels. The two compartments of the
electrophoresis apparatus were filled with gel buffer, diluted 1:1
with water. Electrophoresis was performed at a constant current
of 8 ma per gel with the positive electrode in the lower chamber.
Under these conditions the marker dye moved three-quarters through

the gel in approximately 4 hours.

Staining and destaining.

After removing the gels from the glass tubes the position of
the dye froﬁt was marked by inserting a piece of copper wire into
the gel. The gels were placed in small tubes filled with staining
solution prepared by dissolving 2.5 g. Amido Black in a mixture of
908 ml. of 50% methanol and 72 ml. of glacial acetic acid. ‘Staining
Qas at room temperature for a period of.l h. The gels were removed
from the staining solution, rinsed with distilled water and placed
in destaining solution (908 ml. of 50% methanol and 72 ml. of acetic
After destaining, the gels were placed in 7% acetic acid for

acid).
a few hours to enable them to swell to their original size(destaining

caused shrinkage).
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Measurement of protein mobilites

The mobilites of individual proteins after electrophoresis

were calculated using the following equation:

6.5 x Distance travelled by protein (cm.)

Mobility (cm.) =
Distance travelled by dye (cm.)

6.5 (cm.) was an experimentally determined value of the distance
normally travelled by the dye under the above experimental ccenditions.
However, the value sometimes varied from one experiment to another
and all mobilites were therefore re-calculated using the figure 6.5
as a standard dye mobility. Distance travelled (both for the dye and
the proteins) was measured from the origin to the leading edge of the

band (marked by the piece of coppef wire). -

UREA-POLYACRYLAMIDE GEL ELECTROPHORESIS

The following gel reagents were prepared:

(A) Acrylamide 45g.
N,N'-methylene bisacrylamide 5g.
Water to 500 ml.

(B) 0.1 M ammonium persulphate
(€) 5% TEMED (v/v) -
(D) 1.0 M Tris half neutralized with HC1

(pH 8.1 approx.)

When prepariné the gels 12 ml. (A), 0.5 m1. (C), 1.5 ml. (D),
1.0 ml. water and 15 g. urea were mixed, waried to 20°C and the
solution then degassed. Polymerization was initiated by the addition

of 0.1 mi. (B), and the mixture immediately pipetted jnto the gel
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tubes. Water was layered onto the gel surface in the usual way.
(Setting time was about 15 min.).

The samples (10-100ul per gel) were loaded in 8M urea containing
0.1M Tris half neutralized with HC1 (pH 8.1). The cathode buffer
contained 0.1M Tris base and 0.1M glycine pH 9.0 approximately, and
the anhode buffer contained 1.0 M Tris chloride pH 8.1. The current
was 2 ma/tube initié]]y and later 3 ma/tube. The running time was
about 1h. during which time the bromophenol blue added with the
sample migrated about 6 cm. The gels were ejected from the tubes
in the usual manner, stained with 1% Amido Black in 7% acetic acid,

and then destained using 7% acetic acid.

PHOTOGRAPHIC RECORDING OF ZYMOGRAMS AND
ELECTROPHERDGRAMS

These were photographed with a 35 mm Durst model camera attached
to its enlarger, loaded with 35 mm I1ford FPS film. The exposure
time was 1/10 sec. at an aperture of F11. The patterns to be
photographed were illuminated with four 158 watt enlarger lamps.

" When zymograms were being photographed, a yellow filter was used‘£3

increase contrast.

DENSITOMETRY |

Densitometer tracings of both electrophoretic and chromato-

grapitic patterns were obtained using a Joyoe Lobel Chromoscan.
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RADIOACTIVITY MEASUREMENTS

Radioactivity wés measured using a Nuclear Chigago Gas Flow
Detector (Model 480) with a Basic Binary Scale (M 161 A) attach-
ment. A voltage of 12,000 V and a gas pressure of 6 1b./ sq. inch
were used. 0.5 ml.. of each radioactive fraction was pipetted
onto an aliminium planchet which was placed in the detecting
chamber. The number of counts was read over a period of 10 min.

from which the counts/min. could be determined,

HYDROLYSIS OF PROTEINS

Heavy walled Pyrex tubes (16 mm x 125 mm) were washed with
chrbmic acid, rinsed in distilled water and finally rinsed in IN
HC1. The residual HC1 was removed in an air oven at 100°C and
the tubes stored inverted in a covered container. The weighed
lyophilized protein sample was then placed in a tube and 1"'ml. of
constant boiling HC1 (5.7N) added. The tube was evacuated using
a mechanical pump, dearation being controlled by cooling the tube
in an acetone-dry ice mixture. When bubble formation ceaseq the
tube was sealed and heated at 110°C in 5 thermostatically controlled
oil-bath for a definite period of time. After hydrolysis the tube
was removed, cooled to room temperature. and any liquid adnering to
the walls was spun down by ggntle centrifugation. The hydrolysate

was then concentrated to dryness with a rotary evaporator.
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AMINO ACID ANALYSIS

Amino acid analysis was performed according to Moore and
Stein (1963) using a Lochart automatic amino acid analyser
equipped with an automatic Toading system. A comp]ete.amino
acid analysis was performed on a gingle column using the follow-
ing discontinuous buffer system: 0.2 N sodium citrate buffer pH
3.25 and 0.2N sodium citfate buffer pH 4.25 were used to elute
the acidic and neutral amino acids and 0.35 N sodium citrate
buffer pH 6.65 was used to elute the basic amino acids. The
column was packed with a nominal 10% cross-linked resin (Permutit
Zeo Carb 225). The eluted amino acids were detected by reaction
with ninhydrin, the buffer and ninhydrin reagent being metered by
Milton Roy Minipumps. The coloured complex was developed by
* passage through a coil of Teflon tubing submerged in a boiling
water bath and estimated by passage through a flowthrough color-
imeter, the results being presented on a Kent multipoint strip
chart recorder. A complete analysis including column regeneration
and equilibration took 8%h. The colour constants for e%ch amino
acid were determined using a solution containing 25 n moles of

each amino acid (12.5 n moles of cystine were used).
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RESULTS

SECTION 1

PRELIMINARY STUDIES
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LEVEL OF ADENOSINE DEAMINASE ACTIVITY
IN VARIOUS TISSUES

The level of enzyme activity in various rabbit tissues has
already been investigated (Conway and Cooke, 1939; Clarke, 1952;
Brady and 0'Donovan, 1965). Spleen and duodenum were found by
these workers to have highest concentrations of the enzyme. In
the present inQestigation a small number of tissues, brain, spleen,
liver and duodenum were selected for study, as possible starting
material for purification of the enzyme. Both young and mature
laboratory bred animals were examined.

1g. portions of each tissue were homogenised with 5 ml. glass
distilled water, allowed to extraci for 2 h. and centrifuged at
13,000 r.p.m. for 10 min. The supernatants were assayed for enzyme
activity by the Conway Microdiffusion Method, and protein deter-
mined by the Biuret.

Table 1 shows the results obtained.

TABLE 1. Activity of Adenosine Deaminase in Rabbit Tissues.

Activity (e.u./g. of Fresh Tissue.)

Tissue Young Animal Mature Animal
Duodenum 16.5 - 17.8(2) 15.0 - 18.0(3) ‘
Spleen 6.6 - 10.4(4) 8.5 - 10.4(3)
Brain 0.6 - 1.3 (4) 2.1 - 2.5 (3)
Liver 0.5 - 1.1(4) 0.5 -~ 0.8 (3)

The figures in parentheses represent the number of

animals studied.
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The level of activity in the tissues studied shows a consid-
erable fluctuation, the duodenum having the higheSt level and the
liver the lowest. In table 2 the results obtained are compared

with previously published data:

TABLE 2. Comparison of Adenosine Deaminase Activities in Rabbit
Tissues with the Results of Previous Surveys.

Clarke Conway Brady & Present

Tissue et al & Cooke 0'Donovan Study
(1952)  (1939) (1965)

Mature Young

Duodenum - 4.6 10.7 16.2 17.2
Spleen - 6.3 11.6 9.6 8.4
Brain 1.3 1.3 2.7 2.2 1.1
. Liver 0.3 0.6 0.4 0.7 0.7

Values given are e.u./g.-of fresh tissue

There is reasonable agreement between the results for spleen,
brain and liver. However, the value obtained for the duodenum in
the present study is considerably higher than that obtained in other
surveys. An interesting point revealed in this investigation was
the fact that the level of enzyme activity in the brain of ;he mature
animal is twice that in the young. This may reflect an increase in
enzyme activity during development of the animal. An?ther unusual
feature of the rabbit brain is that the level of deaminase activity
is almost tenfold the average activity of czt, dog, mouse, guinea-pig

and rat brain (Brady and 0'Donovan, 1965},
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DISTRIBUTION OF ENZYME ACTIVITY IN THE INTESTINE

During preliminary studies carried out in this laboratory on
the rabbit intestinal adenosine deaminase, the duodenum (approx-
imately 20 cm. in length) was used as a source of the enzyme(Murphy,
1967; Meegan, 1969). However,the quantity of enzyme obtained from
a single duodenum is so small that a considerable number of animals
would be required for a purification from this source. It was there-
fore, with a view to obtaining more of the enzyme that a study of its
distribution in the intestine was carried out.

The combined duodenum and small intestine were removed from a
mature rabbit (as described), and cut into 12 sections (each 15 cm.
in length). From each section extracted 0.5g. tissue with 4.5 ml.
distilled water. After centrifugation the level of activity in the
.supernatants was estimated by the microdiffusion technique.

Fig. 4 shows the results obtained.

The plot shows that the upper small intestine contains a consid-
erable amount of’enzyme, the level of activity being almost as high
as the duodenum in parts. The level falls off gradually towards the
end of the ileum and the jejunum. The distribution of deaminase
activity in porcine intestine shows a similar pattern (Noonan, unpub-
lished data). These results however, differ from studies on the cat,
rat and guinea-pig intestines, the level of activity in the jejuna of
these animals being the same as in the duodena (Brady qnd 0'Donovan,
1965).

Throughout the work on the purification of the rabbit enzyme

therefore, the first 54 cm. (zpprox.) of intestine was used. This

gave a much-greater quantity of enzyme (Note: the duodenum is included
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FIG. 4, Distribution of adenosine deaminase activity along the small intestine of the
rabbit. Portions of tissue (0.5 g.) taken at 15 cm. intervals were extracted (dil. 1:10)

and the activity of the supernatant fluid obtained after centrifugation estimated using
the Microdiffusion Method of assay (pH 7.0).

‘8Y
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in this length of intestine).

In the purification of adenosine deaminase from bovine
intestine (Brady, 1962), the mucosa of the intestine was used as
a source of the enzyme. This was not feasible with the rabbit
intestine because of the small quantities of mucosa which can be
obtained. A comparison was made however, of the level of activity

in the intestinal wall and the mucosa.

Resuls are shown on Table 3.

TABLE 3. Level of Adcnosine Deaminase Activity in Muccsa and
Intestinal Wall Extracts of Rabbit.

e.u./ml. Total e.u. Sp. Activity(e.u./mg.)

Extract
Mucosal 0.95 4.75 0.1
Intestinal Wall 0.84 4.20 0.06

It can be seen that there is no significant difference in the
level of activity between the mucosa and intestinal wall. Hcwever,
the specific activity of the mucosal extract is almost double that
of the intestinal wall extract, indicating that the mucosa would be

a better source of the enzyme for purification providing enough of

it could be obtained.
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DISTRIBUTION OF THE TWO FORMS OF THE ENZYME IN THE
SMALL INTESTINE, AND IN OTHER RABBIT TISSUES

Murphy and Brady (1969) have presented evidence that rabbit
intestinal adenosine deaminase could be separated by gel filtration
into two components: a high molecular weight one and a lTow molecular
weight one. A typical Sephadex G-75 elution pattern is illustrated
in Fig. 5. The high molecular weight form, being excluded from the
gel, is eluted at the void volume of the column, and is followed by
the low molecular weight peak of activity.

The distribution of the two molecular forms of the enzyme in
different regions of the small intestine was investigated. Aqueous
extracts (dilution 1:5) of duodenum, ileum and jejunum were made,
and after centrifugation, samples of the supernatant applied to a
previously equilibrated Sephadex G-75 coated thin-layer plate, 0.05 M
KC1 was used as solvent. After chromatography the enzyme zones were

located by the zymogram stain for adenosine deaminase (p. 29)

Results are shown on Plate 2.

The ratio of the two molecular forms differs in the three regions
of the intestine, the low molecular weight form being of highest
concentration in the duodenum, and the high molecular weight form
contributing to most of the activity in. the jejunum. These results
were obtainea with four rabbits (two young and two mature) so that
the pattern would appear to be a fairly general one. -

The ratic of the molecular forms was also compared in the mucosal

scrapings and the intestinal wall. However, nG apparent difference

could be detected between them.
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FIG. 5. Gel filtration of adenosine deaminase on Sephadex G-75(coarse),
3 ml. of an aqueous extract (dil. 1:5) of rabbit intestine was applied
to the colum which was equilibrated with 0.04 N Tris buffer pH 7.4
containing 0.24 M KC1. 3 ml. fractions were collected and enzyme
activity estimated using the Microdiffusion Method of assay (pH 7.0).
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PLATE 2. THIN-LAYER GEL FILTRATION PATTERNS OF EXTRACTS
FROM VARIOUS REGIONS OF THE RABBIT SMALL INTESTINE. THE
STAIN USED WAS THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR

ADENOSINE DEAMINASE.
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PLATE 3. THIN-LAYER GEL FILTRATION PATTERNS OF AQUEOUS
EXTRACTS OF VARIOUS RABBIT TISSUES. THE STAIN USED
WAS THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR ADENOSINE

DEAMINASE.



52.

Distribution in other tissues.

Brain, veriform appendix and spleen were the only other rabbit
tissues which were active enough to give results using the thin-
layer gel filtration method. Aqueous extracts were prepared as
before and applied to the plate. The patterns obtained are shown
~on Plate 3. No high molecular weight enzyme could be detected in
either brain or veriform appendix, but a small amount was found to
be present in the spleen preparation. This presumably is a similar
enzyme to the high molecular weight adenosine deaminase found in the
intestine as it moved to the same position as the Blue Dextran marker.

Rabbit liver, shown by Ma (Ma, 1969) to have almost all of its
adenosine deaminase activity in the high molecular weight form, could
not be analysed by this method as the activity in this tissue is
extremely low (C.5 e.u./g. of fresh tissue). However, as will be
- seen later, preliminary steps in the purification of the rabbit Tiver

enzyme have been worked out, and Ma's finding was verified.

EXTRACTION OF ADENCSINE DEAMINASE FROM RABBIT INTESTINE

A number of different extraction procedures were carried out
in order to obtzin an extract suitable for purification.

The purification scheme for the bovine enzyme developed by
Brady (Brady, 1962) employed the use of acetone—dried.powders of
the intestinal mucosa as an enzyme source. These acetone-dried
powders have the advantage thet enzyme activity is retained indef -
inately wnen stored in this fern.  In the Toliowing experiment ihe

whole intestine and an acztone-powaer of the intestine were comparad

as ‘sources of the rabbit enzyme.
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Aqueous extracts of whole intestine and an acetone-powder
of the intestine were prepared, and the activities of the extracts

estimated. Results are shown on Table 4.

TABLE 4. Extraction of Adenosine Deaminase From Rabbit Intestine.

Adenosine Deaminase Activity

Total e.w. % Recovery
Aqueous extract 24.6 100
Acetone-dried intestine ’ 7.6 31

Compared with aqueous extraction there is a marked reduction
in activity after acetone treatment, only 31% recovery being obtained.
_ This is very different from bovine mucosal deaminase which is not

inactivated by acetone treatment (Hegarty, 1962).

Rabbit intestine differs from bovine imtestine in that the
former possesses a high molecular weight form of adenosine deaminase,
not present in the bovine. The possibility that this form of the
erizyme may be either compartmented er membrene bound was investigated
by extracting intestinal homogenate with the following extractants:

Glass distilled water
1% Triton x-100
0.025 M sucrose

Trypsin (final concentration 0.5 mg:/ml.)
After allowing the extracts to stand at 4°C overnight, they

were centrifuged (10 min. at 15,000 r.p.m.) and the supernatants

assaved for both adcnosine deaminase and atkaline phosphatase activities.
< J |
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Table 5 shows the results obtained.

TABLE 5. Extraction of Adenosine Deaminase and Alkaline
Phosphatase from Rabbit Intestine.

Adenosine Deaminase Alkaline Phosphatase

Extractant - AE/min. % Recovery AE/min, % Recovery
Distilled water 0.28 100 0.16 100
1% Triton x-100 0.25 90 0.20 125
0.025 M Sucrose 0.30 107 0.20 125
Trypsin (solution) 0.30 107 0.19 120

It'can be observed that there is little difference in the yields
~ of adenosine deaminase obtained with the above extractants. Trypsin
digestion increased the deaminase concentration by 7% and the alkaline
phosphatase by 20%. These results contrast with those obtained by
Brady (Brady and 0'Connell, 1962) who found that digestion of bovine
intestinal extracts with trypsin gave no imrease in deaminase, but
produced a 500% increase in alkaline phosphetase. The a]ké]ine
phosphatase in rabbit intestine is therefore apparently differenp .
from that found in bovine intestire.

The ratios of the molecular forms of adenosine deaminase in
the above extracts were compared. After applying the extracts to
a previously prepared thin-layer plate (Sepkedex G-75.using 0.05 M
KC1 as solvent), development was allowed to proceed and the adenosine
deaminase zones located by the zynogram stain. There was no apparent

difference in the ratio of the two enzyme farms in each extract.

It would appear therefere from these results that the two forms
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of the deaminase in rabbit intestine cannot be differentially

extracted from this tissue using Triton x-100, sucrose or digestion

with trypsin.

EXTRACTION USING ACID AND ALKALINE BUFFERS

In attempting to find a suitable extractant for large scale
purification work the use of acid and alkaline buffers was investi-
gated. Pencreatic enzymes have been extracted with dil. H,S0,
(Northrop, 1948), and a better yield of glyceraldehyde phosphate
dehydrogenase was obtained by extracting muscle with dilute alkali
than with water (Corri, 1948). In the present study the use of the
following buffer systems was investigated and compared with aqueous

extraction:

a) 0.2 M Acetate pH 5.5
b)  Water _
c) 0.2 M Tris pH 8.3

The intestine was homogenised with one volume of the buffers,
A further four volumes were added and after centrifugation the enzyme

and protein concentrations were estimated. Table 6 gives the Results

obtained.
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TABLE 6. Extraction of Adenosine Deaminase from Rabbit Intestine.

Extractant Deaminase Activity Protein Conc. Sp. Activity
e.u./ml mg/ml. e.u./mg

0.2 M Acetate pH 5.5 - 0.86 5.0 0.17

Water _ : 0.82 5.8 0.14

0.2 M Tris pH 8.3 ~ 1.06 12.3 0.08

The specific activities show considerable variation, the value
of the acetate extract being double that of the Tris extract. Although
more enzyme was extracted with the pH 8.3 buffer, there was also a
considerable amount of unwanted protein extracted. 0.2M acetate pH
5.5 was therefore chosen as the most suitable extractant because it
f g%ve a slightly higher specific.activity than water alone.

The standard extraction procedure adopted for the purification
of the enzyme was the following: the rabbit intestine was homogenised
with 1 volume of 0.2 M acetate pH 5.5. Four volumes of the buffer
was then added to the homogenate which was allowed to stand (with
intermittent shaking) at 4°¢c for approximately four hours. After

centrifugation at 10,000 r.p.m. for 20 min. the supernatant was re-
/

tained.
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SECTION T

PURIFICATION OF THE HIGH AND LOW MOLECULAR
WEIGHT FORMS OF THE DEAMINASE

PURIFICATION OF THE LOW MOLECULAR WEIGHT FORM OF
RABBIT INTESTINAL ADENOSINE DEAMINASE
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PURIFICATION 1

ACETONE FRACTIONATION OF THE CRUDE EXTRACT

One of the methods frequently used in the purification of
enzymes is fractional precipitation using organic solvents. Since
these reagents inactivate most enzymes at room temperature (acetone
has already been shown to inactivate the rabbit intestinal adenosine
deaminase. P. 53 )special precautions were taken to keep the temp-

erature as low as possible.

Pilot Acetone Fractionation

10 m1. of an acetate extract of the intestine was used. Ice-
cold acetone was added gradually to the cold extract with intermittent

' shaking to prevent localized concentration of the solvent. The foliow-

ing fractions were collected:

50 volumes % acetone Fraction 1
90 volumes % acetone Fraction 11
170 volumes % acetone Fraction 111
220 volumes % acetone Fraction 1V

After addition of the 50 V.% acetone (5 ml.) the precipitate” ™
was quickly shaken and allowed to flocculate for 30 min., at 4%
before centrifugation (20 min. at 10,000 r.g.;m.) in a Pefrigérated
centrifuge. The precipitate was dissolved in a minimum volume (3 in1.)
of distilled water (Fraction 7). The superratant was hoo]ed in a
freezing mixture with the minimum of delay and ice-cold acetone added

to 90 V%. The precipitate was again allewed to flocculate for 30 min.

in the cold and centrifuged for 20 min, at 10,000 r.p.m. in a refrig-

FJ
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erated centrifuge. Having dissolved the precipitate in water
(Fraction 11) the same procedure was adopted for 170 volumes?%
and 220 volumes % as for the previous fractions.

The dissolved precipitafes were dia]ysed.overnight against
distilled water to remove excess acetone before analysis. Results

of the fractionation are shown in Table 7.

TABLE 7. Pilot Acetone Fractionation of Crude Extract.

Vol. Total Sp. Act. Yield Purification

(m1) e.u. e.u./mg. % factor
Acetate Extract. 10 13.2 0.20 100.0 1
Fraction 1 3 1.3 0.05 9.5 -
Fraction 11 5 4.0 0.59 33.2 2.9
Fraction 111 3 4.6 1.15 30.8 5.8}4 °
' Fraction ] 3 0.0 0.00 0.0 0.0

The bulk of the deaminase was precipitated in Fractions 11 and
111, a recovery of 64% and a four-fold purification being obtained.
It is interesting to note (in view of the fact that tyo enzyme forms

are present) that approximately 50% of the recovered activity was in

Fraction 11 and 50% in Fraction 111.

Large Scale Acetone Fractionation

A small volume of the acetate extract was concentrated (using

a DEAE cellulose coiumn,(2.5 cm. x 1 cm.) and applied to a Sephadex

G-75 (coarse) column. The elution pattern is shown in Fig. 6.
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FI16. 6. Gel filtration of adenosine deaminase on Sephadex 6-75 (coarse). 3 ml. of a concentrated
acetate extract of rabbit intestine was applied to the column which was equilibrated with 0.04 M

Tris buffer pH 7.4 containing 0.24 M KC1. 3 ml. fractions were collected and enzyme activity
estimated using the Microdiffusion Method of assay (pH 7.0). '

‘09
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Measurement of the area under the peaks showed that 40% of the
activity was present in Peak 1 (High molecular weight form) and
60% in Peak 11 (Low molecular weight form).

100 m1. of crude acetate extract (containing both forms of
the enzyme as shown) was fractionated with acetone as already des-

cribed. Results are shown in Table 8.

TABLE 8. Large Scale Acetone Fractionation of Crude Extract.

Total Sp. Act. Yield High Mol. Low Mol.
e.u. e.u./mg. % Wt. form(2%) Wt.Form(%)

Acetate Extract 131.7  0.20 100 40 60
50-90% Acetone 28.6 0.29  21.8 88 12
90-170% Acetone 44.8  1.02 3.0 1 ' 99

In this fractionation 21.8% of the activity was recovered ip
the 50-90% acetone fraction and 34% in the %0-170% acetone fraction,
giving an overall recovery of only 56%.

3 ml. of each fraction was next applied to the Sephadex G-75
column. Fig. 7 shows the elution patterns obtained. It can be
observed that separation of the two forms was achieved by acetone
fractionation, the high mol. wt. form being almost exclusively present
in the 50-90% acetone fraction, and the low mol. wt. form in the 90-
170% acetone fraction.

Despite the fact that excellent separation of the two enzyme
forms was achieved, the yield of enzyme after acetone fracticnation
In an effort to obtain better yields, further fraction-

was very low.
ations were carried cut, taking extra precamtions to keep the temp-

)
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FIG. 7. Gel filtration of adenosine deaminase on Sephadex G-75

(coarse).
(a) 3 ml. of a 50-90% (v/v) acetone fraction (sp. act. 0.29 e.u.)

(b) 3 mi. of a 90-170% (v/v) acetone fraction (sp. act. 1.02 e.u.)

were applied to the column which was equilibrated with 0.04 M Tris
buffer pH 7.4 containing 0.24 M KC1. 3 ml, fractions were collected
and enzyme activity estimated using the Microdiffusion Method of

assay (pH 7.0).
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erature as low as possible (fractionations were carried out in the
cold room at 4°C, keeping both the enzyme solution and acetone in

a freezing ice mixture). In spite of this the yields were low and

variable.

EXAMPLES OF TWO ACETONE FRACTIONATIONS. TABLE 9 AND TABLE 10

TABLE 9

Total Sp. Act. Yield High Mol. Low Mol.

e.u. e.u/mg. % Wt.form(%) Wt.form(%)
Acetate Extract 1870 0.31 100 33 . 66
50-90% Acetone 87 0.20 4 66 33.
90-170% Acetone 563 1.4 31 2 98
TABLE 10
Total Sp. Act. Yield
e.u. e.u./mg, %
Acetate Extract 414 0.26 100
50-90% Acetone 51 0.18 12
90-170% Acetone 192 1.20 46 -

The results shown in Tables 9 and 10 were disappuinting, the
yield of enzyme in both cases being very Jo¥ (35% and 58% respect-
ively). The yield obtaired in the 5C-30% atctene fractior was
considerably lower than previous results haf indicated. However,
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the fractionation procedure did separate the two enzyme forms

(although not completely) as already observed.

DEAE CHROMATOGRAPHY AT pi 5.8

Although poor recoveries were obtained after acetone fraction-
ation, it was decided to continue with the purification using DEAE
chromatography as a furtﬁer step. This aniom exchanger has been
successfully used (the columns being developed at pH 5.8) in the
purification of the bovine intestinal deamimase (Murphy et al., 1969).
Since the electrostatic binding properties of an enzyme depend on its
isoelectric point, and the bovine intestinal and rabbit intestinal
adenosine deaminases appear to have very similar isoelectric points
' (Brady and 0'Donovan, 1965), chromatography was carried out at pH
5.8.
| Previously prepared enzyme (Sce Table 9)'was used. Because of
the very low recovery (4%) in the 50-90% acetone fraction, it was
decided to concentrate on the purification of the Jow molecular weight
form only. However, both fractions were applied to the Sephadex G-75
column (Fig. 8). It is apparent that the bulk of the high molecular
weight proteins were presenf in the 50-90% #cetone fraction and energe
at the void volume of the column. The lower molecular weight proteins
on the other hand were present in the 90-17(% acetone fraction.

Tubes 33-71 (Fig. 8b), containing the i1k of the low molecular
weight deaminase were pooled, dialysed agairst dictillec water, and
applied to a DEAE cellulose column 30 cm x § cm, previously equilibrated

with 0.002M sodium citrate buffer pH 5.8. Yabsorbed, cnzymatically -

|
. . I3 - . g {
inactive protein, was washed off using the squilibrating butfer before
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FIG. 8. Gel filtration of adenosine deaminase on Sephadex G-75

coarsoz. ‘
ia) 5 ml. of a 50 - 90% (v/v) acetone fraction (sp. act. 0.2 e.u.)

() 5 ml. of a 90 - 170% (v/v) acetone fraction (sp. act. 1.44 e.u.)

were applied to the column which was equilibrated with 0.04 M Tris
buffer pH 7.4 containing 0.24 M KC1, 3 ml. fractions were collected.
Protein concentration was measured by absorbtion at 280 nm and
enzyme activity estimated using the Microdiffusion Method of assay
(pH 7.0). &#—e , protein; o—o , adenosine deaminase activity.
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a gradient from 0.002M - 0.03M citrate pH 5.8 was applied (See
Methods section p. 24 )
The pattern of separation is illustrated in Fig. 9. Most of
the inactive protein was eluted before the deaminase peak which
rose sharply and fell off gradually. It was calculated that 66%
of the applied protein was recovered in the effluent during addition
and subsequent washing of the column with the equilibrating buffer.
Tubes 86-130 were pooled, dialysed overnight against distilled

water and concentrated using a small DEAE cellulose column.

Vol. Total Sp. Act. Yield
(m1.) e.u. e.u./mg. %

DEAE pH 5.8 6.0 221 4 20

A summary of the purification procedure is shown in Table 11.
This method of purification gave a 20% yield of enzyme having a
specific activity of 41 e.u./mg. There was a 14-fold increase in
specific activity after DEAE chromatography, indicating the useful-
ness of this step. However, only one form (low molecular weight
form) of the enzyme can be prepared by this procedure. Because of
this and also the fact that a very low yield (45%) was obtained at -

STEP 2, it was decided to consider using other fractionation methods

as possible alternatives in the purification.
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FIG. 9. Chromatography of adenosine deaminase on DEAE cellulose. 242 ml. of enzyme (after

Sephadex G-75 chromatography : sp. act. 3.15 e.u.) was applied
using a sodium citrate gradient (pH 5.8) from 0.002 - 0.03 M.

Protein concentration was measured by absorption at 280 nm and enzyme activity estimated using

to the column and eluted
3 ml. fractions were collected.

the Microdiffusion Method of assay (pH 7.0). e~——e , protein; o——o , adenosine deaminase

activity.

A



TABLE 11. Purification of the Low Molecular Weight Form of Adenosine Deaminase from Rabbit Intestine

Procedu Vol. Activity Total Protein Total | Sp. Act. Yield Purificatiun
ocedure . {ml.) (e.u./ml.) e.u. (mg./ml.) Protein(mg) e.u./mg. % Factor

Step. 1. Acetate Extraction 950 1.31 126 6.3 ' 5985 0.2 100 1

Step. 2. 90-170% Acetone 28 20.11 563 14.0 392 1.44 45 7

Step. 3. Sephadex G-75 242 {.57 381 . 0.5 121 3.15 30 - 15.7

Step. 4. DEAE pH 5.8 6 36.86 221 0.9 5.4 41 20 196

*

The acetate extract as shown contained 33% High molecular weight form and 66% Low molecular weight form. Since

the high molecular weight form was removed in the 50-90% acetone fraction, the value shown for total e.u(i.e. 1,246)

is only 66% of the true experimental value. The % yields were calculated using this figure.
. g

‘89
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PURIFICATION 11

EFFECT OF HEAT AS A POSSIBLE MEANS OF PURIFICATION

The effect of temperature on rabbit intestinal extracts was
examined. Heating on the aqueous.extract to 100°C surprisingly
caused little or no precipitation of protein, whereas the deaminase
was comp]etely‘inactivated.

As it was decided fo use acetate extraction at pH 5.5 as a
preliminary step in the purification, the effect of heat on this
extract was investigated. In contrast to aqueous extracts precip-
jtation of protein did occur on heating the acetate extract. Samples
were heated at 30°, 40°, 50°, 60° and 70°C for 10 min., immediately
cooled in ice, and centrifuged at 10,000 r.p.m. for 20 min. The
percentage activity and percentage protein remaining in the supernatants
was determined (Fig. 10). It can be seen that the deaminase inacti-
vation curve follows closely ;he protein precipitation curve so that

little or no purification can be obtained by heating the acetate

extract.
7

CALCIUM ACETATE FRACTIONATION

During an investigation of adenosine deaminase from Takadiastase
powder (Minato, 1968) it was found that on addition of 1M calcium

acetate to extracts of the powder, considerable purification of the

enzyme was obtained. However, addition of this reagent to extracts

of rabbit intestine caused negligible precipitation of protein and
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FIG. 10. Effect of temperature on an acetate exteact of rabbit intestine.
Samples were heated at various temperatures for 10 min. and after centri-
fugation the protein concentration was measured using the Biuret Method, and
enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0), o—e .
protein; O——0 , adenosine deaminase activity.
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was therefore unsuitable for purification.

As already mentioned,

the Takadiastase enzyme is of similar molecular weight to the high

molecular weight enzyme being studied in the present investigation.

AMMONIUM SULPHATE FRACTIONATION

Some preliminary experiments showed that adenosine deaminase

was precipitated from the acetate extract by addition of ammonium

sulphate to 60% saturation.

Procedure

The extract, after being poured through a fine nylon net to

remove the floating layer of lipid material, was allowed to stand

- at room temperature for about 15 min., After addition of ammonium

sulphate to the desired saturation, the precipitate was allowed

to flocculate for 30 min. and centrifuged (20 min. at 10,000 r.p.m.).

The bulk of the deaminase was precipitated in the 60% saturation

fraction. Further addition of (NH,),SO, to the centrifugate yieided

only inactive protein.

After centrifugation the precipitate was dissolved in distilled

water and checked for protein and enzyme activity (Table 12).

Ammonium Sulphate Fractionation of Acetate Extract of

TABLE 12.
Rabbit Intestine.
Activity Protzin  Sp. Act. Yield Purification
e.u./ml. mg./ml. e.u./mg. % factor
Acetate Extract 1.64 8.0 0.2 100 ]
12.05 - 10.0 1.5 96 5.8

0-60% (NH,),S0,



72.

Excellent recovery of the enzyme, and an increase in specific
activity from 0.2 to 1.5 e.u/mg. was obtained by this procedure.
In view of this enrichment it was decided to investigate the effect
of refractionation with ammonium sulphate using acetone fraction-
ation as an intermediate step. This pattern of fractionations has
been found very useful in the purification of both bovine spleen
and bovine lung adenosine deaminas;s (Noonan, 1969).

The 0-60% (NH,),S0, fraction was therefore treated with 225 ml.
jce cold acetone which brought the acetone saturation to 170% v/v.
This precipitated all the deaminase activity which included both the
high and low molecular weight forms. The precipitate obtained
after centrifugation was dissolved in 120 ml. water, and refraction-
ated with ammonium sulphate to give 60% saturation (12.8g. added).

Results of the fractionation are shown in Table 13.

TABLE 13, (NH,),SO, - Acctone - (NH,),SO, Fractionation of Acetate
Extract of Rabbit Intestine.

Activity Protein Sp. Act. Yield

Procedure e.u./ml. mg./ml. e.u./mg. %
1. Acetate Extract 1.64 8.0 0.20 100
2. 0-60% (NH,),S0, 12.00 10.0 1.20 96
3. 0-170% Acctone 6.65 4.4 1.50 47
4, 0-60% (NH,)2504 9.30 6.0 1.55 40

As previously observed there was a considerable loss of activity
after acetone trcatment. There is little difference in yield between

Steps 3 and 4, jndicating that during the second (Nd,),SO. fraction-



73.

ation the bulk of the deaminase was again precipitated between

0 and 60% saturation.

DEAE Chromatography at pH 5.8

The material from STEP 4 was thoroughly dialysed against
distilled water and applied to a previously equilibrated DEAE
cellulose column. After washing off unadsorbed protein a salt
gradient was applied as previously described. Fig. 11 illustrates -
the pattern obtained. A large inactive protein peak is seen to
emerge before the adenosine deaminase peak. In this experiment the
enzyme peak was largely symmetrical but showed skewing on the left
hand side.

Tubes 43-68 were pooled, dialysed against distilled water, and

concentrated to a volume of 3 ml. (approx.) using a small DEAE cellulose

* ¢olumn.

Sephadex G-75 Chromatography at pH 7.4

The concentrated enzyme was then applied to a Sephadex G-75
column equilibrated with 0.05M Tris buffer pH 7.4 incorporating
0.24 M KC1. The elution pattern is shown in Fig. 12. Separation =
of the two enzyme forms was achieved, the high molecular weight peak
being eluted with the bulk of the proteins at the void volume. Since
there was no apparent protein peak correspomiing to the low molecular
weight form, it appeared 1ikely that the preparation Qas still quite
impure.

A summary of the purifiéation procedure is shown in Table 14,

Although a yield of 20% was obtained the specific activity of the
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F16. 11. Chromatography of adenosine deaminase on DEAE cellulose.
The enzyme solution from STEP 4 (sp. act. 1.55) was applied to the
column and eluted using a sodium citrate gradient (pH 5.8) from
0,002 - 0.03 M. 5 ml. fractions were collected. Protein concen-
tration was measured by absorption at 280 nm and enzyme activity
estimated spectrophotometrically at 265 nm (ph 7.0). @———o ,
protein; o~———0 , adenosine deaminase activity,
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FIG. 12. Gel filtration of adenosine deaminase on Sephadex G-75(coarse).
The enzyme solution after the DEAE chromatography step (sp. act. 8.5)
was concentrated to a volume of 3 ml, and applied to the Sephadex column
equilibrated with 0.04 M Tris buffer pH 7.4 containing 0.24 M KC1.

3 ml. fractions were collected, Protein concentration was measured by
absorption at 280 nm and enzyme activity estimated spectrophotometrically
at 265 nm (pH 7.0). e——e , protein; o—o0 , adenosine deaminase

activity.



TABLE 14. Purification of the Low Molecular Weight Form of Adenosine Deaminase from Rabbit Intestine

Vol Activity Total Protein Total Sp. Act. Yield Purification
Procedure (m1.) (e.u./ml.) e.u. (mg./ml.) Protein (e.u./mg % factor
Step 1. Acetate Extraction 1059 1.6 1737 8.0 8472 0.20 100 1
Step 2. 0-60% (NH,),S0, "~ 138 12.0 1663 10.0 1380 1.20 96 5.8
Step 3. 0-170% Acetone 122 6.6 811 4.4 537 1.50 47 7.3
Step 4. 0-60% (NH,),S0, 74 9.3 690 6.0 444 1.55 40 7.5
Step 5. DEAE pH 5.8 150 3.4 510 0.4 60 8.50 30 41.4
Step 6. Sephadex G-75 78 4.3 334 0.2 15.6 21.40 19.2 105

ogl
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final preparation was only half that obtained in the previous
purification. The series of fractionations carried out before

the column stages would therefore appear to be unsuitable.
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PURIFICATION 111

.

Although ammonium sulphate fractionation gave considerable
purification, the concentration of inactive protein present at
this stage was still too high for satisfactory application to the
DEAE cellulose column. An alternative procedure, ammonium sulphate
precipitation followed by re-extraction, used in the purification
of human placental alkaline phosphatase (Ghosh, 1968) and rat
mammary acetyl coenzyme A carboxylase (Miller, 1969) was therefore
investigated. This method has been shown (at least in the case of
the above enzymes) to be superior as a purification step to the
conventional ammonium sulphate fractionation, and involves total
precipitation of the enzyme with ammonium sulphate, followed by re-

. extraction using solutions of (Niy),S0, of decreasing concentrations.

Procedure

- —

An acetate extract was prepared from 90 g. of frozen rabbit

intestine as previously described.

Vol. Activity Protein Sp, Act. Yield
(m1.) e.u./ml. mg/ml, e.u/mg. %

Acetate [xtract 460 1.85 7.65 0.24 100

The extract was brought to 60% saturation by the addition of

-

180 g. of solid (NH,),S0,. After aliowing to stand for 1 n., the
pracipitate was sedimented at 10,0006 v.p.m. for 20 min. and the
supereatant colylise dizzarded. The precipiteta was carefully

ot an aguesus :5Tution of SCYINEL),S0L, stirred

(S U ST R PLAE ALSUNE DU PR IO B

o W0 ot ln ANSDIRGTG T Lovirifuged at 10,000 LARS G 1N
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60% (NH,),S0, precipitate

Extract with 50 m1. 50% (NH,),SO0,

=~ Supernatant(50%-60% (NH,),S0, fraction)

i

Precipitate

Extract with 50 ml. 40% (NH,),S0,
> Supernatant (30%-40% (NH,),S0, fraction)

Precipitate

Extract with 50 ml. 30% (NH,),SO,

> Supernatant (30%-40% (NH,),S0, fraction)

Precipitate

Extract with 50 ml. 20% (NHy),SO,
» Supernatant (20%-30% (NHy),SO, fraction)

Precipitate

Extract with 50 ml. 10% (NHy),S0, N

> Supernatant (102-20% (NH,),S%, fraction)

SCHEME 1.  Ammonium sulphate "re-extracticn proceducs® nsed in the

purification of rebbit intestingi adenostie dramirase.
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for 20 min. The supernatant solution was retained for assay.
This procedure was repeated four times, each time using 50 ml,
of aqueous ammonium sulphate solutions containing 40%, 30%, 20%
and 10% (NH,),SO, respectively. The fractionation procedure is

outlined in Scheme T. The results obtained are shown in Table 15,

TABLE 15 Fractionation of Acetate Extract of Rabbit Intestine
using (NH,),S0, "Re-Extraction Method"

(NH,, )50, Sp. Activity Yield

(% Saturation) e.u./mg. %
50 - 60 0.20 4
40 - 50 0.30 18
30 - 40 0.50 65
20 - 30 ' 0.13 13
10 - 20 - 0

Most of the activity (96%) was extracted between 20-50% (NH,),S0,.

This material was therefore used for further purification.

Dialysis against Glass Distilled Water

The combined ammonium sulphate extracts were thoroughly dialysed

acainst distilled water (4 changes), and centrifuged to remove insoluhle

material. The supernatant was retainad for analysis.
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81.

Vol. Total Protein Sp. Act. Yield
PROCEDURE (m1) e.u, mg. e.u./mg, %
20% -50% (NH,),S0, 162 826 2462 0.33 96
Dialysis/H,0 236 826 991 0.90 96

It is apparent from Table 16 that the dialysis step resulted

in the precipitation of a considerable quantity of protein with no

loss in enzyme activity.

DEAE Chromatography at pH 5.8

The diaiysed material was next applied to a DEAE cellulose

" column equilitrated at pH 5.8.

After washing off unadsorbed protein,

a salt gradient was applied as previously described. The elution

pattern is shown on Fig. 13.

for enzyme activity and protein cortent. (Table 17).

TABLE 17

Tubes 43-63 were pocled and analysed

Vo Activity Prctein  Sp. Act Yielid
{m1 e.u. /i, m3.iwl. e.ul/ing %
106 5.0 0.3 16.2 52

DEAL pH 5.3
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FIG. 13. Chromatography of adenosine deaminase on DEAE cellulose. 236 ml. of enzyme solution
after the dialysis step (sp. act. 0.9 e.u.) was applied to the column and eluted using a sodium
citrate gradient (pH 5.8) from 0.002 - 0.03 M. Protein concentration was measured by absorbtion

at 280 nm and enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0). @e—e,protein;
O~——o0 , adenosine deaminase activity.
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FIG. 14. Gel filtration of adenosine on Sephadex G-75 (coarse). 5 ml. of concentrated
enzyme solution after the DEAE chromatography step ( sp. act. 16.2 e.u.) was applied to
the column which was equilibrated with 0.04 M Tris buffer pH 7.4 containing 0.24 M KC1.
3 ml, fractions were collected. Protein concentration was measured by absorbtion at
280 nm and enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0). o——e@.
protein; O——-0 , adenosine deaminase activity.
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TABLE 18. Purification of the Low Molecular Weight Form of Adenosine Deaminase from Rabbit Intestine.

Vol. Activity Total Protein Total Sp. Act. Yield Purification
Procedure (ml.) (e.u./ml.) e.u. (mg./ml.) Protein(mg) (e.u./mg.) % factor
Step 1. Acetate extraction 460 1.8 851 7.6 3519 ~0.24 100 1
Step 2. 20%-50% (NH,),SO, 236 3.5 826 4.2 991 0.90 97 4
Step 3. DEAE pH 5.8 106 5.0 530 0.3 32 16.60 62 70
Step 4. Sephade* G-75 42 8.4 353 0.2 8.4 42.00 41 175
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Sephadex G-75 Chromatography at pH 7.4

The pooled material was dialysed overnight against distilled
water and concentrated to a volume of 5 ml. (approx.) using a small
DEAE cellulose column. The concentrated enzyme was then applied
to a Sephadex G-75 column (Fig. 14). It can be seen that only one
form of the enzyme (low molecular weight form) emerged from the
column, having separated from a large peak of 280 nm-absorbing mat-

erial which eluted at the void volume.

A summary of the complete purification scheme is outlined in
Table 18. Although an excellent yieid of 40% was obtained, the
specific activity of the final preparation (41 e.u./mg.) was very

Tow.
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PURIFICATION 1V

The following purification scheme was the final one adopted
for the purification of the low meclecular weight form of the enzye.
It has been repeated a number of times and shown to give consistent
results. Essentially it is the same procedure as Purification 11

——ee

with the following modifications:

1). An alteration was made in the ammonium sulphate re-extraction
procedure, so that the enzyme was re-extracted between 20% and 40%

(NH, ),S0, instead of between 20% and 50% (NH, ), SO,

2). Sephadex G-75(coarse grade) used in previous purifications
was substituted by the finer grade Sephadex G-75 Superfine with more
beneficial results. The volume of enzyme solution applied to the

Sephadex colurn was also reduced (1 ml. approx. was used).

These imodifications gave a substantial increase in the specific

activity of the final preparation.

PURIFTCATION PROCEDLRED

Ten ranbits, from which 264 g. of intestine was obtained, were

used for this purificeiicn. The acetate extract was prepared as

I T T S N
atreday GELCTTOen,
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TABLE 19

Vol. Activity Protein Sp. Act. Yield
(m1)  (e.u./mi) (mg./ml) (e.u./mg.) %
Acetate Extract 1,340 1.1 6.4 0.17 100

Amnonium Suiphate Precipitation and Re-extraction

The enzyme was precipitated by the addition of 515 g. of
(NH,),S0, to 1,340 mi. of the acetate extract (60% saturation), and
the precipitate re-extracted as befcre. In this purification
(because. of the larger quantity of starting material) 100 ml. volumes
of ammonium suiphate were used for re-extraction. However, only half
" this volume i.e. 50 ml. was used in the second extraction (40%
(NH,),S04 solution). It can be scen from Teble 20 that this results
in the re-extraction of the bulk of the deasinase over a narrower

range of (NH,),S0, concentratcions (between 20% and 40% (NH,),SC,).

TABLE 20 Fractioration of Acetate Extract of Rabbit Intestine Using
(NH..),50, "Re-Extraction Me2thod"

Concentration of Vol ¢f Vel. of Total Recovefy
(NH,, )5S0y extracting extract e.u, A
(% Saturation) Solution{ml) (m1.)

50 - 60 100 125 11 0.5

40 - 50 50 65 85 6.(

30 - 40 150 115 700 5C.0

2¢ - 30 100 T 356 25.0

10 - 20 Ful e S0 5.0

e s eals e B e A . e e B S P AT o oa -

e g e A %
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60% (NH,),SO0, precipitate

Extract with 100 m1. 50% (NH,),S0,
> Supernatnat (50%-60% (NH,),S0, fraction)

Precipitate

Extract with 50 ml. 40% (NH,),SO0,
» Supernatant(40%-50% (NH,),SO0, fraction)

Precipitate

Extract with 100 m1. 30% {NH,),S0,

> Supernatant(30%-40% (NH,),SO, fraction)

Precipitate

Extract with 100 ml. 20% (NH,),S04

Supernatant (20%~30%(KH, ), S0, fraction)

Precipitate

Extract with 100 ml. 10%(Nif,),50C,

— Supernatant(10%-20% (ilH,},50, fraction)

SCHEME 1i. Ammonium sulphate "re-extraction procedure" used in

the purification of rabLit intestinal adencsine deemiiose.
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The method is diagrammatically represented in Scheme 11,

Dialysis against Distiiled Water

The most active extracts 20% - 30% (NH,),SO, and 30% - 40%
(NH,),S0, were combined and thoroughly dialysed against distilled

water. The first three stages of the purification are summarized

in Table 21.

TABLE 21
Vol. Total Protein Sp. Act, Yield
(m1.) e.u. mg. e.u./mg. %
Acetate Extract 1340 1474 8576 . 0.17 100
2C-40% (NHy)2S0y 230 1046 5106 | 0.20 75
Dialysis H20 323 1038 807 1.28 75

It is abparent that a large amount of non-enzymic protein was
again removed after dialysis.

At this stage in thie purification it was decided to measure
the ratio of the two molecular weigit forms at each step. This was
done by applving individual samples te a previously prepared ard
equilibrated Sephadex G-75 thin-layer piate. After development and
staining of the plate, densitcmeter tracings of the spots were

obtained {Fig. 15).



Acetate Extract

I HMigh molecular weight

# Low molecular weight form

Dialysis against water

form

‘06

FIG.15. Densitometer tracings of thin-layer gel filtration patterns. Samples from the first
three steps in the purification were applied to a Sephadex G-75 coated thin-layer plate and
after development (using 0.05 M KC1 as solvent) sites of enzyme activity were détected using
the zymogram stain for adenosine deaminase.
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TABLE 22

% High Molecular % Low Molecular
Purification Step Weight form Weight fcrm
Acetate Extract 26.3 73.7
20%-40% (NH,)},S0, 29.4 70.6
Dialysis/H,0 . 27.7 ' 72.3

The relative percentages are given in Table 22. It is obvious

that there is no change in the ratfo during the first three stages

of the purification.

DEAE Chromatography at pH 5.8

The dialysed enzyme was next applied to a previously equilibrated
DEAE cellulose column. The elution pattern is illustrated in Fig. 16.
Tubes 21 - 27 were pooled and dialysed before concentrating on a
small DEAE cellulose column. Cere was taken in this case to elute

the enzyme in a very smail volume [1 ml. approx.) with 2 M NaCl,

Chromatogranhy on Sephadex &-75 (Super{inz) st pH 5.8

A comuarcial Sephadex G-75 cclumn (Superfine grade) suﬁp!ied
with plastic fittings was constructed, and equilibrated witn 0,002V
sodium citrate buffer pH 5.8, The Laliern shizined when the concen-
trated enzyme prepavation was arpiied to the colunn is 11lustrated
in Fig. 17. It dis evident that a ivan. R A P-abhoorhing

~ .
2P R - -

material coincided with the Tow molcaofar snlniy voal oF g oo
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F1G. 16. Chromatography of adenosine deaminase on DEAE cellulose. 323 ml. of dialysed
enzyme (sp. act. 1.28 e.u.) was applied to the column and eluted using a sodium citrate
gradient (pH 5.8) from 0.002-0,03 M. 3 ml, fractions were collected. Protein concentration
was determined by absorption at 280 nm and enzyme activity estimated spectrophotometrically
at 265 nm (pH 7.0). ¢———e , protein; O——0 , adenosine deaminase activity.
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FIG. 17. Gel filtration of adenosine deaminase on Sephadex G-75 (Superfine). 1 ml. of
concentrated enzyme solution after the DEAE chromatography step (sp. act. 16.8 e.u.) was
applied to the column which was equilibrated with 0.002 M sodium citrate buffer pH 5.8.
5 ml. fractions were collected. Protein concentration was determined by absorption at
280 nm and enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0). ¢——e@
protein; o————0 , 3denosine deaminase activity.
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TABLE 24. Purification of the Low Molecular Weight Form of Adenosine Deaminase from Rabbit Intestine

Vol Activity Total Protein Total Sp; Act. Yield Purification
(ml.) (e.u./ml.) e.u. (mg./ml.) Protein(mg) (e.u./mg.) % factor
Step 1. Acetate Extraction 1340 1.1 1474 6.4 8576 0.17 100 1.0
Step 2. 20%-40% (NH,),SO, 230 4.5 1046 22.2 5106 0.20 75 1.2
Step 3. Dialysis against water 323 3.2 1038 2.5 807 1.28 75 7.5
Step 4. DEAE pH 5.8 80 8.4 672 0.5 40 16.80 46 94
Step 5. Sephadex G-75 5 57.5 287 0.24 1.2 240 20 1412

‘b6
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TABLE 23 Specific Activities of Adenosine Deaminase Solutions
after Sephadex G-75 Chromatography.

Tube No. Total Protein (Mg.) Sp. Activity(e.u./mg)

19 1.50 81
20 1.25 240
21 0.50 . 126

A comparison of TaB]e 23 and Table 138 (p. ¥4 ) shows that there
is a great difference in specific activity between the DEAE and the
Sephadex step in the present purification (16.8 e.u./mg. and 240 e.u./
mg. respectively). This, therefore, illustrates the superiority of -
the Superfinz Sephadex for purification purposes, over the coarser
grade.

A summary of the purification scheme is shown in Table 24,

Preparations of the enzyme obtained from a number of purifications
similar to the one just described were pooled and re-chromatographed
on the Sephadex G-75 cciumn (Fig. 18). A single protein peak emerged

coincident with the deaminase peak, the spacific activity of which wes

300 e.u./mg.
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FIG. 18. Gel filtration of adenosine deaminase on Sephadex G-75 (Superfine). A
number of low molecular weight enzyme preparations (prepared as described in
Purification 1V) were pooled, concentrated and applied to the column which was
equilibrated with 0.002M sodium citrate buffer pH §.8. 5 ml. fractions were
collected. Protein concentration was determined by absorption at 280 nm and enzyme
activity estimated spectrophotometrically at 265 nm (pH 7.0). e——e , protein;
o——0 , 3denosine deaminase activity.
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COMPARISON OF THE AMMONIUM SULPHATE "RE-EXTRACTION METHOD"
WITH THE "PRECIPITATION METHGD"

In the following experiment a direct comparison was made of
the ammonium sulphate re-extraction method adopted in the purifi-
cation, and the ccnventional ammonium sulphate fractionation
procedure. This was done to justi%y the choice of the "re-extraction
method" rather than the conventional "precipitation method”.

Two separate 100 ml. samples of an acetate extract of rabbit
fntestine were subjected to fractionation by both procedures. The

results obtained are shown in Table 25.

TABLE 25
Précipitation Method Re-extraction Method
'(NH“)ééoq conc. Sp. Act. Yield Sp. Act. Yield
(% Saturation) e.u./mg. % e.u./mg. 9
0-10 0.13 1.5 ° 0.00 0.0
10 - 20 0.12 1.5 0.11 5.0
20 - 30 0.05 1.5 0.23 34.0
30 - 40 0.06 7.6 0.35 40.0
40 - 50 - 0.32 38.0 0.16 n.5
50 - 60 0.31 29.0 0.00 0.0
60 - 70 0.05 4.0 0.00 0.0

1t is obvious that the enzyme was extretted over a navrover

range of concentrations using the "re-extraction mothcd®.  The movs

s - 1 3 ~ P o fra s . o ary e
from both nrocedures were canhinel separeiely

active rractions v o

G



thoroughly dialysed against distilled water (4 changes). After

centrifugation the supernatants were checked for enzyme activity.

Table 26 compares the results obtained before and after dialysis.

TABLE 26

Precipitation Method

40%-60% (NHy),S0,
Post dialysis

Re-Extraction Method

20%-40% (NHy),S0y
Post dialysis

Sp. Act.
e.u./mg.

0.315
0.90

0.30
1.80

Yield

67
56

74
56

Although the specific activity after the ammonium sulphate step

was almost the same in both cases, the yield obtained using the re-

extraction method was higher.

Of greater sigrificance is thc fact

that the specific activity in this fraction after dialysis was twice

that of the preparation obtained using the precipitation method.

The extraction method was therefore the one of choice.
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PURIFICATION OF THE HIGH MOLECULAR WETGHT FORM OF
RABBIT INTESTINAL ADENOSINE DEAMINASE
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The intestines used as starting material in the purification
procedures just described were taken mainly from the wild rabbit.
It was observed when using this variety of rabbit that very little
of the high molecular weight form of the enzyme was present in the
intestine and in a number of cases, only the low molecular weight
form was present. For example, during a survey of 23 individual
rabbit intestines (wild variety) using the thin-layer gel filtration’
technique; 40% were found to have no high molecular weight form of
the enzyme. Densitometer tracings of the thin-layer gei filtration

patterns from a number of these intestines are illustrated in Fig.

19.

The level of the high molecular weight form in the intestine
of the domestic (laboratory bred) variety of rabbit on the cther
hand, in general, appeared to be higher. Attempts at purifying this

form of the enzyme were therefore made using the domestic variety.

PURIFICATION V

Intestines (totsl weight, 354 g.) wére dissected from e%ght
domestic rabbits, and the deaminase extracted with 5 volumes of
0.2 M acetate buffer pH 5.5, Decause of the large guaniity of
starting mwaterial, the insoluble debri obizined after centeifug-

-

ation of the extract wis vre-extracted with & tmaller voiume{apnrox.
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FIG. 19. Densitometer tracings of thin-layer gel filtration patterns. Samples of acetate
extracts of individual rabbit intestines (wild variety) were applied to Sephadex G-75 coatec
thin-layer plates and after development (using 0.05 M KC1 as solvent) sites of enzyme activity
were detected using the zymogram stain for adenosine deaminase.
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one-fifth of original volume) of acetate buffer (Table 27).

TABLE 27. Extraction of Adenosine Deaminase from Rabbit Intestine

Vol. Activity Yield

(ml.) (e.u./ml.) %
1st Extract 1,870 . 1.07 90
2nd Extract 400 0.70 10
Combined Extracts 2,270 1.30 100

The combined extracts were subjected to precipitation and
fractional re-extraction with ammonium sulphate, followed by dialysis

against distilled water as already described. The first three steps

of the purification are summarized in Table 28.

TABLE 28.
Protein Sp.Act. Yield High Mol Low Mcl
(mg.) e.u./mg % wt. form wt. form
(%) (%)
tep 1. Acetate extract 14,755 0.15 100 45 55
Step 2. 20-40% (NH,),SO, 13,050  0.17 88 4 51
Step 3. Dialysis egainst _
H,0 1,160 1.25 62 47 52

The ratio of the two Torms of the cnzyme was measured using *he

thin-leyer gel filtration wmethsd followed by densitemetry. The rosuiss

P A ,
[Pl of
BN

obtzined confirm the finding that the ratie does not aitsrgyras,

Al T



three stages of the purification.

It is apparent that the use of laboratory bred rabbits

considerably increased the quantity of the high molecular weight

form.

s

DEAE Chromatography at pH 5.8

The dialysate from above was passed threugh a column of DEAE
cellulose, the deaminase being retained on the column. As in
previous purifications, the enzyme was eluted using a salt gradient
of sodium citrate pH 5.8. The eluate was collected in 10 ml.
fractions, and the protein concentration and deaminase activity
of each tube measured. The elution pattern is illustrated in Fig.
20, It is evident that the peak of enzymic activity is unsymmetrical,
there being a tendancy towards skewing especially at the decending
1imb of the peak. It was decided therefore to measure the ratio of

the twe molecuiar forms of tha enzymo in various tubes.

The tubes were pooled into thiree Tractions (Jdesignated «, g and

y respectively) and the ratio of the eczyme forms in each Traction

estimated using the thin-Teyer gel filiration wetnod (Toble Z29).

TABLE 29
Tube Number Frac.ion Hael Mol Low Mol
Wi Tamne Gl :
14, 15, 1o, 17 o L G
19-25 5 S 1

ne
D
-
N
~3
&
>
v
~)
<
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Densit ometer tracings of the thin-layer plates are shown in
Fig. 21. 1t is evident that the high molecular weight form
predominated in both the « and y fractions, while the low molecular
weight form eluted in the major part of the peak (the 8 fraction){
This would appear to indicate that the low molecular weight form
eluted as a rather sharp peak and the high molecular weight form

as an overlapping, somewhat flattened peak of activity. {See

theoretical drawing, Fig. 22 (b).

At this stage it was decided to use the g-fraction, which
contained both the high molecular weight and low molecular weight
forms, for further purification. The protzin concentration and

activity of this fraction are shown in Table 30.

TABLE 30.
Activity Protein Sp. Act. Yield Purification
e.u./mi. mg./ml. e.u./mg. % factor.

DEAE pH 5.8 10.0 0.9 11.0 40 70

(8 fraction)

Sephadex G-75 T

The s-fraction was then dialysed against distilled water,
concentrated to a volume of 1 ml. approx. on a small DEAE cellulose
column, anc applied to a Sephadex 6-75 Superfive column. The eluticn
pettern oltained is iliustrated in Fig. 23. 40% of the total

antivity snziied was found to be present in Peak g (high molecuizr
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FIG. 20. Chromatography of adenosine deaminase on DEAE cellulose. The
dialysed enzyme solution from Step 3 (sp. act. 1.25 e.u.) was applied
to the column and eluted using a sodium citrate gradient (pH 5.8)from
0.002-0.03M. 10 ml. fractions were collected. Protein concentration
was determined by absorption at 280 nm and enzyme activity estimated
spectrophotometrically at 265 nm (pH 7.0).e—e , protein; o——o

adenosine deaminase activity.



.

--------------- Secee Beos cowe T ne e -

coe ® cosecrwsscomcoee

J «- fraction $ fraction Y- fraction

| High molecular weight form

i Low wmolecular weight form

s

FIG. 21.. Densitometer tracings of thin-layer gel filtration patterns. Samples
of the =, 8 and vy fractions from the DEAE chromatography step were applied to a
Sephadex G-75 coated thin-layer plate and after development (using 0.05 M KC1 as
solvent) sites of enzyme activity were detected using the zymogram stain for
adenosine deaminase.
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FIG. 22. (a) Chromatography of adenosine deaminase én DEAE
cellulose (see FIG, 20). Tubes 14-17 (=-fraction), 18-24(s-
fraction) and 25-28 (y-fraction) were separately pooled.

bz Theoretical drawing of the elution patterns of
the high and low molecular weight forms of adenosine deaminase
from the DEAE cellulose column based on the estimates made for
the ratio of the two forms of the enzyme in the =, g-and y-
fractions (see Table 29).
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FIG. 23. Sephadex G-75 1. Gel filtration of adenosine deaminase on Sephadex G-75
(Superfine). The B-fraction from the DEAE chromatography step (sp. act. 11.0 e.u.)
was concentrated and applied to the column which was equilibrated with 0.002M sodium
citrate pH 5.8. 5 ml. fractions were collected. Protein concentration was determined
by absorption at 280 nm and enzyme activity estimated spectrophotometrically at 265 nm
(pH 7.0) #~——e , protein; o~———o , adenosine deaminase activity.

‘801
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weight form) and 60% in Peak B (low molecular weight form).
These figures showed very good agreement with results obtained

using the thin-layer gel filtration method (see Table 28).

Table 31 shows the specific activities of various tubes

collected after chromatography.

TABLE 31. Specific Activities of Various Tubes after Sephadex
G-75 1 Chromatography.

Peak A Tube No. ~ Total Protein(mg.) Sp. Activity

(High mol. wt.

form) 12 7.0 18.9)

}16.5

13 12.5 14.0.

Peak B 19 3.¢ 60

(Low mol. wt. 20 2.5 120

form)
21 2.0 50

The combined tubes from Peck A (high weiecular weight form)

had a specific activity of 15.5 e.u./mg.
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Further Purification of the Low Molecular

Weight Form

Sephadex G-75 II.

The Tow molecular weight form was further purified by first
re~-chromatographing tubes 19 gnd 21 from Sephadex G-75 I. These
were combined, concentrated to a volume of 1 ml. approx., and

applied to the column. The resulting elution pattern is illus-

trated in Fig. 24,

TABLE 32. Specific Activities of Various Tubes after Sephadex
G-75 11 Chromatogravhy.

Tube ilo. Total Protein (mg.} Sp. Activity
‘ (e.u./ma.)
18 0.75 22
19 0.88 ' 120
2 0.75 125
21 0.50 76

Toble 32 shows that tubes 19 and 20 hed the highest specific

activities.

§gppadex G-75 I11

The mosl active tube from Sephadex G-25 I {iube 20) was com-
inec wich tubes 19 ena 20 from Sephadex G785 1I and the resulting
= oovaentrates.  This high active preparalion wias then re-

hagoy 6-75 columa.  The zatiarn chtained afrer
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FIG. 24. Sephadex G-75 11. Gel filtration of adenosine deaminase on Sephadex G-75
(Superfine). Tubes 19 and 21 from Sephadex G-75 1 (FIG. 23) were pooled , concentrated
and applied to the column equilibrated with 0.002"M sodium citrate pH 5.8. 5 ml.
fractions were collected. Protein concentration was determined by absorption at 280 nm
and enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0).e—e , protein;
o——-0  adenosine deaminase activity.
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FIG. 25. Sephadex G-75 111. Gel filtration of adenosine deaminase on Sephadex G-75
(Superfine). Tube 20 from Sephadex 6-75 1 (FIG. 23) and tubes 19 and 20 from Sephadex
G-75 11 (FIG. 24) were pooled, concentrated and applied to the column equilibrated with
0.002°W sodium citrate buffer pH 5.8. 5 ml. fractions were collected. Protein concen-
tration was determined by absorption at 280 nm and enzyme activity was estimated
spectrophotometrically at 265 mm (pH 7.0). e——e , protein; oo , adenosine
deaminase activity.
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elution is shown in Fig. 25. Only a single peak of 280 nm-
absorbing material emerged, which coincided with the peak of

enzymic activity.

TABLE 33. Specific Activities of Various Tubes after Sephadex
G-75 111 Chromatography

Tube No. Total Protein Sp. Activity Yield %
(mg.) (e.u./mg.)
17 0.625 73 3.0
18 1.000 150 7.0
19 0.875 133 6.0
20 0.500 84 3.3

Aithough the specific activity of the enzyme in this case
(Table 33} was much lower than previously obtained, the symmetry

of the two curves indicated that the preparation was nearly homo-

genous.

Furtner Furificaticn of the High Molecular
Height Form

Tubes 12 and 13 (Sp. activity: 15.5 e.u./mg.) from Sephadex
G-75 I were used for purification of the high molecular weight
{orm. Recause ¢f the very large size of the proteins preseni in
tnis preraration (they eluted at the void volume of the Sephadex

6-75 column) it wes decided to replace the Sephadex G-75 with &
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Sephadex G-200 chromatography step.

Sephadex G-200 Chromatography

A Sephadex G-200 column (40 cm. x 2.5 cm.) was constructed
as previously described (p.at ), ‘and equilibrated for several
days with 0.002M sodium citrate buffer pH 5.8. The flow rate
through the column was 0.04 ml./min. (approx.). The high mole-
cular weight enzyme solution from above was concentrated on a
small DEAE cellulose column and applied to the Sephadex G-~200
column. The resulting elution pattern is illustrated in Fig. 26.
It is evident that the first major protein peak coincided with

he peak of enzyme activity. Tubes 19 and 20 were combined and

concentrated,

TABLE 34.

' Total . Protein Sp. Act. Yield
Purification Step e.u. (ing.) e.u./mg. %

Sephadex G-75 1
(Tubes 12 and 13) 310 19.7 15.5 13

Saphadex G-200
Tubes 19 and 20) 150 5.8 26.0 7

Table 34 shows the results obtained before and after chromat-

ography, The specific activity of the preparation was increased

from 16,5 e.u./mg. to 726.0 e.u./mg. which indjcates the usefuiness

of the Sephadex G-200 chrometograriy step. The protein vemoved by
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FIG. 26. Gel filtration of adenosine deaminase on Sephadex G-200 (Superfine). Tubes
12 and 13 from Sephadex G-75 1 (FIG. 23) were pooled, concentrated and applied to the
column which was equilibrated with 0.002M sodium citrate buffer pH 5.8. 5 ml. fractions
were collected. Protein concentration was determined by absorption at 280 nm and enzyme
activity was estimated spectrophotometrically at 265 nm (pH 7.0). ¢———@ » protein;
o———0O » adenosine deaminase activity.
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this step is illustrated on Plate 4 which shows the patterns
obtained when both samples (i.e before the Sephadex G-200 and
after) were analysed by low voltage electrophoresis using cell-
ulose acetate paper., It is evident that two proteins of differ-

ent electrophoretic mobilites were present in the final prepar-

ation.

A summary of the entire purification procedure is illustrated
in Table 35. Although the final yields of enzyme (13% for the
]ow molecular weight from and 7% for the high molecular weight
form) were very low, the values are only apparent, since the
starting crude extract contained both enzyme forms. Table 36 shows
the true enzyme yields calculated'on the basts that the original
acetate extract possessed 45% of its deamirase activity as high
molecular weight enzyme and 55% as low molecular weight enzyme,

these astimates having been made using the thin-layer gel filtration

technigque (p.27).

TABLE 36. ‘ )
Percentage Yield
Low Molecular High Mclecular -
weight form weight Torm
Apaprent Yield 13.0 7.0
23.0 15.5

rue Yield




TABLE 35. Purification of the High Molecular Weight and Low Molecular Weight Forms of Adenosine Deaminase from

Rabbit Intestine.

Vol.
Purification Step (ml.)

Activity
(e.u./ml.)

Purification
factor

Step 1. Extraction with acetate 2270

Step 2. 20%-40% (NH,), SO, 290
Step 3. Dialysis against H20 365
Step 4. DEAE pH 5.8 92

1.0
1.06
7.7
70

Low Molecular Weight Form.

Purification Step Protein(mg.) Sp. Act.

High Molecular Weight Form.

Purification Step Protein(mg.)

Sephadex 6-75 1 2.25 120
Sephadex G-75 III 1.87 140

Yield(%)

Sephadex G-75 1
Sephadex G-200

13
7

‘Lt



"PLATE 4., LOW VOLTAGE CELLULOSE ACETATE ELECTROPHORESES OF
THE HIGH MOLECULAR WEIGHT FORM OF RABBIT INTESTINAL

ADENOSINE DEAMINASE.

(a) POST SEPHADEX G-T75 I
(b) POST SEPHADEX G-200

STAINING WAS CARRIED OUT USING THE PONCEAU S - NIGROSINE
PROTEIN STAIN.



PLATE 5. LOW VOLTAGE CELLULOSE ACETATE ELECTROPHORESIS OF
RABBIT INTESTINAL ADENOSINE DEAMINASE

(a) LOW MOLECULAR WEIGHT FORM
(b) HIGH MOLECULAR WEIGHT FORM

STAINING WAS CARRIED OUT yUSING THE PONCEAU S - NIGROSINE
PROTEIN STAIN.
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Electrophoretic Analysis.

Both forms of the enzyme were analysed by low voltage
electrophoresis on cellulose acetate. Samples were applied
to the strip and electrophoresis was carried out using 300
volts for 45 mins. The paper was fixed and stained for
protein as described in the Methods section (p.33). The
patterns obtained are illustrated in Plate 5. Two distinct
protein bands were evident in the case of both forms, each
enzyme consisting of a fast moving minor band followed closely
by a slow moving major band. As will be seen later both protein

bands in each case possess enzymatic activity.
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PURIFICATION VI

In Purification V the « and y fractions, obtained after DEAE
cellulose chromatography, were not used for further purification
as the total number of enzyme umits was very low in these fract-
ions. It was later.realised however, that the high molecular
weight form was an enzyme of very low specific activity. Because
this form contributed to most of the deaminase activity in both
the « and y fractions, the purification scheme was revised, the «
and y fractions being retained and used for further purification
of the high molecular weight form.

293 g. of frozen intestine, taken from both wild and domestic
rabbits, was used for this purification. The deaminase was
extracted from the tissue with 0.2M acetate buffer pH 5.5 and

purified to the dialysis stage as already described. The results

are summarized in Table 37.

TABLE 37.
. Protein Sp.Act. Yield High Mol. Low Mol.
Procedure (mg.) e.u./mg % wt. form wt. form
(%) (%)
Step 1. Acetate extract 11375 0.16 100 22 78
Step 2. 20-40%{NH,),S0, 8600 0.19 86 - -

Step 3. Dialysis
against H,0 887 1.33 62 30 70
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DEAE Chromatography at pH 5.8

The dialysed material was then applied to a DEAE cellulose column.
After washing off unabsorbed protein using 0.002M sodium citrate pH
5.8, a salt gradient was applied as described in previous purifications.
The elution pattern obtained is illustrated in Fig. 27. In this case
the enzyme peak showed considerable skewing on both sides. Tubes which
showed adenosine deaminase activity were pooled as before into three .
fractions, the « fraction consisting of tubes 14 through 17, the g fraction
of tubes 18 through 24 and the y fraction of tubes 25 through 28.

.Densitometer tracings of thin-layer gel filtration patterns of the three

fractions are shown in Fig. 28. It is evident that both the = and y
fractions possessed a considerable quantity of the high molecular weight
form, whereas the main peak (g fraction) contained most of the low
molecular weight form. From a knowledge of the total enzyme units and
the ratio of the two molecular weight forins in each fraction, it was
calculated that approximately 53% of the high molecular weight form
.applied to the DEAE cellulose column eluted in the g fraction, and the
remaining 50% eluted in the combined « and vy fractions.

The g fraction was therefore used for the purification of both the
low molecular weight and high molecular weight ferms, and the combined
« and y fractions also used for further purification of the high molecular

weight form.

The results obtained after DEAE chromatégraphy are summarized in

Table 38.
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FIG. 27. Chromatography of adenosine deaminase on DEAE cellulose.

Dialysed enzyme solution from Step 3 (sp. act. 1.33 e.u.) was applied
to the column and eluted using a sodium citrate gradient (pH 5.8) from
0.002-0.03 M. 10 ml. fractions were collected. Protein concentration
was determined by absorption at 280 nm and enzyme activity estimated
spectrophotometrically at 265 nm (pH 7.0). e—e , protein; 0——0,

adenosine deaminase activity.



o - fraction p- fraction Y- fraction

1 High molecular weight form

il Low molecular weight form

FIG. 28. Densitometer tracings of thin-layer gel filtration patterns. Samples
of the «=, g-and y-fractions from the DEAE chromatography step were applied to a
Sephadex G-75 coated thin-layer plate and after development (using 0.05 M KC1
as solvent) sites of enzyme activity were detected using the zymogram stain
for adenosine deaminase.
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TABLE 38.
Protein Sp.Act. Yield High Mol. Low Mol.
(mg.) e.u./mg % wt.form  wt. form
(%) (%)
DEAE (8 fraction) 51.6 15,2 42 17 83

DEAE (=y fraction) 67.2 3.2 12 60 40

PURTFICATION OF THE LOW MOLECULAR WEIGHT AND HIGH
MOLECULAR WEIGHT FORMS FROM THE g FRACTION

The g fraction was dialysed against distilled water, concen-
trated and applied to a Sephadex G-75 Superfine column. The
pattern obtained (designated Sephadex G-75 ¥g) is shown in Fig. 29.

It is evident that complete separation of the twc forms was

obtained.

Purification of the low Molecular Weight Form

The low molecular weight form was furthker purified by first
re-chromatographing tubes 15 and 18 from Sephadex G-75 1g. The
patiern obtained (designated Sephadex €-75 Tig) is.illustrated in
Fig. 30. Tubc 19 (Sephadex G-75 '118) which had the highest specific
activity was then pocled with tubes 16 and 37 from Sephadex G-75 IR
and “he recsuiting soluticn concentrated and applied to the Sephadex

6-75 colomr. iz, 31 shoys the eluison patiern frem which it is
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FIG. 29. Sephadex G-75 18. Gel filtration of adenosine deaminase on Sephadex G-75
(superfine).” The 8-fraction from the DEAE chromatography step (sp. act. 15.2 e.u.)
was concentrated and applied to the column which was equilibrated with 0.002 M sodium
citrate buffer pH 5.8. 5 ml. fractions were collected. Protein concentration was
determined by absorption at 280 nm and enzyme activity estimated spectrophotometrically
at 265 mm (pH 7.0). &~——o , protein; O————0 , adenosine deaminase activity.
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FIG. 30. Sephadex G-75 118. Gel filtration of adenosine deaminase on Sephadex G-75
(Superfine). Tubes 15 and 18 from Sephadex G-75 18 (FIG. 29) were pooled, concentrated
and applied to the column which was equilibrated with 0.002 M sodium citrate buffer pH
5.8. 5 ml. fractions were colleCted. Protein concentration was determined by absorption
at 280 nm and enzyme activity estimated spectrophotometrically at 265 nm (pH 7.0).e—e
protein; o0 , adenosine deaminase activity.
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FIG. 31. Sephadex G-75 111g. - Gel filtration of adenosine
deaminase on &pﬁaaex G-7% (guperfine). Tubes 16 and 17 from
Sephadex G-75 18 (FIG. 29) and tube 19 from Sephadex G-75 118
(FIG. 30) were pooled, concentrated and applied to the column
equilibrated with 0.002 M sodium citrate buffer pH 5.8, 5 ml,
fractions were collected. Protein concentration was determined
absorption at 280 nm and enzyme activity estimated spectrophoto-
metrically at 265 nm (pH 7.0). ———e , protein; o—o ,
adenosine deaminase activity. ,
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FIG. 32. Sephadex G-75 1Va. Gel filtration of adenosine
deaminase on Sephadex G-/5 (Superfine). Tubes 18, 19 and 20
from Sephadex G-75 1118 (FIG. 31) were pooled, concentrated and
applied to the colum which was equilibrated 0.002 M sodium
citrate buffer pH 5.8. 5 ml. fractions were collected. Protein
concentration was determined by absorption at 280 nm and enzyme
activity estimated spectrophotometrically at 265 nm (pH 7.0).
e—e , protein; o——o , adenosine deaminase activity.
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evident that only a single protéin peak emerged coincident with
the peak of enzymic activity. The specific activities of various

fractions are given in Table 39.

"TABLE 39. Specific Activities of Adenosine Deaminase Solutions
after Sephadex G-75 Chromatography (Sephadex G-75 I118)

Tube No. Total Protein (mg) Sp. Act. (e.u./mg.)
17 0.30 12
18 - 0.75 140
19 1.15 210
20 0.70 _ 156
21 0.25 .10

Although the protein and enzyme peaks appeared to be symmet-
rical, the specific activity of the preparation was low. Tubes -
18, 19 and 20 were therefore pcoled, concentrated and re-applied
to the Sephadex G-75 column. Fig. 32 illustrates the elution
pattern obtained.

The final quantity of purified enzyme was somewhat increased' .

(1.8 mg.), but the specific activity of 210 e.u. had not increased.

Purification of the High Molecuiar Weight Ferm

Tubes 10 and 11 from Sephadex G-75 Ig {which contained the
high molecular weight for, enzyme) were pooied, concentrated and

applied to a Sephiadex G-200 Supertinc columi. Fig. 33 shows the
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elution pattern. Three peaks of 280 nm-absorbing material
emerged, the first of which coincided with the peak of enzyme
activity. The specific activities of various fractions are

given in Table 40.

TABLE 40. Specific Activities of Adenosine Deaminase Solutions
after Sephadex G-200 Chromatography (Sephadex G-200g)

Tube No. Total Protein(mg.) Sp. Act. (e.u./mg.)
31 1.4 5.0
32 1.8 ‘ 12.2
33 _ 1.5 19.0
34 1.2 10.5

Most of the enzyme was present in tubes 32, 33 and 34 which

were pooled and retained.

Purification of the High Molecular Weight Form
From the «y Fraction

The combined « and y fractions ffom the DEAE cellulose
chromatography step (p. ) were dialysed against distilled
water and concentrated using a small DEAE column. The resulting

solution was applicd to a Sephadex 6G-75 cohuiin. The pattern

cbtained (desigrated Sephadex G-75+y) is illustrated in Fig. 34.

Tubes 312 and i3 which contained the bulk of the high moiccular
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ENZYME ACTIVITY (E.AL/ML.)
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FI1G. 33. Sephadex G-2008. Gel filtration of adenosine deaminase
on Sephadex G-200 (Superfine). Tubes 10 and 11 from Sephadex G-75

18 (FIG. 29) were pooled, concentrated and applied to the column
equilibrated with 0.002 M sodium citrate buffer pH 5.8. 3 ml.
fractions were collected. Protein concentration was determined by
absorption at 280 nm and enzyme activity estimated spectrophotometri-
cally at 265 nm (pH 7.0). ¢——e , protein; o——o , adenosine
deaminase activity.



ABSORBANCE AT 280nm
ENZYME ACTIVITY (E.U./ML)

TUBE NUMBER

FIG. 34. Sephadex G-75 =xy. Gel filtration of adenosine deaminase on Sephadex
G-75 (Superfine). The «-and y-fractions from the DEAE chromatography step (see
Table 38 were combined (sp. act. 3.2 e.u.), concentrated and applied to the column
which was equilibrated with 0.002 M sodium citrate buffer pH 5.8. S ml. fractions
were collected. Protein concentration was determined by absorption at 280 nm and
enzyme activity estimated spectrophotometrically at 265 nm (ph 7.0). e——e ,protein;
OO0 , adenosine deaminase activity.

"1t
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AT 280 nm

ENZYME ACTIVITY (Eu./mL.)

ABSORBANCE

38
TUBE NUMBER

FIG. 35. Sephadex G-200=y. Gel filtration of adenosine deaminase
an Sephadex G- (Supertine). Tubes 12 and 13 from Sephadex G-75xy
(FIG. 342 were povled, concentrated and applied to the column which
was equiiibrated with 0.002 M sodium citrate buffer pH 5.8. 3 ml.
fractions were collected. Protein concentration was determined by
atsorption at 280 nm and enzyme activity estimated spectrophoto-
metrically at 265 nm (pH 7.0). &——e , protein; O—o0 adenosine
deaminase activity.
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FIG. 36. Final Sephadex 6-200. Gel filtration of adenosin

deaminase on Sephadex G-200 (superfine). Tubes 32, 33 and 3:

from Sephadex G-2008 (FIG. 33) were combined with tubes 30, 31

30 and 53 from Sephadex G-200=y (FIG. 35), concentrated and

applied to the column equilibrated with 0.002 M sodium citrate

buffer pH 5.8. 5 ml. fractions were collected. Protein concen-

tration was determined by absorption at 280 nm and enzyme activity

estimated spectrophotometrically at 265 nm (pH 7.0).e—e protein;
o——c , adenosine deaminase activity. *
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weight form were pooled, concentrated as before and applied to
a Sephadex G-200 Superfine column. Fig. 35 shows the elution
pattern (designated Sephadex G-200=y). The specific activities

of various fractions are given in Table 41.

TABLE 41.  Specific Activities of Adenosine Deaminase Solutions
after Sephadex G-200 Chromatography (Sephadex G-200xy)

Tube No. Total Protein (mg) Sp. Act. (e.u./mg.)
30 1.56 9.0
31 1.32 16.0
32 1.14 17.2
33 0.99 . 9.0

The final stage in the purification of the high molecular
weight form involved pooling the active tubes from Sephadex G-2008
(i.e. tubes 32, 33 and 34) with the active tubes from Sephadex
G-200«y (tubes 30, 31, 32 and 33). The resulting solution was
concentrated and applied to the Sephadex §-200 column. A single
protein peak emerged ccincident with the peak of enzyme activity
(Fig. 36).

Table 42 shows the speciivic activities of the various

fractions chtained.
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TABLE 42. Specific Activities of Adenosine Deaminase Solutions
After Final Sephadex G-200 Chromatography Step

Tube No. Total Protein (mg.) Sp. Act. (e.u./mg.)
20 0.4 9.0
21 | 0.7 24.0
22 0.8 33.0
23 0.6 31.0
24 0.3 16.0

Tubes 21, 22 and 23 were combined. This purifiad preparation

(2.1 mg.) had a specific activity of 30 e.u./mg.

A summary of the steps involved in the purification of both
forms is outlined in Tables 43 and 44. Because of the complexity
of the procedure (particularly at the chromatographic stages)

schematic representations of the individual steps are illustrated

in Schemes 3 and 4.



TABLE 43.

Purification of the Low Molecular Weight Form of Adenosine Deaminase from Rabbit Intestine

Vol.

Activity

Total

Protein Total Sp. Act. Yield Purification

Procedure (m1.) (e.u./ml.) e.u. (mg./ml.) Protein(mg) (e.u./mg.) % factor
Step 1. Acetate Extract 1820 1.03 1874 6.25 11375 0.16 100 1

Step 2. 20%-40% (NH,), SO, - 248 6.50 1609 34.8 8600 0.19 86 1.2
Step 3. Dialysis against H,0 306 3.85 1178 2.90 887 1.33 62 8.3
Step 4. DEAE pH 5.8 (8 fraction) 86 9.20 800 0.60 51.6 15.2 42 95

Step 5. Sephadex G-75 IB 20 25.5 510 0.38 7.6 70 30 438
Step 6. Sephadex G-75 llle 15 28.0 420 0.17 2.6 180 22 1125
Step 7. Sephadex G-75 l!e 15 25.2 368 0.12 1.8 210 19 1313

"9EL



TABLE 44. Purification of the High Molecular Weight Form of Adenosine Deaminase

from Rabbit Intestine

Vol. Activity Total Protein Total Sp. Act. ~ Yield Purification
Procedure (m1.) (e.u./ml.) e.u. (mg./m1.) Protein (mg). (e.u./mg.) % factor
Step 1. Acetate Extract 1820 1.03 1874 6.25 11375 0.16 100 1
Step 2. 20%-40% (NH,),SO0, 248 6.50 1609 34.8 8600 0.19 86 1.2
Step 3. Dialysis against HZO 306 3.85 1178 2.9 887 1.33 62.2 8.3
* Step 4. DEAE pH 5.8 (g fraction) 86 9.20 800 0.60 51.6 15.2 42.0 95.0
(=y fractions) 80 2.65 212 0.84 67.2 3.2 12.0 20.0
Step 5. Sephadex G-75 I8 10 7.80 78 1.06 10.6 7.0 4.2 44.0
Step 6. Sephadex G-2008 9 7.00 63 0.50 4.5 14.0 3.4 87.0
Step 7. Sephadex G-75«y 10 8.80 88 1.50 15.0 5.8 4.8 35.0
Step 8. Sephadex G-200«y 12 5.10 61 0.42 5.0 12.5 3.3 78.0
**Step 9. Final Sephadex G-200 15 4.20 63 0.14 2.1 30.0 3.2 200

* The high specific activity and high yield in the g fraction were due to the presence of the low molecular weight form,
which was removed in the next step (Step 5.).

** The final purification step involved the application of the active fractions from Steps 6 and 8 to the Sephadex G-200

column.

"LEL
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Acetate Extract

20% - 40% (NHy)2504,

Dialysis against water

DEAE cellulose pH 5.8
(s-fraction)

Sephadex G-75 18

t
~
(%3]

Sephadex G 118

Sephadex G-75 1118

Sephadex G-75 1VB

SCHEME 111. purification scheme for the Tow molecular

weight form of rabbit imtestinal adenosine

deaminase.
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Acetate Extract

20%-40% (NHy )2S0y

Dialysis against water

DEAE cellulose phH 5.8

(g-fraction) (=y-fraction)
Sephadex G-75 18 ~ Sephadex G-75sxy
Sephadex G-2008 Sephadex G-200=xy

//

Final Sephadex G-200

SCHEME 1V. Purification scheme for the high molecular weight

form of rabbit intestinal adenosine deaminase.’
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Evidence for the Purity of the Molecular Ferms

Homogenity by Polyacrylamide Gel Electrophoresis

The purified preparations obtained after the final gel
filtration steps were subjected.to polyacrylamide gel electro-
phoresis.' Samples of the enzymes containing 10-50 nug protein
were applied to the gels and electrophoresis carried out at a
current of 5 ma/tube for 30 min., at room temperature. Some of
the gels were then fixed and stained for protein by immersion
in 1% (w/v) Amido Black in 7% (v/v) acetic acid and the rest
were stained for enzyme activity. The patterns obtained in a
typical run are illustrated in Plate 6. In each case two bands
of enzyme activity were detected which corresponded with the
observed protein bands. As already mentioned (Methods section
p. 37 ) the procedure developed for the detection of adenosine
deaminase activity in polyacrylamide gels was not entirely
}satisfactory, since the gels couid not be photographed due to
rapid background coloration. The bands shown in Plate 6 (b) are

therefore diagramatic representations of what was observed

immediately after staining.

Chrematographic Evidence of Purity

The fact that both forms of the enzyme at the finail stage
of purification emerged from the Sephadex columm as symietrical

peaks coincident with their respective protein peaks, was a

streng indication of homogenity.



ELECTROPHEROGRAM

ZYMOGRAM

(v)

PLATE 6. POLYACRYLAMIDE GEL ELECTROPHORETIC PATTERNS OF PURIFIED
RABBIT INTESTINAL ADENOSINE DEAMINASE.
I LOW MOLECULAR WEIGHT FORM
II  HIGH MOLECULAR WEIGHT FORM
THE ELECTROPHEROGRAM (a) WAS STAINED FOR PROTEIN USING 1% AMIDO
BLACK IN 7; ACETIC ACID. THE ZYMOGRAM (b) WAS STAINED FOR ENZYME
. DEAMINASE




(a) (b) (e) (a) (e)

PLATE 7.  POLYACRYLAMIDE GEL ELECTROPHORETIC PATTERNS AT VARIOUS
STAGES IN THE PURIFICATION OF RABBIT INTESTINAL ADENOSINE DEAMINASE.

(a) ACETATE EXTRACT
(b) POST DIALYSIS AGAINST WATER

(c) POST DEAE pH 5.8

(a) POST SEPHADEX G-75 IVg (LOW MOL. WT. FORM).

(e) POST FINAL SEPHADEX G-200 (HIGH MOL. WT. FORM).

THE GELS WERE STAINED FOR PROTEIN USING 1% AMIDO BLACK IN 7% ACETIC
ACID.
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Electrophoretic Patterns Throughout the Purification

The progress in the purification of both forms was followed
by subjecting samples from the active fractions of individual
purification steps to electrophoresis in 5% polyacrylamide gels.
The protein was located by staining the gels with Amido Black
in 7% acetic acid. Results are illustrated on Plate 7. The
material frdm Step 2 (20%-40% (NH,),S50,) was not analysed because

of tha high concentration of (NH,),S0, present in the solution.

Removal of Alkaline Phosphatase Activity
During the Purification

In the purification of adenosine deaminase from bovine
intestine (Brady and 0'Connell, 1962) the elimination of alkaline
phosphatase was a constant objective. Tie Jevel of phosphatase

activity at vericus steps in the present purification procedure

was ez*imabad.

TARLE 45,
Adenosine Deaminase Alkaline Phosphatace
Procedure Yield & o Yield %
Step 1. Acetate Extract 100 100
Step 2. 20%-40% {NH,),S50, | 86 55
Step 3. Dialysis acainst Hp0 672 2.6

nNy

Step 4. DDAL pit 5.8 4
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The results summarized in Table 45 show that only 3.6% of
the alkaline phosphatase activity remained after the dialysis
step, whereas 6% of the original adenosine deaminase was

retained.

The Asgo : Argp Ratio at Each Step in the Purification

Table 46 shows the absorbancy ratio (Ajse : A,gp) measured at
different stages in the purification. The removal of nucleic acid
and other compounds which ahsorb at 260 nm, is illustrated by the

gradual increase in the ratio.

TABLE 46.

Procedure Absorbancy Ratio
Step 1. Acetate Extract 0.98

Step 2. 20%-40% (NH,),S0, 1.00

Step 3. Dialysis ageinst H,0 1.70

Step 4. DZAE pH 5.8 1.60
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Stability of Adenosine Deaminase

The stability of the enzyme during the early stages of the

purification procedure was investigated. This was done to test

the possibility of storing the crude or partially purified enzyme.

Samples from the first three steps were kept for two months under

the following conditions:

a)
b)
c)
d)

4%
4% incorporating 50 mM NaF
Deep freeze (-10°C)

Deep freeze incorporating 50 mM NaF

Assays were carried out at various intervals up to a period

of two months, and the results showed that there was no loss in

activity. It is therefore possible to store the enzyme under any

of the above conditions for two months without loss in activity.
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SECTION 1

p—
-

PROPERTIES OF THE HIGH AND LOW MCLECULAR WEIGHT FCRMS

OF RABBIT INTESTINAL ADENCSINE DEAMINASE
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Having purified both.forms of the enzyme it was considered
of interest to characterize them with a view to establishing
whether any differences existed between them. The first part
of the following section constitutes a survey of some of the
physical, chemical and catalytic properties of the two forms.
These include pH optima, pH stabilites, isoelectric points,
activation energies, Kms and effects of chemical reagents.

In the latter half of the section studies on the high mole-
cular weight form are described with emphasis on attempts to
convert the high molecular weight form inte the low molecular
weight form using urea, guanidine hydrochloride, sodium dodecyl

sulphate and other dissociating agents.

The Effect of pH on Enzyme Activity

The pH optima for both forms of the enzyme were estiﬁated
using adenosine and deoxyadenosine as substrates. Activity
determinations were carried out over the pH range 3.0 - 10.6
using purified enzyme preparations. Phospnate buffer was used
over the pH range 3.0 - 8.0 and glycine bufier from pH 9.0-10.6.
Assays were performed spectropnotometricaily at 37°%C by adding
0.1 ml. enzyme tc 3 wi. of substrate buffercd at the auprepriate
pH. The results obtained when ph was pietied againei % activity
are shown in Figs. 1 and 2.

The ooserved pit optima ave given vn Tinte 1,
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(b)

% ACTIVITY

FIG. 1. pH actiyity profiles of the low molecular
weight form of rabbit intestinal adenosine deaminase
(a) using adenosine and (b) using deoxyadenosine as
substrates. Phosphate buffer (pH 3.0-8.0) and
glycine buffer (pH 9.0 - 10.6) were used, and assays
performed spectrophotometrically at 265 mm.
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9% ACTIVITY

rH

FIG. 2. pH actiyity profiles of the high molecular
weight form of rabbit intestinal adenosine deaminase,
(a) using adenosine and (b) using deoxyadenosine as
substrates. Phosphate buffer (pH 3.0-8.0) and glycine
buffer {pH 9.0-10.62 were used, and assays performed
spectrophotometricailly at 265 mm.
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TABLE 1 pH Optima of the High and Low Molecular Weight
Forms of Adenosine Deaminase from Rabbit Intestine

Enzyme Form , Substrate used pH Optima
High molecular weight Adenosine 6.5
High molecular weight Deoxyadenosine 6.0
Low molecular weight Adenosine 6.5
Low molecular weight Deoxyadenosine 6.5

It can be seen that for both enzyme forms the pH optimum
with adenosine was at pH 6.5, but with deoxyaderiosine the high
molecular weignt form had a pH optimum at pH 6.0. It is also
apparent that the fall on the acid side of each pH curve is

steeper than on the alkaline side, there being no detectable

enzyme activity below pH 4.0.

ptl Stability of the High and Low Molecular Keight Forms

The pH stability of both forms was determined over the pH
range 3.0-10.6. Buffers were the same as those used in the pH
optima studies. The enzymes were maintained at the various pHs
for a period of 24 h. and were then assayed spectrophotometrically
at pH 6.5 using adenosine and deoxyadenosine as substrates. In
the case of the high molecuiar weight fors (using deoxyadenosine

as supsirete) the assays were performed at pit 6.0. The rosults
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(a)

% ACTIVITY

]
4.0 6.0 8.0 10.0

FIG. 3. pH stability profiles of the low molecular
weight form of rabbit intestinal adenosine deaminase
(3) using adenosine and (b) using deoxyadenosine as
substrates. Phosphate buffer (pH 3.0-8.0) and
glycine buffer (pH 9.0-10.6) were used, and assays
performed spectrophotometrically at 265 nm.
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4.0 6.0 - 8.0 10.0
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FIG. 4. pH stabflity profiles of the high molecular
weight form of rabbit intestinal adenosine deaminase
(a) using adenosine and (b) using deoxyadenosine as
substrates. Phosphate buffer (pH 3.0-8.0) and glycine
buffer (pH 9.0-10.6) were used, and assays performed
spectrophotometrically at 265 nm.
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obtained are graphically illustrated in Figs. 3 and 4.

It can be observed that the low molecular weight enzyme
is less stable towards pH than the high molecular weight form.
The latter is stable from pH 5.0 to pH 9.0, the enzyme regaining
100% of its activity on assay after being maintained in that pH
range for 24 h. However, the low molecular weight form did not
regain full activity on the alkaline side of the curve making

its stability range narrower than that of the high molecular

weight enzyme.

The Effect of Heating on Enzyme Activity

The rate of inactivation of enzymes im solution increases
rapidly with temperature. In nearly all cases inactivation
becomes virtually instantaneous at temperatures well below 100°c.
In the following experiment the stability ef the two fcims of
fhe rabbit intestinal deaminase towards heat was investigated.
Purified preparations of the enzymes were used in the study.

The suitably di‘tuted enzymes (in 0.1% phosphate buffer pH
6.5) were incubated for 15 min. at 20°, 370, 50°, 60°, 7O°Aand
80°C. 0.1 ml. samples were then removed and assayed spectirc-
photometrically at pH 6.5 using adenosine and deoxyadenosine as
substrates. % activity was plotted against temperature (OC). |
The inactivation curves obtained are illustrated in Figs. 5 and
6 which indicate that there is practically no difference bhetween

the two forims of the enzywe in their stability towards heating.
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FIG. 5.

40
TEMPERATURE °C
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Heat stability of the low molecular weight
form of rabbit intestinal adenosine deaminase (a)
using adenosine and (b) using deoxyadenosine as
substrates.
phosphate pH 7.0) was heated for 15 min. at various
temperatures and assays performed spectrophotometri
cally at 265 nm (pH 6.5).

The suitably diluted enzyme (in 0.1 M
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FIG. 6. Heat stability of the high molecular weight
form of rabbit intestinal adenosine deaminase (a)
using adenosine and (b) using deoxyadenosine as
substrates. The suitably diluted enzyme (in 0.1 M
phosphate pH 7.0) was heated for 15 min. at various
temperatures, and assays performed spectrophoto-
metrically at 265 nm.
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In all cases the enzymes were stable up to 60°C, but were

completely inactivated on heating at 70°C for 15 min.

Determination of the Activation Energies of
the High and Low Molecular Weight Forms

When fixed concentrations of reactants are maintained, a
reaction proceeds at different rates at different temperatures.
This means that the magnitude of the rate constant must be
temperature dependant. The relationship between the value of

the rate constant and the absolute temperature is defined by the
Arrhenius equation:
E

k = Ae RT
where k = rate constant, T = temperature % and R = gas constant.
A is a constant and E is a second constant called the activation
energy of the reaction. HWhatever is its theoretical basis, the
activation energy evidences itself as an emergetic obstacle to
reaction, whose magnitude to a large extent détermines the rote
of the reaction. The Arirhenius equation provides a means whereby -
the value of the activation energy can be determined.

-E
X = AeRT can be wiritten in logarithemic form

Ink = 1nk - %T

ME »
2.303 %R T

| >t

log A -

~a
D
-
(=}
0O
r
i
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This is the equation of a straight line obtained by plotting
Tog k against l-.The slope of the 1line equals - E/2.303 x R:
T

]. the value of

as 2.303 x R equals 4.576 cal. mole”! degree”
the activation energy can be determined from the "Arrhenius

Plot" as being equal to -(slope x 4.576) cal./mole.

Experimental Procedure:

Adenosine and deoxyadenosine (0.1 mM) were both used as
substrates. Assays wefe performed spectrophotometrically at
250, 30°, 35°, 40° and 45°C. The pH of the assay mixture was
6.5 except in the case of the high molecular weight form using
deoxyadenosine as substrate where the pH was 6.0. Both the
enzymes and substrates were separately equilibrated at each
temperature before assay. The results obtained are graphically

illustrated in Fig. 7 and the calculated activation energies given

in Tabie 2.

TABLE 2. Activation Energies of the High and Low Molecular Weight
Forms of Rabbit Intestinal Adenosine Deaminase

Form of the enzyme Substrate Activation energy
(k cal.)

High mol. wt. Adenosine 1.3

High mol. wt. Deoxyadenosine 1.25

Low mol wt. Adenosine 7.8

Low mol wt. Deoxyadenosine 7.6
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FIG. 7. An Arrhenius plot of log v (AE/min.) versus the reciprocal of temperature
in OK for the low molecular weight form (@—@ , using adenosine and O—Q , using
deoxyadenosine as substrates) and the high molecular weight form (m—a , using
adenosine and O—0 , using deoxyadenosine as subssrates) of rabbit intestinal
adenosine deaminase. Temperatures ranging from 25° to 459C were used, and assays
performed spectrophotometrically at 265 nm.
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It is apparent that there fs approximately a 6~fold difference

in the activation energies of the two forms.

Determination of the Isoelectric Points

The Suramin inhibition method of Wills (1952) was used to
measure the isoelectric points of both forms of the deaminase.
Suramin (mol. wt. 1429.2) is a trypanocidal drug and was
obtained from Imperial Chemical Industries Ltd. (Pharmaceutical
Division), Wilmslow, Cheshire, England. The method is based on
the fact that a sharp drop is observed in the inhibition pH curve

at or near the isoelectric point of the enzyme when it is inhibited

by suramin.

Experimental conditions:

The microdiffusion method of assay rather than the spectro-
photometric method was used because the suramin was found to
absorb strongly at 265 nm. Activity was determined over a pH
range of 4.2 to 5.4 in 0.1M citrate-phosphate buffer in the
presence and absence of suramin. Enzyme solutions were incubated -
at 37°C with 1.0 mM suramin for 20 min. prior to addition of the
The isoeleciric point is taken as the pH at which 50%

substrate.
inhibition occurs. The resuits obtained with both forms of the

enzyme argshown in Fig. 8.

Enzyme form Ispeiectric point

High Molecuizr Weight 4,94
Low Molecular Height 5.16
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FIG. 8. The effect of Suramin on (a) the low molecular
weight form and (b) the high molecular weight form of
rabbit intestinal adenosine deaminase at various pH
values. 0.1 M citrate-phosphate buffer (pH 4.2-5.4)
was used and assays performed spectrophotometrically

at 265 nm (pH 6.5).
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A slightly higher value was obtained for the low molecular
weight enzyme. However as there is no definite theoretical basis
for the method, the isoelectric points of the two forms cannot
be said to differ. A value of 4.7 was obtained by Brady and

0'Donovan (1965) using a crude extract of rabbit duodenum.

Determihation of the Michaelis Constants (Km) for the
High and Low Molecular Weight Forms of Adenosine
Deaminase |

Experfmental conditions:

Stock solutions of adenosine-and deoxyadenosine (0.2 mM)
were prepared in 0.1M phosphate buffer pH 7.0. For enzyme assay
dilutions of the stock solutions were made to give substrate
concentrations ranging from 0.01 mM to 0.15 mM.' The assay procedure
involved measuring the change in absorbance (AE) at 265 nm with
time at 37°C, when 0.1 ml. of enzyme was added to 3 ml. of
substrate. Km values were calculated according to the Lineweaver-

Burke method (1934). Resuits obtained for both forms of the enzyme

are shown in Figs. 9 and 1C.

Table 3 shows the various Km values obtained using adencsine

and deoxyadenosine as substrates.
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F16. 10. Lineweaver-Burke plots of the high molecular weight form(e—e)
and the low molecular weight form ( O———0 ) Of rabbit intestinal adenosine
deaminase using deoxyadenosine as substrate. V represents AE/min. and the
concentration of substrate is in moles /1.
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FIG. 10. Lineweaver-Burke plots of the high molecular weight form(e—e)
and the low molecular weight form ( o-—-og of rabbit intestinal adenosine
deaminase using deoxyadenosine as substrate. V represents AE/min. and the
concentration of substrate is in moles /1.
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TABLE 3. Km Vaiues for the High and Low Moiecular Weight Forms
using Adenosine and Deoxyadenosine as Substrates

Enzyme form Substrate Km

High molecular weight Adenosine 33.3x 107°
High molecular weight Deoxyadenosine 20 x107°
Low molecular weight Adenosine 3.3x 107
Low molecular weight Deoxyadenosine 1.6 x 10'5

A higher value was obtained (using beth substrates)for the
high molecular weight enzyme, the Km being approximately ten times

greater than that of the low molecular weight form.

Deamination of Adenosine, 2'-Deoxyadenosire, and 3'-Deoxyadencsine
(Cordecypin) by the High and Low Molecular Weight Forms of

Adenosirnie Deaminase.

The spectrophotometric method of assay was used in this study.

Experimental conditions:

0.1 mM substrates (pH 7.0) were used in all cases. 0.1 ml.

of enzyme was added to 3 ml. of each substrate and the fail in

G
absorpance at 265 ni3 measured av 377C.
The results are given in Tabie 4. These are expressed as

a ratio of deoxyadenosine to adenocsin2 frem values obtaiuned (4E)

at 265 nm after 2 minutes,

La
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TABLE 4. Comparison of the Rates of Deamination of Adenosine,
2'-Deoxyadenosine and 3'-Deoxyadenosine by the High
and Low Molecular Weight forms of Adenosine Deaminase

2'-Deoxyadenosine/ 3'-Dexoyadenosine

Adenosine Adenosine
High mol. wt. form 0.75 ° 0.77
Low mol. wt. form 0.75 1.00

Both forms of the enzyme deaminated 2'-deoxyadenosine at a
similar rate. However, the low molecular weight form deaminated

3'deoxyadenosine at a faster rate.

THE EFFECT OF UREA ON ENZYME ACTIVITY

Ultrapure urea (obtained from Mann Research Laboratories,
U.S.A.) which did not require re-crystallization was used in this
investigation. Urea has already been shown to markedly reduce
the pH stability of adenosine deaminase isolated from bovine

intestinal mucosa (Brady and 0'Sullivan, 1967).

Experimental conditions:

A stock 10M urea solution was crepared in 0.1M phosphate

buffer oH 7.0. This wes suitebly diluted with buffer and the

enzyme to give Tinel urez concentrations ranging from 1-CM, The
P 4 % .
urea-enzvae solutions were 1ncudated at 37°C and 0.1 i, samples
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FIG. 11. The effect of urea on the activity of the high molecular
weight form of rabbit intestinal adenosine deaminase. The dfluted
enzyme (in 0.1 M phosphate pH 7.0) was incubated at 37°C in urea solut-
fons (1-9 M) for 6 h. and 24 h. and assays performed spectrophotometri-
cally at 265 nm (pH 7.0).
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FIG. 12. The effect of urea on the activity of the low molecular
weight form of rabbit intestinal adenosine deaminase. °The diluted
enzyme (in 0.1 M phosphate pH 7.0) was incubated at 37°C in urea

solutions (1-9 M) for 6 h. and 24 h. and assays performed spectro-

photometrically at 265 nm (pH 7.0).
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FI1G. 13. Effect of 8M urea on the activities of the high molecular
weight form (o—o ) and the low molecular weight form ( o——o) of
rabbit intestinal_adenosine deaminase. The enzymes were incubu ted
for 30 min. at 37°C in 8M urea (in 0.1 M phosphate pH 7.0) and
assays performed spectrophotometrically at 265 nm (pH 7.0).
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removed for spectrophotometric aésay after 6 h. and 24h. respect-
ively. Results obtained for the high and low molecular weight
forms are illustrated in Figs. 11 and 12. | '

It can be observed that the inactivation patterns are very
similar, both forms of the enzyme being completely inactivated
by incubation in 8M urea for 24h.

Another experiment was performed to determine if any differences
could be detected between the two forms in the denaturation process.
Both forms were suitably diluted and incubated with 8M urea in
0.1M phosphate buffer pH 7.0. The loss of enzyme activity was
measured over a period of 30 min. by removing 0.1 ml. volumes for
assay at various times. Fig. 13 shows a plot of the results
obtained. It is evident that the rate of loss in activity in
both cases was almost the same, demonstrating the similarity of

the denaturation of the high and low molecular weight forms by urea.

THE EFFECT OF GUANIDINE HYDROCHLORIDE ON ENZYME ACTIVITY

Guanidine hydrochleride is also known to denature many erzymes
but at a much lower concentraticn than urea. In the following
| cxperiment its effect: on the activity of the high and Tow mole-
cular weight forms of the deaminase was investigated.

The enzymes were incubaied at 37°C with guanidine hydrochloride
in 0.1M phosghate pH 7.0. The Tinzi concestrations of the de-

naturant were 0.5M, 14 @nd 2M respeciively. Deaminase activity
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FIG. 14. Effect of guanidine hydrochloride on the activity of
the low molecular weight form of rabbit intestinal adenosine
deaminase. The diluted enzyme (in 0.1 M phosphate pH 7.03 was
incubated at 37°C for 1 h. and 24 h. with the GuHc! solutions
{1-2 M) and assays performed spectrophotometrically at 265 nm

pH 7.0).



1€°.

%ACTIVITY

1.0 2.0
GuHCL CONC.(M)

FIG. 15. Effect of guanidine hydrochloride on the activity of
the high molecular weight form of rabbit intestinal adenosine
deaminase. The diluted enzyme (in 0.1 M phosphate pH 7.0) was
incubated at 37°C for 1 h. and 24 h. with the GuHC1 solutions
1-2 M) and assays performed spectrophotometrically at 265 nm
pH 7.0).
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FIG. 16. = The effect of 1.5 M guanidine hydrochloride on the activity
of the low molecular weight form (o——0 ) and the high molecular
weight form (e—e) of rabbit 1ntest1na3 adenosine deaminase. The
enzymes were incubated for'60 min. at 27°C in 1.5 M GuHC1 (in 0.1M
shosphate pH 7.0) and assays performed spectrophotometrically at

265 nm (pH 7.0).



171.

was measured spectrophotometrically at pH 7.0 after 1 h. and
24 h. The results which are depicted in Figs. 14 and 15
illustrate that the high and low molecular weight forms show
very simiiar inactivation patterns with this reagent.

As in the case of the urea experiments the loss in activity
with time was investigated using a single concentration of
guanidine hydrochloride. The enzymes were incubated at 37°C with
1.5 M guanidine hydrochloride in 0.1M phosphate pH 7.0 and assays
performed at various times. The results obtained are graphically
illustrated in Fig. 16. This shows that the low molecular
weight form is more stable towards guanidine hydrochloride than
the hfgh molecular weight enzyme, 70% of its activity remaining

after 60 min. ccmpared to 37% for the high molecular weight form.

THE EFFECT OF DIMETHYLFORMAMIDE ON ENZYME ACTIVITY

Dimethylformamide (DMF) or formdimethylamide is an organic
solvent which causes denaturation and often dissociation of
certain proteins (Cooper, 1971}. In the following experiment
its effect on the activity of the high and low molecular weight

forms of the deaminase is studied.

Experimental concitions :

n v » »
The enzymes were incubeted at 37°C Tor 30 min. with various
concentrations of dimethyiformamide which rengzd from 10% (v/v)

to 50% fv/v) ir 0.4 phosphate pi 7.0, Cortrols were included

viithout the denatursnc, ~A¥ter inrcubditicn assays were norlorited
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spectrophotometrically at pH 7.0. The results obtained are

summarized in Table 5.

TABLE 5. Effect of DMF on the Activity of the High and Low
Molecular Weight Forms of Adenosine Deaminase

% Activity remaining after 30 min., incubation

% DMF (v/v) High mol.wt. form Low mol. wt. form
10 100 100
20 85 90
30 . 55 ‘ 66
40 . 0 0
50 o : 0

It is evident that the reagent inactivated the enzymes to the

same extent, both forms loosing all activity when incubated with

40% DMF (v/v).

METAL-ION INHIBITION OF THE HIGH AND LOW
MOLECULAR WEIGHT FORIS OF ADENOSINz DEAMINASE

Various metal ions have already been shown to effect the
activity of adenosine deaminase isolated from bovine mucosa(Brady,
1642; 75ttle, 1946). In the following experiment a systematic

study'of the effact of a number of metal dons on the activity of
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the rabbit enzymes was carried out.

Experimental conditions:

10 mM solutions of the following salts were made up in

0.1M Tris pH 7.0:

InS0,, CuCL, CuCLz, MgCL2 MnCLZ, CdCLz, CoCL2
'SrCLB, FeCL3, BaCLz, CrCL3, CaCLz, NiCL2 and EDTA.
. \
Equal volumes of both forms of the deaminase were incubated
at 37°C for 30 min. with an equal volume of each salt so that
the final metal ion concentration was 5 mM. Assays were performed '

spectrophotometrically at pH 7.0. The results obtained are 1isted

in Table 6.

TABLE 6. Effect of Metal Ions on the activity of the High and
Low Molecular Weight Forms of Adenosine Deaminase

% inhibiticn after 30 min. incubation

Metal ion High mol. wt. form Low mol. wt. form
Zn++ . 0 ' 0
cut 100 100
cutt 100 100 .
Mg++ 0 0
mntt 0 0
catt | 33 0
o™t 20 0
Ba++ 0 0
Ca++ 0 0
nitt 0 0
FQIH“" . 100 7
oyttt 67 12
sr*0 J 0
i 0

eDTA
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++ +

', mgtt, mn*t, Ba*t, ca’*, Nitt and sr* had no effect on the
activity of the enzymes, whereas both cut and cu™ completely
inactivated the two forms. Cd** and Co’* inhibited the high
molecular weight form by 33% and 20% respectively with neither

metal ion affecting the activity of the low molecular weight

+++

form. Fe and Crf++ inhibited the high molecular weight enzyme

by 100% and 67% respectively, but inhibited the low molecular

weight form by only 7% and 12%.
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STUDIES ON THE ACTIVE SITE OF ADENOSINE DEAMINASE
FROM RABBIT INTESTINE

As will be seen later in this section, various suggestions
have been made as regards the nature of the high molecular weight
form and its relationship to the low molecular weight form. As
both forms possess adenosine deaminase activity, it was consid-
ered of interest to investigate , to some extent, the nature of
their active sites with a view to establishing whether or not
there were similarities between them. It has already been shown
that a sulphydryl group is necessary for the activity of adenosine
deaminase isolated from bovine intestinal mucosa (Ronca et al.1967;
Murphy, 1957) chicken duodenum (Hoagland and Fisher, 1967) and
bovine placenta (Maguire and Sim, 1971). Because of the similarity
between these enzymes and the low molecular weight adenosine
deaminase from rabbit intestine, it was considered that a sulphydryl
group might be necessary for the activity of the rabbit enzyme.

The effect of a nuinber of reagents known to react with sulphydryi
groups was therefcre studied using both forms of the enzyme.

Evidence has been presented (Maguire and Sim, 1971) which -
indicates that histidine and possibly tryptophan may play a role
in the deamination reaction cataiysed by the bovine placental
adenosine deaminase. Reagents which react with these amino-acids

were also used in the study of the rabbit enzymes.
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THE EFFECT OF THIOL REAGENTS ON
DEAMINASE ACTIVITY

Preliminary experiments using thiol reagents showed that iod-
oacetic acid and its amide iodoacetamide had no effect on enzyme
activity when used at a concentration of 2.5 mM in 0.1M phosphate
pH 7.0. Both the high and Tow molecular weight forms retained 100%
of their activity even after 15 h. incubation at 37°C with the
reagents. The fact that these alkylating compounds did not inhibit
adenosine deaminase activity does nct necessarily exclude the
possibility of the presence of sulphydryl groups in the enzymes,
as iodoacetic acid and iodoacetamide are not very reactive.

Iodosobenzoic acid (0.25 mM in 0.1M phosphate pH 7.0) however
completely inactivated both forms of the enzyme after 5 min.
incubation at 37°C. In an effort to determine if this reagent had
a differential effect on the two enzyme forms a lower concenfration
was used. Fig. 17 shows the effect of 10 uM iodosobenzoic acid
(pH 7.0) with time. Only a small difference was observed, the
high holecular weight form being slightly more stable thgn the
Tow mo]eﬁular weight form after 16 h. incubation with the oxidizing
agent. .

The effect of 5'-5'-dithiobis-(2-nitrobenzoate), a thiol
specific reagent developed by Ellman (1959), was aiso investigaied
However, the reagent (C.1 mM in 0.1M phosphate pH 8.0) had no

effect on the activity of the high and low mclecular weignt forms

. . 0,
after 3 h. incubation at 37°C.
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FIG. 17. The effect of iodozobenzoic acid on the activities of
the high molecular weight form (e——e) 2and the low molecular
weight form (o——o0) of rabbit intestinal adenosine deaminase.
The enzymes were incubated for § min. with 10uM {odozobenzoic
acid (in 0.1 M phosphate pH 7.0) and assays performed spectro-
photometrically at 265 nm (pH 7.0).
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FIG. 18. The effect of organomercurials on the activity of the
high molecular weight form of rabbit intestinal adenosine deaminase,
The enzyme was incubated at 37 C with each reagent (0.2 M in 0.IM
phosphate pH 7.0) and assays performed spectrophotometrically at

265 nm (pH 7.0).
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- FIG. 19. The effect of organomercurials on the activity of the
Tow molecular weight form of rabbit intestinal adenosine deaminase.
The enzyme was incubated at 37°C with each reagent (0.2 mM 1in
0.1 M phosphate pH 7.0) and assays performed spectrophotometrically

at 265 nm (pH 7.0).
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THE EFFECT OF ORGANOMERCURIALS ON ADENOSINE
DEAMINASE ACTIVITY

~ Murphy (1967) found that the bovine intestinai adenosine

deaminase was not inhibited by iodoacetic acid or iodoacetamide,

but did, however, react with organomercurials. The effect of

these thiol reagents on the activity of the rabbit enzymes was

therefore investigated.

The following mercurials were used in the study:

p-chloromercuriphenylsulhonic acid (PCMPS)
p-chloromercuribenzoate (PMB)

phenyl-mercury acetate (PMA)

The enzymes were incubated at 37%C with the mercurials (Final
concentration, 0.2 mM in 0.1 phosphate pH 7.0). The spectrophoto-
metric method of assay was used. Figs. 18 and 19 show the loss
in activity with time for both forms of the enzyme. It is evident
that the inhibition by the mercurials is time dependent for the
high and low molecular weight forms. The order of reactivity of

the mercurials was PMA > PMB > PCMPS.

REACTIVATION OF THE MERCURIAL INHIBITED DEAMINASES

The above results indicate the preseace of sulphydryl groups
in both forms of tie enzyme. A criterion of mercaptide formation
is that the reacticn is readily reversible. The following experi-

ment was designed so as to determine if g-mercaptoethanol,



. 181,

dithiothreitol (Clelands reagent) or dithioerythritol (DTE)
Awou]d reactivate the enzymes inhibited by the mercurials.

The high and lTow molecular weight forms were treated with
p-chloroimercuribenzoate (0.2 mM) at pH 7.0 at 37°C for 30 min.
This gave approximately 90% inhibition in each case. After this
time p~mercaptoethanol (33 mM), dithiothreitol (3.3 mM) and
dithioerythritol (1.66 mM) were added in separate tubes to the
treated enzymes, and assays performed spectrophotometrically at
various time intervals. The results obtained are plotted in Figs.
20 and 21. As may be seen, reactivation was achieved in all cases,
the patterns being very similar for the high and low molecular
weight forms. The degree of reactivation also increased with
increasing molarity of the reactivating agemts. However the re-
activation was only partial. Murphy (1967) also found that the
bovine intestinal adenosinre deaminase could be only partially reactivated
after treatment with p-chloromercuribenzoate and he showed that this
partial reactivation obtained at longer incibation periods was due to
slow precipitation of the PMB-enzyme complex. Precipitation of the
PiB-enzyme complex could also account fecr the partial reactivation of
the mercurial treated rabbit intestinal deaminases

The inhibition of deaminase by the organomercurials and the
subsequent reactivation by g-mercaptoethanol, dithiothreitol and
dithioerythritol indicates that sulphydryl groups are necessary for
the enzymatic activity of the high and Tow mnlecular weight forms of

rabbit intestinal adencsine deaminase.
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FIG. 20. Reactivation of the PMB-inhibited high molecular weight
form of rabbit intestinal adenosine deaminase using 1.66 mM DTE
(e—a), 3.3 MM Clelands reagent (@———e ), and 33 nM g-
mercaptoethanol (o——o). The dotted line represents inacti-
vation of the enzyme with 0.2 mM PMB (in 0.1 M phosphate pH 7.0).
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FIG. 21. Reactivation of the PMB-inhibited high molecular weight
form of rabbit intestinal adenosine deaminase using 1.66 mM DTE
s—=a ), 3.3 mM Clelands reagent (e——e ) and 33 MM g-mercapto-
ethanol (o—=—0). The dotted line represents inactivation of the
enzyme with 0.2 mM PMB (in 0.1M phosphate pH 7.0).
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PHOTOOXIDATION STUDIES

Following the use of thiol reagents, it was decided to
study the effect of photooxidation on the activity of the high
and low molecular weight forms of the deaminase.

Molecular oxygen. which is generally ineffective towards
amino acids and proteins, can Be photoactivated to promote the
oxidation of polypeptide molecules by irradiation with visible
light in the presence 6f sensitizers (Spikes and Livingston, 1969).
Although the mechanism of the photooxidation process has not yet
been completely established, the technique has been used for the
chemical modification of proteins in the study of structure-
function relationships (Westhead, 1965; Martinez-Carrion et al.,
1967; Barker et al., 1971). The amino acid-moities, which are
normally considered to be susceptible to modification by this
technique, are the thiol group of cysteine, the thioether function
of methionine, the imidazole ring of histidine, the indole moiety
of tryptophan and the phenolic side chain of tyrosine. The most

commonly used sensitizers are methylene blue, rose bengal and

crystal violet.

Experimental Procedure:

The experimental procedure emp]oyéd was the same in all

experiments.
The purified deaminase was diluted with the appropriate buffer

to give a ressonable fall in absortance on assay. 10 0.5 ml. of

the deaminase soiution was added 0.5 ml. of sensitizer (0,024
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solution in the same buffer) and the mixture irradiated at room
temperature by four 150 W spotlight lamps, each placed at a
distance of 20 cm. After appropriate intervals, 0.1 ml. of the
mixture was withdrawn to measure the enzyme activity. Control

tubes were included without the sensitizer.

PHOTOOXIDATION OF ADENOSINE DEAMINASE IN THE
PRESENCE OF METHYLENE BLUE

In the first experiment, methylene blue was incubated with’
solutions of the high and Tow molecular weight forms of rabbit
intestinal adenosine deaminase. The bovine intestinal deaminase
was also included in the experiment, the pH of the incubation
mixtures being 6.5. The loss of activity with time is shewn in
Fig. 22. It is evident that photooxidation was complete after 1h.
incubation, the bovine enzyme being less susceptible than the high
and low melecular weight rabbit deawinases. This experiment
indicated that a photooxidizable amino acid is necessary for the
activity of adenosine deaminase. .

Since the rate of photooxidation is s?rongly dependent on the
pH of the reaction medium {McLaren, 1964) the process was investi-
gated at different pH values. The followiag buffers were used: |

0.1 M acetate pH 5.0
0.1 M phosphate ph 6.5
0.7 M Tris gk 8.6

Methylene blue was used as sensitizer. The effect of photo-
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FIG. 22. The effect of photooxidation (using 0.01% methylene blue as sensitizer)
on the activity of bovine intestinal adenosine deaminase (0———o) and the high

(o———0) and low (a—a ) molecular weight forms of rabbit intestinal adenosine
deaminase. The pH of the reaction mixture was 6.5.

‘981
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FIG. 23. The effect of photooxidation (using 0.01% methylene

fzer) on the activity of (a) the low molecular
:l?;h:sfgf:as::dz(b; the high molecular weight form of rabbit

intestinal adenosine deaminase at various pH values.
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FIG. 24. The effect of photooxiflation (using 0.01%
rose bengal as sensitizer) on the actiyity of (a)

the low molecular weight form and (b) the high molecular
weight form of rabbit intestinal adenosine deaminase.
o—o0 , pH 6.5;0—0 , pH 5.0; &—a pH 8.6.
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FIG. 25. The effect of photooxidation (using 0.01% crystal
violet as sensitizer) on the activity of (a) the low
molecular weight form and (b) the high molecular weight form
of rabbit intestinal adenosine deaminase.O~——O , 5.0;

o——p PH 6.5; a—a pH 8.6.
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oxidation with time at these pH values is illustrated in Fig. 23.
The inactivation patterns observed appear to be somewhat similar
for both forms of the enzyme, the rate of photooxidation being

greatest at the alkaline pH and least at the acid pH value.

PHOTOOXIDATION OF ADENOSINE DEAMINASE IN THE
PRESENCE OF ROSE BENGAL

Rose Bengal‘has also been widely used as a sensitizer in
photooxidation studies. It has been found to be more effective
than methylene blue (Cohen, 1968) and also more specific, histidine
residues being primerily oxidized (Glazer, 1970).

The inactivation patterns obtained for the high and low
molecular weight forms of the deaminase are shown in Fig 24. It
is evident that the rate of photooxidation was much faster here
than in the case of the methylene blue-sensitized photooxidations.
In this experiment the low molecular weight enzyme was photooxidized

at a somewhat slower rate than was the high molecular weight form.

PHOTOOXIDATION OF ADENOSINE DEAMINASE IN THE
PKi SENCE OF CRYSTAL VIOl T

Because mathylcne blue and rose bengsl are not very specific
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as sensitizers, only tentative conclusions can be drawn from
the results of the above experiments. An example of absolute
specificity of a sensitizer for a given amino acid is offered
by the crystal violet-sensitized photooxidation of cysteine.
Following the first experiments of Bellin and Yankus (1968),
Jori, et al. (1969) showed that this dye acts selectively on
cysteine in aqueous solution over the pH range 2.5 - 9.0, and
suggested that the inactivation of the sulphydryl enzyme papain
was due to a specific binding of the crystal violet with the
thiol group of cysteine. .

Photooxidation of the high and low molecular weight forms
of rabbit intestinal adenosine deaminase was investigated using
crystal violet as sensitizer. The conditions were the same as
those used in previous oxidation studies. The inactivation
patterns obtained are-illustrated in Fig. 25. It is apparent that
the enzymes were photooxidized, although only at the a]ka]iﬁe pH,
indicating the presence of a sulphydryl group necessary for
activity in both forms of the enzyme. The rate of inactivation
of the low molecular weight form was however faster than that of
the high molecular weight enzyme.

In summary, therefore, a photooxidizable amino acid appears'.
to be necessary for the activity of both forms of the deaminase.
From the results obtained using érystai violet as sensitizer,
this would appear to be cysteine. However, as the oxidation rates
in the presence of methylene blue and rose bengal were much faster,

it is possible that histidine or( and) tryptophan may be also

involved.
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EFFECT OF n-BROMOSUCCINIMIDE ON ENZYME ACTIVITY

Following the photooxidation studies, it appeared that a
tryptophan residue may be necessary for enzyme activity. A
reagent which has been found to react specifically with this
amino acid is n-bromosuccinimide. This compound, when used at
low concentrations and at acid pH, oxidizes fryptophan residues
in many proteins and enzymes (Rao and Ramachandran, 1962; Spande
and Witkop, 1967).

The effect of n-bromosuccinimide on the activity of the
rabbit deaminases and also the bovine intestinal adenosine deam-
inase was investigated. The enzymes were incubated at 37°C in
- 0.1M acetate buffer pH 5.0 with 10 mM and 10 uM n-bromecsuccinimide.
- At the higher concentration (10 mM) almost 100% inactivation of
the enzymes was obtained after 5 min. However, using 10 uM
n-bromosuccinimide the low molecular weight form was almost
completely inactivated after 10 min., whereas the reagent had no
effect on the activity of the high molecular weight enzyme (Fig.
26). The bovine intestinal deaminase gave the same pattern of
inhibitiﬁn as the low molecular weight rabbit enzyme.

n-bromosuccinimide, thererfore, does a@ppear to have a differ-
ential effect on the activity of the Tow and high molecular weight
forms of the deaminase. The fact that inactivation was obtained

however, indicates that a tryptophan residue may be necessary for

enzyme activity.
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FIG. 26. The effect of n-bromosuccinimide on the activity of the
high molecular weight form (e—e ) and the Tow molecular weight
form (o—o) of rabbit intestinal adenosine deaminase. The
n-Bmmsuccinimide (Y0uM in 0.1M acetate pH 5.0) was incubated at
37°C with the enzymes and activity estimated spectrophotometri-
cally at 265 nm (pH 7.0) at various time intervyals.
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MOLECULAR WEIGHT DETERMINATIONS

The molecular weights of the high and low molecular weight
forms of rabbit intestinal adenosine deaminase have been deter-
mined (Murphy et al., 1969b) and were estimated to be in the order
of 260,000 and 34,000 respectively. However, since these values
were obtained using crude rabbit duodenal extracts it was decided

to determine the molecular weights of the purified enzymes.

DETERMINATION OF THE MOLECULAR WEIGHT OF THE PURIFIED LOW MOLECULAR
WEIGHT FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE BY GEL FILTRATION

.

A sephadex G-75 Superfine column (40 cm. x 2.5 cm.) was prepared
as described in the Methods section (p.21) and equilibrated with
0.002M sodium citrate pH 5.8 incorporating 0.1 M KC1. Pure proteins
of known molecular weights were applied to the column using the
"Layering technique" (p.22) and 3 ml. fractions collected after
elution. Table 7. Tlists the proteins, their molecular weights and
the quantities used in calibrating the column. In all cases the
proteins were determined by their ultraviolet absorption at the
appropriate wavelength.

Fig.27 shows the elution pattern of some of the pure prbteins
listed in Table 7 which were used for calibrating the column. Blue
Dextran was used to determine the void volume,

Fig. 28 shows the relationship which exists between the mole-
cular weights of these protecins (wnen plotted on & logarithmic scale)

and the peak elution volumes., The relationship was linear between
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FIG. 27. Elution pattern of a number of purified proteins of known molecular weight
from a Sephadex G-75 (Superfine) column equilibrated with 0.002 M sodium citrate pH
5.8 containing 0.1 M KC1. 2 ml. of each protein was applied to the column and 3 mi.
fractions collected. Protein was determined by ultraviolet absorption &t the
appropriate wavelength.
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FIG. 28. Standard graph for molecular weight determination on
Sephadex G-75 (Superfine). Purified proteins ( 2 ml. volumes) were
applied to a Sephadex G-75 column equilibrated with 0.002 M sodium
citrate pH 5.8 containing 0.1 M KC1, and the peak elution volume of
each measured.
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TABLE 7. Purified Proteins used in the Calibration of the
Sephadex G-75 Column.

Protein Mol. wt. *Quantity applied Wavelength used
to estimate
Bovine serum albumen 67,000 6 mg. 280 nm
Ovalbumen 45,000 6 mg. 280 nm
Pepsin 35,000 . 6 mg. 280 nm
Chymotrypsinogen 25,000 ° 6 mg. 280 nm
Trypsin - 24,000 6 mg. 280 nm
Myoglobin 17,800 4 mg. 407 nm
Cytochrome C 12,400 . 4 mg. 412 mm

* Quantities referred to were dissolved in 2 ml. of eluting buffer.

bovine serum albumen (mol. wt. 67,000) and cytochrome C (mol. wt.
12,400) showing that for these proteins (all of which are assumed

to be globular in shape) the peak elution volume is directly pro-
portional to the molecular weight.

Fig. 29 shows the elution pattern obtained on applying 2 ml.
of a purified Tow molecular weight adenosine deaminase solution
(10 ug/ml.) to the Sephadex 6-75 column. Enzyme activity in the
eluate fractions was measured spectrophotometrically at 265 nm. A

value of 32,000 was obtainad for the molecular weight of this form

of the enzyme.
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THE STOKES RADIUS OF THE LOW MOLECUALR WEIGHT FORM
OF RABBIT INTESTINAL ADENOSINE DEAMINASE

The peak elution volumes of glcbular proteins after elution
from a Sephadex column are also directly related to the Stokes radif
of the molecules (Andrews, 1970). Fig. 30 shows a plot of the
Stokes radii of the pure proteins.used to standardize the Sephadex
G-75 column against their respective peak elution volumes. A value
of 24.8 X was obtained for the Stokes radius of the low molecular

weight form of the deaminase.

DETERMINATION OF THE MOLECULAR WEIGHT OF THE PURIFIED HIGH MOLECULAR
WEIGHT FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE.

Since the high molecular weight form of the'deaminase eluted
at the void volume of the Sephadex G-75 column, a gél of higher
porosity was used to determine the molecular weight of this form.

A Sephadex G-200' Superfine column (45 cm. x 2.5 em.) was prepared
as described in the Methods section and equilibrated with 0.002M
sodium citrate pH 5.8 incorporating 0.1 M KC1. Table 8 1lists the

pure proteins used to standardize the column.

TABLE 8. Purifijed Proteins used in the Calibration of the Sephadex
G-200 Column.

Protein Mcl. wt. * Quantity applied Wavelength used
to estimete
Thyroglobulin €70,000 10 rg. 280 nn.
y-Globulin 160,000 10 mg. 280 nm.
Pepsin 35,000 6 Wg. 280  am.
Myoglobin 17,809 6 mg. 407 .
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FI1G. 30. Standard graph 1llustrating thé relationship between the
Stokes radii of a number of pure proteins and their respective peak

" elution volumes after elution from a column of Sephadex G-75.
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FIG. 31. Elution pattern of a number of pure proteins of known molecular weight from a Sephadex
G-200 (Superfine) column equilibrated with 0.002 M sodium citrate pH 5.8 containing 0.1 M KC1

3 ml. of each protein was applied to the column and they were detected by ultraviolet absorption
at the appropriate wavelength. 3 ml. of a 0.2 mg./ml. solution of purified high molecular weight
rabbit deaminase was also applied and activity estimated spectrophotometrically at 265 nm (pH 7.0).
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FIG. 32. Standard graph for molecular weight determination
on Sephadex G-200 (Superfine). Pure proteins ( 3 ml. volumes)
were applied to a Sephadex G-200 column equilibrated with
0.002 M sodium citrate pH 5.8 containing 0.1 M KC1 and the
peak elution volume of each measured.
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F1G. 33. Standard graph illustrating the relationship between the
Stokes radii of a number of pure proteins and their respective peak
elution volumes after elution from a column of Sephadex G-200.
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* Quantities referred to were dissolved in 3 ml. of eluting

buffer.

Fig.31 shows the elution pattern of the pure proteins listed
in Table 8 and also shows the elution pattern of the high mole-
cular weight form of the deaminase (3 ml. of a 0.2 mg./mi. solution
was applied and aséays performed spectrophotometrically at 265 nm).

Fig. 32 shows the relationship which exists between the mole-
cular weights of these proteins and their respective peak elution
volumes. A value of 265,000 was obtained for the molecular weight
of the high molecular weight form of the enzyme.

The values obtained for the molacular weights of the purified
forms qf the deaminase show good agreement with the mclecular
weights obtained using crude intestinal extracts. This indicates
that there was no apparent change in molecuiar weight during the
purification of the enzymes and also illustrates the feasibility of

molecular wefght determinations using crude tissue extracts.

DETERMINATION OF THE STOKES RADIUS OF THE PURIFIED HIGH
MOLECULAR WEIGHT FORM OF THE DEAMINASE

Fig. 33 shows a plot of the Stokes radii of the pure proteins
applied to the Sephadex G-200 coluitn and their respective peak

[
elution volumes. A value of 69 A was obtained for the Stokes radjus

of the high molecular weight forn of the enzvine.
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ABSORPTION SPECTRA OF THE PURIFIED HIGH AND LOW MOLECULAR
WEIGHT FORMS OF ADENOSINE DEAMINASE

The absorption spectra were obtained by scanning 3 ml. solutions
of the purified forms of the deaminase between 200 nm and 400 nm in
a Sp 800 Unicam spectrophotometer (1 cm. cuvettes were used).

The patterns obtained are shown in Fig. 34, It is evident that
both forms exhibit typical protein spectra with maxima at 280 nm and
minima at 253 nm. The absorabency ratios (A,go/A25¢) for the hfgh

and low molecular weight forms were 1.3 and 2.0 respectively.'

c
w (o]
s
‘(\2 BRARY g
D ”

THE EXISTANCE OF MULTIPLE ELECTROPHORETIC FORMS

Cork

It has already been shown that the high and low molecular
weight forms of rabbit intestinal adenosine deaminase each appear
as two active protein bands when subjected to electrophoresis on
cellulose acetate paper and polyacrylamide éels. Each meclecular
weight form would therefore appear to consist of two components
differing in charge. Adenosine deaminases from a number of other
species such as the mouse and the cat also gave a two-isoenzyme
pattern after electrophoresis (Brady and 0'Donovan, 1965). In the
bovine species however, five and occasionally six isoenzymes can
be detected (Murphy et al., 1969a). For the purpose of icentifi-
cation, these have been nurbered 1 to 6. the jsoenzyme showing
greatest anodal migration being No. 1 and the one showing leest
migration No. 6. In Plate 8 the iscenzyue patiern of the low mole-
cuiar weight rabbit adenosing deaminase is compared with the isc-

enzymas of purified bovine Tung and spleen deaminases. {Ticse were
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PLATE 8. POLYACRYLAMIDE GEL ELECTROPHORETIC PATTERNS OF SOME
PURIFIED ADENOSINE DEAMINASES.

A. LOW MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE.
B. BOVINE LUNG ADENOSINE DEAMINASE.
C. BOVINE SPLEEN ADENOSINE DEAMINASE.

THE GELS WERE STAINED FOR PROTEIN USING 1% AMIDO BLACK IN 7%

ACETIC ACID.



PLATE 9. SEPARATION OF THE ISOENZYMES OF THE LOW MOL. WT.
FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE USING HIGH
VOLTAGE ELECTROPHORESIS (HVE) ON CELLULOSE ACETATE. THE
ZYMOGRAM (PHENOL VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS
USED.

(a) HVE immediately after purification.

(b) HVE 8 weeks after purification.

e rrm s mane e - e oen

(b)

————— . e emw e .-

© o,

DENSITOMETER TRACINGS OF THE ZYMOGRAMS SHOWN ABOVE.
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purified by the method of Noonan, 1969). The electrophoretic
separations were obtained by subjecting the purified enzymes to
polyacrylamide gel electrophoresis pH 8.1. After electrophoresis
the proteins were fixed and stained using 0.1% Amido Black in 7%
acetic acid.‘ It may be observed that the isoenzymes of the rabbit
deaminase correspond with isoenzymes 3 and 2 of the bovine adenosine
deaminases. .

Despite the f§ct that 'in the bovine species six isoenzymes can .
be detected in extracts prepared from mixed intestinal mucosa, derived
from a number of animals, only two isoenzymes were present when the
mucosa of single animals were examined immediately after death.
Moreover, their electrophoretic position varied from animal to animal.
It has been observed with these single mucosa that storage at 4°¢ or
at 37°C leads to an increase in the number of multiple forms from two
to four or more. (Murphy et al., 1969a). The possibility that the
rabbit intestinal adenosine deaminase might behave in a similar
manner was investigated by storing a sample of partially purified
low molecular weight form (sp. activity, 80 e.u.) at 4%c for several
months. Plate 9, shows the electrophoretic patterns obtain;d using
the high véltage cellulose acetate technique before and after storage.
On staining for enzyme activity (Methods section p.33) the number
of isoenzymes had increased from two to five. The possibility that
these "new" isoesnzymes might cerrespond to the high molecuiar weight
‘form of the deaminase is ruled out by the fact that the latter enzyme
has a slower electrophoretic mobitity than the low molecular weighi
form whereés the isoenzymzs produced c¢n storasge hed & greater

electrophoretic mobility.
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CELL FRACTIONATION STUDIES

Although the intracellular location of adenosine deaminase
has been studied in a number of mammalian tissues such as brain
(Jordan et al., 1959) and liver (Stern and Mirsky, 1953), its
subcellular distribution in the intestine appears to have received
Tittle attention. In the following experiment the location of the

enzyme in rabbit intestine was investigated.

Experimental Procedure:

The classical differential centrifugation technique of de Duve
(1964) was used. A 0.25M sucrose homogdenate of rabbit intestine was
obtained by homogenising 20 g. of tissue with 100 ml. of 0.25 M
sucrose. (A1l operations were carried out at 4°C). The homogenate,
after being allowed to stand for 30 min., was then centrifugally
separated (using a Sorvall Superspeed RC2-B Refrigerated Centrifuge)

into various fractions by the following procedure:

Homogenate

10 min. at 1,000 x g.

—~ Pellet (muclei and cell debri) N.
Supernatant ‘

1C win, at 10,000 x g.

-+ Pellet (Nitochondria) M.

Supeirnatant
%*
60 iin. at 150,0CC x g.

Pellet (Micrcsomes) Mc

4
Supernatant (soluble fractiom) S.

* This fraction was ohtsined using an MSE Siperspeed 40 Refrigerated

centrifuge.
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FIG. 35. Differential centrifugation of a 0.25 M sucrose
homogenate of rabbit intestine. The following fractions are
plotted in abscissa: N(nuclei and cell debri), M. (mitochondria),
Mc. (Microsomes) and S. (soluble fraction).
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This method yielded four fractions: (N) cell debri and
nuclear fraction, (M) mitochondrial fraction, (Mc) microsomal
fraction, and (S) soluble fraction. The pellets were resuspended
in appropriate volumes of 0.1M phosphate buffer pH 7.0 incorpor-
ating 1% Triton x-100, and allowed to stand at 4°C overnight.

(The Triton X-100 was added to rupture the various membrane structures).
The resuspended pelléts were then centrifuged at 16,000 r.p.m. for

30 min. to remove insoluble material, and assayed spectrophotometri-
cally at pH 7.0 for adenosine deaminase activity, The results

obtained are illustrated in Fig.35. It can be seen that 73% of the
recovered activity was in the soluble fraction and 16% in cell debri

and nuclear fraction. The high level of activity in the latter
fraction probably represents soluble adenosine deaminase as the pellet
obtained at the first centrifugation step did not clearly separate

from the supernatant.

Unfortunatelyy the intestinal tissue used in the experiment did
not possess any high molecular weight form of the deaminase. This
was observed when samples of the various fractions were applied to
a Sephadex G-75 coated thin-layer plate, and adenosine deaminase
activity 16cated after chromatography. However earlier results(p
have indicated that the high and low molecular weight forms cannot
be differentially extracted from the intesfine, indicating that both

forms are present in the same cellular fraction.
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IMMUNOCHEMICAL CHARACTERIZATION OF THE HIGH AND LOW
MOLECUALR WEIGHT FORMS OF THE DEAMINASE

Rabbits are currently being used in this laboratory to obtain
antiserum against purified bovine intestinal adenosine deaminase
and the serum is being used in a comparative study of mammalian
adenosine deaminases purified from a variety of sources. In the
following experiment the effect of the antiserum on the high and

Tow molecular weight forms of rabbit intestinal adenosine was

examined.

Experimental conditions:

0.4 m1. of the antiserum (obtained from a New Zealand Uhite
variety of rabbit) was incubated at 37°C with 0.4 wl. of the high
and low molecular weight forms and with 0.4 ml. of the bovire
intestinal deaninase. The enzymes were suitably diluted (using
0.1M phosphate pH 7.8) to give a reasonable fall in absorbance on
aésay. Controls were also included substituting 0.1 M phosphate pH
7.0 for the enzyme solutions. After various time intervals 0.1 ml.
aliquots were withdrawn and the deaminase activity measured
spectrophotometrically at pH 7.0. The results obtained are 11lus-
trated in Fig. 36. It is evident that the serum caused inhibition-éé
the bovine intestinal deaminase as expected and also inhibited the
high and low molecular weight forms of the rabbit aderosine deaminase.
The high and low mclecular weight forms used in this experiment were
purified from the wild variety of rabbit wheseas the antiseruin was
obtained from the demestic variety (New Zeatand White Pabbit) The

reaction between the antiserum and the rabbit deaminases would there-
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FIG. 36. The effect of anti-serum (rabbit) on the activity
of bovine intestinal adenosine deaminase (O——0) and the
low molecular weight (O——O) and the high molecular weight
(e——e@) forms of rabbit intestinal adenosine deaminase.
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PLATE 160. Immunoelectrophoretic pattern of bovine intestinal
adenosine deaminase. Electrophoresis was performed
on cellulose acetate paper at 200 V for 35 min.
using 20 mM phosphate buffer pH 7.0. After
electrophoresis the anti-serum was allowed to diffuse
for 24 h., and staining carried out using the
Nigrosine stain for protein.
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fore appear to be due to a difference in the variety of the rabbits
used. This assumption is also based on the fact that in repeat
experiments the antiserum failed to inhibit the deaminase purified
from the domestic variety of rabbit.

The above experiment demonstrates, however, that the high and
low molecular weight forms of the rabbit intestinal adenosine are
in some way structurally related both to each other and to the

bovine intestinal adenosine deaminase.

Piate 10 shows the precipitin lines obtained by reacting the

antiserum against the bovine intestinal adenosine deaminase.

THE EFFECT OF FREEZING AND THAWING ON ENZYME ACTIVITY

It has been observed in previous experiments (p.t43) that there
is 1ittle or no loss in enzyme activity when the partially purified
rabbit adenosine deaminase was stored ir the frozen state. However,
it has been found in this laboratcry that the bovine intestinal
adenosine deaminase looses its aetivity when subjected to freezing
and thawing. In the following experiment the effect of freezing
and thawing on both the purified bovine deaminase and the purified

Tow molecular weight rabbit deaminase is studied.

Experimental conditions:

Diluted solutions of both enzymes (%n 0.1 phosphate pH.7.0)
were kept at -10°C for severai days. At various time intervals
the enzymes were removed, allcwed to thaw. and 0.1 ml. aliquots
removed for enzyme assay at oH 7.0, The results uire illustreted
in Fig. 37,1t is evident that the low m;?ecu?ar wzight rabhit

deaminase is more stable to this treaitment than the bovine zdencsine
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FIG. 37. The effect of freezing and thawing on the activity
of the low molecular weight form of rabbit intestinal adenosine
deaminase (O———O) and bovine intestinal adenosine deaminase

(Om—n ).
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deaminase, the bovine enzyme losing 80% of its activity when
frozen and thawed three times, whereas the rabbit enzyme lost

only 30% of its activity.



The work described so far involved a comparative study of
the general properties of the high and low molecular weight forms
of the deaminase. As was shown, differences other than the mole-
cular weight have been detected between them. The queétion of the
nature of the high molecular weight form must now be considered.
In general, it seems that proteins consisting of a single polypeptide
chain appear to be of low molecular weight, whereas proteins that '
have been reported tb have molecular weights in access of 100,000
have been shown to consist of several subunits.
these subunits may be joined by covalent links, and in others the bonds
joining the subunits have been ruptured by means which do not affect

covalent‘links; In Table 9 a selected number of enzymes, which exist

216.

in multiple molecular forms, are Tisted.

TABLE 9.. Some Examples of Multichain Enzyses

Enzyne Mol. wt.

In some instances

No. of subunits Mol wt.

Reference

Lactic dehydrogenase 150,000
Threonine deaminase 160,000

Pyruvate kinase 237,000
Catalase 250,600
Adenosine triphosp-

hatase 284,000

4

4
4
4

10

35,000
40,000
57,260
60,000

26,000

Appei]a, 1961

Whiteiey. 1466
Morawiecki, 1967
Schroecer, 1654

Pénefsky, 1965

The fact that an enzyma nay bossess a vary high molecular weight

dces not recessarily mean ithat

having the same mglecuiar weight as in the cize of the enzymes listed

above.

i+ consisis o @ nunber of subunits

Other poscibilities wust 2150 be coiziaerad since many enzvies
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have been shown to exist in the form of multienzyme complexes with
different activities (e.g. the fatty acid synthetase complex) and
some enzymes are known to associate with non-enzymatic cellular
material, thus showing an apparent high molecular weight.

The possibility that the high molecular weight form of rabbit
intestinal adenosine deaminase might be some type of multienzyme
complex was investigated. The puri?ied enzyme was assayed (as
described in the Methods section) for the following enzymatic acti-
vities:

Adenosine monophosphate deaminase
Alkaline phosphatase
Acid phosphatase

5'-nucleotidase
Xanthine oxidase

The results of the assays showad, however, that none of the
above activities were associated with the high molecular weight form.

The possibility also exists that this high molecular weight
enzyme might be a type of adenosine deaminase similar to the non-
specific Takadiastase deaminase isolated by'Minato (1968). The
Takadiastase enzyme has been shown to deaminaie a variety of natural sub-
strates including adenosine and as already mentioned, it has a mole-
cular weight in the region of thai of the high molecular weiaht
adenosine deaminase being studied in the present investigation. The
following compounds were therefcre tested as substrates of the enzyme:

Adenosine triphosphate

Adenosine diphosphate

Adenosine monophosphate

Cyclic AMP

Nicotinamide adenine dinucleotide
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0.1 ml of the purified high molecular weight form was added
to 3 ml. of each substrate (0.1 mM in 0.1 M phosphate pH 7.0) and
the fall in absorbance at 265 nm measured spectrophotometrically
at 37°%C. The results showed that deamination of the above
substrates did not occur indicating that the high molecular weight
enzyme does not resemble the Takadiastase adenosine deaminase in
its specificity towafds substrates.

Anofher possibility which was considered was that the high
molecular weight form consisted of the lTow molecular weight enzyine
" bound or adsorbed on to some non-enzymatic cellular material such
as nucleic acid, carbohydrate or protein. This possibility was

investigated by analysing the purified enzyme for these components.

Test for Nucleic Acid: DNA was estimated by the following methods:

a) Indole Test (Ceroitti, 1952)
b) Diphenylamine Reaction (Burton, 1956.)

a) 0.4 ml. of purified high molecular weight enzyme was incubated
with 0.2 ml. of 0.04% indole and 0.2 ml. of concentrated HC1 in a
boiling water bath for ten minutes. The solution was then cooled

and its absorbance at 490 nm measured against a water blank treated-

in an identical manner.

b) 0.4 ml. of purified enzyme was added tc 0.4 ml. of diphenylamine
(1.5% (w/v) in acétic acid incorporating 1.5 m1. of conc. H,50,), and
the mixture incubated overnight at 30%.  The optical density at

600 nm was then measured against a biank trezted in the same manner.
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The results of the tests showed that there was no increase in
optical density thus indicating that there was no DNA in the
preparation.
RNA was estimated using the Orcinol reaction by the method

of Hatcher and Goldstein (1969). 1 ml. of purified high molecular
weight enzyme (containing 0.3 mg. protein) was treated with CdCl,
so that the final coﬁcentration of reagent was IM. The solution
was then incubated at 40°C for 5 min., centrifuged at 3,000 r.p.m.
for 8 min. and the supernatant fluid discarded. To the precipitate
was added 1 ml. orcinol reagent (2 g. resorcinol in 35 ml. ethanol
made up to 50 ml. with butanol), and 3 ml. FeCl3 solution (0.5 g.
FeCl3 in 100 ml. conc. HC1). The mixture was allowed to stand at
90°¢ for 60 min., cooled and its absorbance at 660 nm measured
against a water blank treated in a similar manner.

| The analytical tube hadanrabsorbance of zero which indicated

that there was no RNA in the high molecular weight enzyme preparation.

Test for Carbohydrate:

The cépper sulphate-phosphomolybdate test (French et al, 1950)
was used to determine if any pelysaccharides were present in the | ..
high molecular weight enzyme preparation. Two working solutions
were preparad:

Solution {A) consisted of 40 g. Na,CO; (Anhyd.) + 20 g. NaHCOj3 +

25 g. Rochelle salt + 7.5 g. CuSO, . SHy0 + #,0 to 1 litre,

Sofution (B) was prevared by dissolving 150 g. molybdic acid + 75 g.
Na,Ciy (arhyd.) in 500 ml. H,0: heat and fiiter; add 306 ml. 85%

H,P0, + H,0 to Y litre.
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A sample of purified high molecular weight enzyme was spotted
on to a piece of filter paper which was sprayed with solution (A).
The paper was heated at 105°C for 5 min. and then sprayed with
solution (B). The appearance of a blue spot on a white background

indicates the presence of a polysaccharide.

This was not observed in the above test indicating the absence
of polysaccharide material from the high molecular weight enzyme

preparation.

THE EFFECT OF VARIOUS REAGENTS WHICH MIGHT INDUCE DISSOCIATION
OF THE HIGH MOLECULAR WEIGHT FORM OF THE ENZYME

It is evident from the study of the properties of the hiéh
and Tow molecular weight forms of the deaminase that there are a
number of similarities between them. This suggests that the two
forms may embody a common protein core with an identical active
centre(s) or the high molecular weight enzyme could probably be a
polymeric form of the low molecular weight acenosine deaminase.
In the following experiments var{ous reagents were incubated with
the purified high molecular weight enzyme in an attempt to cause
conversiocn to the low molecular weight form.

Initially reagents were used which do not have protein denatur-
ing properties in the hope that the dissociation products, if obtained,
would have enzymatic activity. In the first experiment the follewing

compounds (prepared in 0.1M phospihate pH 7.0} were used:
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25 mM Mercaptoethanol

25 mM Dithiothreitol
1 M CaCl,

30% Sucrose

(These were the final concentrations after addition to the enzyme).
0.05 ml. of purified high molecular weight deaminase was
incubated with 0.05 ml. of the reagents and allowed to stand over-
night at room temperéture. Samples were then applied to a previously
prepared Sephadex G-75 coated thin-layer plate and after chromatog- -
raphy the gel was stained for deaminase activity. The patterns
obtained are illustrated on Plate 11. It is evident that mercapto-
ethanol, dithiothreitol or CaCl, did not bring about dissociation
but a slight conversion was observed in the sample treated with 30%
sucrose. . Mercaptoethanol and dithiothreitol are both known to effect
inter-molecular disulphide bridges so that the high molecular weight
enzyme would not appear to be stabilized by this type of bonding.
CaCl, was used following reports that 1M solutions of this reagent
dissociates nucleic acid material from basic proteins (Yamazaki and
Kaesberg, 1963; Mohberg and Rousch, 1969). The fact that dissociation
was‘not'observed is a further indication that nucleic acid is not
associated‘with the high molecular weight enzyme. The effect of the

sucrose is somewhat unusual since this reagent has not been known . ..

to dissociate protein structures. However, Ma and Fisher (1969)
have repcrted that sucrose also dissociated the high molecular
weight adenosine deaminase found in bovine liver, into a low mole-
cular weight form.

In ancther experiment the effect of the following reagents

(prepared in 0.1M phosphate pH 7.0 was investigeted):



PLATE 11. THIN-LAYER GEL FILTRATION PATTERNS OF THE HIGH
MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE
AFTER TREATMENT WITH VARIOUS REAGENTS. THE ZYMOGRAM (PHENOL
VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS USED.
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PLATE 12. THIN-LAYER GEL FILTRATION PATTERNS OF THE HIGH
MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE
AFTER TREATMENT WITH VARIOUS REAGENTS. THE 2YMOGRAM (PHENOL
VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS USED,
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PLATE 13. THIN-LAYER GEL FILTRATION PATTERNS OF THE HIGH
MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE
AFTER TREATMENT WITH DISSOCIATING AGENTS. THE ZYMOGRAM
(PHENOL VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS USED.
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50 mM Adenosine

50% (NH,),S0,

30% Gluccse

30% Fructose

0.05% Triton-x-100

2mM  Sodium lauryl sulphate (SDS)

(These were the final concentrations after addition to the enzyme),
0.05 ml. of each reagent was incubated with 0.05 ml. of
purified high molecular weight enzyme and the solutions allowed to
stand overnight at room temperature. The patterns obtained after
appMtcatian to-Sephadex G-75 coated thin-layer plates are illustrated
in Plates 12 and 13, It can be seen that both glucose and fructose
gave some dissociation but the effect was only barely detectable.
The adenosine and (NH,),S0, treated high molecya]r weight enzyme
samples showed no apparent alteration. Some conversicn is also
evident in the Triton x-100 treated enzyme. However, on increasing
the concentration of the reagent and the incubation time (1% Triton
x-100 for 3 days) the pattern obtained was the same. Sodium lauryl
sulphate (SDS) at a concentration of 2 mM did not appear to affect
the enzyme, but as will be seen later, higher concentrations of this
reagent completely inactivated both the high and low molecular

weight forms and also caused some dissociation of the high molecular

weight enzyme.

AYTEMPTS AT CONVERTING YHE LOW MOLECULAR WEIGHT FORM INTC
THE HIGH MOLECULAR WEIGHT vOXM

It has been observed with some enzywes that tlieir corresponding

subunits or low molecular weight components underqo associatizsn in
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solutions of high protein concentration, For éxample, beef liver
glutamic dehydrogenase is known to undergo a freely reversible,
concentration dependant, association-dissociation reaction, the
changes in molecular weight having been observed to occur mostly

in the range of 0.1 - 2 mg./ml. (Olson and Anfinsen, 1952; Frieden,
1958; Kubo et al., 1959). In the present study the highest
concentrations of the low molecular weight form of the adenosine
deaminase obtainable were approximately 2 mgjml. This was due to
the fact that only 1-2 mg. of purified enzyme could be obtained from
a singfe purification; However, when these preparations of the low
molecular weight form (2 mg./ml.) were subjected to electrophoresis
on cellulose acetate paper and in pelyacrylamide gels there was no
apparent difference in electrophoretic mobility, compared to that
obtained with dilute enzyme solutions, indicating that association
to the high molecular weight form did not take place at this protein
concentration.

An association reaction of a different nature has been reported
to take ptace with the adenosine deaminase (mol. wt. 50,000) purified
from human stomach (Akedo et al., 1970). This low mclecular weicht
deaminase Qas the only type found in the stomach, whereas hbman lung
possesses both high and low molecular weight adencsine deaminases‘_
(mol. wt. 200,000 and 50,000 respectively). Akedo reported that the
presence of the high molecular weight enzyme in the lung was due
to a"converting factor" which was present in the lung and was absent
from the stomach. Moreover, incubation of the low molecular weight
stomach deaminase with partially purified "ceavarting factor" brought

about association to a high molecular weight vorm,
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PLATE 14. THIN-LAYER GEL FILTRATION PATTERN OF THE LOW MOL. WT.
FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE AFTER INCUBATION WITH
A RABBIT LIVER EXTRACT. THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR

ADENOSINE DEAMINASE WAS USED.
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The possibility that the rabbit adenosine deaminase was
undergoing a similar type of association reaction was investigated.
A crude extract of rabbit liver was used as a possible source of
fconverting factor" as this tissue possesses all its adenosine

deaminase activity in the high molecular weight form (see p.

Experimental Procedure :

Purified low molecular weight rabbit intestinal adenosine
deaminase was used in the study. An aqueous extract of rabbit
liver was prepared by homogenising 5 g. of Tiver with 20 ml. distilied

. water. Three tubes were set up as follows asd allowed to incubate

overnight at room temperaturve :

Tube Contents
A 0.5 ml. liver extract + 0.5 ml. H,0
B 0.5 ml. deaminase # 0.5 ml. H,0
c 0.5 mi. deaminase +# 0.5 ml. liver extract

After incubation a sample from each tube was applied to a
previously equilibrated Sephadex G-75 coated thin-layer plate. The
patterns obtained afier staining for enzyme activity are illustrated
in Plate 14. As expected no activity could be detected in the sample
from Tube A (it has already been mentioned #hat the level of
deaminase activity in rabbit liver is too iaw to be detected by

this method). It is appareni, however. that there was no difference

in mobility between the enzymes in Tube B amd C , indicating that

association to a high molecular weight form had not occurred.
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THc EFFECT OF SODIUM SULPHITE ON RABBIT
INTESTINAL ADENOSINE DEAMINASE

The effect of sodium sulphite (a disulphide splitting reagent)
on the high and low molecular weight forms of the deaminase was
investigated in the following experiments. This substance reacts

with disulphides according to the following reaction:

RSSR + S03 ==== RS + RSSO

Murphy (1967) found that sodium sulphite inactivated adenosine
deamina#e from bovine.intestine by reacting with the disuiphide
bonds present in the enzyme. The reaction was reversible at neutral
pH values, but at alkaline pHs the equilibrium was far to the right.

In the first experiment the effect of the reagent on the

activity of the high and low molecular weight forms was investigated.

Experimental Conditicns:

The diluted enzymes in 0.05 M sodium borate buffer pH.9.3 were
jncubated at 37°C with sodium suiphite (0.05 M, 0.1 M and 0.5 M)
for various time intervals. Assays were performed spectrophoto- - -
metrically at pH 7.0 and the results obtained are graphically
illustrated in Fig. 38. 1t can be seen that inhibition of the
deaminases occurred, the rate of Toss in activity beccming more
rapid as the sodium sulphite conceniraiion was incraased, It was
also evident that the reagent had a differential etfoct om the two
forms, the high melecular wefght form retaiming 30X of its activity

after 220 min. in 0.5 M sodium sulphite, whereas the lTow qolecuian
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FIG. 38. The effect of sodium sulphite on (a) the high
and (b) the low molecular weight forms of rabbit intestinal
adenosine deaminase. The concentrations of reagent (in 0.05M
borate buffer pH 9.3) used were:

O—-O0 , 0.05 M; &—a , 0.1 M aed o—0 , 0.5 M.
The enzymes were incubated at 37°C with the reagent and assays
performed spectrophotometrically at 265 nm (pH 7.0).



PLATE 15

THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS
USED.

feesked Sample.  Coatqol.

POLYACRYLAMIDE GEL ELECTROPHEROGRAM. THE GELS WERE
STAINED USING 1% AMIDO BLACK IN 7% ACETIC ACID.
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weight form was completely inactivated using the same concentration
of reagent after only 90 min. The high molecular weight form
would therefore appear to be more stable this being possibiy due
to the fact that the disulphide bridges in the molecule are in
some way masked or hindered and may not be exposed to the same
extent as those present in the low molecular weight form.

So as to investigate if the’reagent was having a dissociating
effect on the high molecular weight form, the enzyme (2 mg./ml.)
was incubated at 37°C with 0.05 M sodium sulphite (in borate buffer
pH 9.3). After 1 h. incubation a sample was withdrawn and applied
to a Sephadex G-75 coated thin-layer plate, and the plate stained
for enzyme activity after first being developed. After 5 h. incubat-
ion another sample was withdrdwn and subjected to electrophoresis
in polyacrylamide geis at pH 8.1. The gels were stained for protein
using 1% Amido Black in 7% acetic acid. The patterns obtaired are
illustrated in Plate 15. It can be seen that using both techniques
there was no apparent change in the mobility of the enzyme compared
to that of a control which had not been treated with sodium sulphite

indicatirg that dissociation to a low molecular weight species did

not occur.

THE EFFECT OF TEMPERATURE AS A POSSIBLL
MEANS OF DISSOCIATION

The effect of temperature cn enzymne activity has already been
investigated and it was shown that both forms of the deaminase are

stable when heated to 60°C for 15 min., but lose 2i: activity when



PLATE 16. THIN-LAYER GEL FILTRATION PATTERN OF THE HIGH
MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE AFTER
HEATING TO 60°C FOR 20MIN. THE ZYMOGRAM (PHENOL VIOLET)
STAIN FOR ADENOSINE DEAMINASE WAS USED.
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heated to 70°C. Dissociation of many polymeric enzymes and proteins
is facilitated by elevating the temperature. For example, Jolley
et al. (1969) have shown that mushroom tyrosinase can be dissociated
into a low molecular weight species when a solution of the enzyme

is heated to 50°C, and porcine thyroglobulin dissociates on heating
to 70°C for 5 min. at pH 9.8 (Reithel, 1963). The following experi-
ment was designed to study the effect of heat on the high molecular
weight form of rabbit intestinal adenosine deaminase.

0.1 ml. of an aqueous solution of the high molecular weight
form (2.2 mg./ml.) was heated to 60°C for 20 min., and an aliquot
then applied to a previously prepared Sephadex G-75 coated thin-
layer pléte. Purified high and low molecular weight forms which -
were not heated were also applied. The plate was developed with

0.05 M KC1 and was stained for adenosine deaminase activity using

the zymogram stain (p.29 ). The results are illustrated in Plate 16

It is evident that the heated high molecular weight enzyme showed the

same pattern as the unheated sample indicating that dissociation did

not occur on heating to 60°C for 20 min.

THE EFFECT OF ACID AND ALKALINE pH ON THE MIGH MOLECULAR
WEIGHT FORM OF RABBIT INTESTINAL ACENGSINE
DEAMINASE

Many high molecular weight enzymes have been shown to undergo

dissociation when maintained at extremes of pH for a period of time.

(Mann and Vestling, 1969; Saha et al., 1963). In the fellowing

experiment the high molecular weight form of adenosing deuminase
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was subjected to high and Tow pH values in an effort to bring
about dissociation of the enzyme. The buffers used in the experi-
ment were:

0.2 M Na,HPO, -~ citric acid pH 2.4

0.1 M Na,CO 3 - NaHCO3 pH 10.6

These pH values are well outside the pH stability Eange of both
the high and low molecular weighé forms of the deaminase. 0.1 mil.
of an aqueous solution of the purified high molecular weight enzyme
was incubated with 0.1 ml. of each buffer for 5 h. at 20°C. The

solutions were then dialysed overnight against Tris-glycine electro-
phoresis_buffer pH 8.1.

Following dialysis the samples were subjected to electrophoresis
at pH 8.1 in polyacrylamide gels. Untreated high and low molecular
weight forms of the deaminase were also analysed and used as controls
in the experiment. After electrophoresis the proteins were fixed
and stained with 1% Amido Black in 7% acetic acid. The patterns
obtained showed that there was no apparent difference in electro-
phoretic mobility between the treated and umtreated high molecular
weight enzyme which indicated that dissociation had not taken place.

Acid and alkaline pH therefore do- not appear to have any effect on

the structure of the high molecular weight deaminase.

THE EFFECT OF PROTEOLYTIC ENZYMES ON THE HIGH MOLECULAR
WE1GHT FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE

£

The following investigation was carried out to determinre if

proteolytic enzymes have a dissociating effect on the high molecular
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weight form of adenosine deaminase. In the first experiment the
proteolytic enzyme trypsin was used.

0.1 ml. of purified high molecular weight deaminase (2 mg./ml.)
was incubated at 37°C with 0.025 ml. trypsin solution (0.2 mg./ml.)
in 0.05 M ammonium acetate buffer pH 8.5. The final ratio of
trypsin to deaminase was 1:50. After 20h. and 40h. aliquots were
withdrawn and subjecfed to electrophoresis in polyacrylamide gels
at pH 8.1. The proteins were fixed and stained with 1% Amido Black .
in 7% acetic acid. Plate 17 illustrates the patterns obtained
where it can be seen that the 20 h. and 40 h. samples had the same
electrophoretic mobility as an untreated high molecular weight
preparation indicating that dissociation had not taken place.

In a second experiment a number of proteolytic enzymes were
simultaneously incubated with the high molecular weight form of
the deaminase. A solution of the following enzymes was prepared

in 0.25 M ammonium acetate pH 8.5 (concentration of each enzyme:

0.2 mg./ml.).

Carboxypeptidase A

Fibrinolysin

Ficin

Papain N

Chymotrypsin

The solution also contained 10% LiCl (for solublization. of the

carboxypeptidase A), 5 mM cysteine (required for activation of ficin
and papain) and 5 mM CaCl, (required for the activities of carboxy-
peptidase A and chymotrypsin). 0.025 ml. of the solution was incubated
at 37°C with 0.1 ml. of purified high molecular weight adencsine

deaminase (2 mg./ml.). The final concentration of each protecivtic



PLATE 17. POLYACRYLAMIDE GEL ELECTROPHORETIC PATTERN OF THE
HIGH MOL. WT. FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE AFTER
TREATMENT WITH TRYPSIN. THE GELS WERE STAINED USING 1% AMIDO
BLACK IN T% ACETIC ACID.



PLATE 18

POLYACRYLAMIDE GEL ELECTROPHEROGRAM. THE GELS WERE STAINED USING
1% AMIDO BLACK IN 7% ACETIC ACID.

Tho(-Lama CiRonatoasan & Hiay  HoL.
WEGHT  ADPNOYNE  DEAUNASE  AFTER, )\
ReAmaEN< S A Wuxtke o Moot
FNames.

1. Conol hugh mel k. ADA

THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR ADENOSINE DEAMINASE
WAS USED.
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enzyme was 0.04 mg./ml. After 20 h. samples were withdrawn and
analysed by polyacrylamide gel electrophoresis pH 8.1 and by thin-
lTayer gel filtration on Sephadex G-75. (The polyacrylamide gels
were stained for protein using 1% Amido Black in 7% acetic acid,
and the thin-layer plate stained fop enzyme activity using the
zymogram stain for adenosine deaminase). The patterns obtained

are illustrated in Plate 18 where.ii is again evident that there

was no dissociation.

THE EFFECT OF GUANIDINE HYDROCHLORIDE AND UREA
AS DISSOCIATING AGENTS

The procedures commonly employed for the dissociation of
protein structures invoive the use of denaturing agents such as
guanidine hydrochloride or urea (Hass and Hill, 1969: Banks et al.,
1968; Acton et al., 1969). These conditions are known to produce
extensive changes in tertiary structure and the subunits obtained
are usually insoluble at neutral pH in the absence of the denaturing
agents. In the following experiments the effect of these reagents

on the high molecular weight form of rabbit intestinal adenosine

deaminase was studied.

Effect of Guanidine Hydrochloride

The thin-layer gel filtration technique was used to study the

effect of this denaturing agent. 0.1 ml. of Loth purified high

and Tow imoiecular weight forms were senarately dialysed overnight

against 6 M guanidine hydrochloride prepared in 0.5 M Tris pH 7.0
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A Low mol. wt. form
B High mol. wt. form

F1G. A. Thin-layer gel filtration pattern of the low and

high molecular weight forms of rabbit intestinal adenosine
deaminase after treatment with 6M guanidine hydrochloride.

The enzymes were incubated with the reagent (in 0.5 M Tris

pH 7.0) for 24 h. at 370C and applied to a Sephadex G-75

coated thin-layer plate equilibrated with 0.5 M Tris pH 7.0
containing 6 M guanidine hydrochloride. After chromatography
the plate was stained for protein using the Ponceau S-Nigrosine

stain.



PLATE 19
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High mol. Low mol.
wt. Form  wt. form

THE GELS WERE STAINED USING 1% AMIDO BLACK IN 7% ACETIC ACID.
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The guanidine hydrochloride was allowed to act on the enzymes

for 24 h. at 37°%. A Sephadex G-200 coated thin-layer plate was
then prepared, equilibrated overnight with 0.5 M Tris pH 7.0
incorporating 6 M guanidine hydroch]dride, and samples of the
treated enzymes applied to the plate. After development (which
took 48 h. approxiamtely) the proteins were fixed and stained using
the nigrosine-ponceau S stain as described on P. 8. As the protein
spots were faint and could not be satisfactorily photographed a
schematic representation of the pattern obtained is shown in Fig. A.

It is apparent that the low molecular weight form migrated as a

single spot. The high molecular weight form however exhibited

three protein bands, one of which corresponds with the position of

the low molecular weight form. It is evident therefore that

guanidine hydrochloride at a concentration of 6 M caused dissociation
of the high molecular weight structure, some of the subunits so

obtained possibly corresponding to the low molecular weight form

of the deaminase.
The effect of urea on the high molecular weight form of the

enzyme was also studied. When the thin-layer gel filtration tech-

nique was used as a method of separation as abcve, the flow rate of
the buffer-urea mixture through the gel was very slow, making the )

method impracticable. Polyacrylamide gel electrophoresis in the

presence of urea proved to be successful however,

The method used is described on p. #0. 0.2 ml. of the purified
high and low molecular weight forms were dialysed overnight against

& M urea in 0.1 M Tris pH 8.1 and the urea was allowed to act on

the enzymes for 18 h. at 40%c. Samples were then applied e poly-

acrylamide gels and after eiectrophoresis tie nreteins were fixed

and stained using 1% Amido Black in 7% acetiz acid. The patterns
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obtained are illustrated in Plate 19 (Both photographic and
schematic representations are shown). As in the case of the
guanidine hydrochioride treated enzyme, three major protein bands
were obtained when urea was allowed to act on the high molecular
weight deaminase, two of which had the same electrophoretic
mobility as the two slowest moving bands of the denatured low
molecular weight enzyme. In cdmparison with the guanidine hydro-
chloride (where only a single band was cbtained) several protein
bands were apparent in the uréa denatured low molecular weight
form.

The results indicate however that both the high anrd low mole-

cular weight forins may in some way be structurally related to each

other.

DISSOCIATION OF THE HIGH MOLECULAR WEIGHT FORM OF
ADENOSINE DEAMINASE USING SOD:UiM DOBECYL SULPHATE,

Sodium dodecyl sulphate (SDS) is an anionic detergent which

is widely used in the dissociation of high melecular weight protein
structures. Detergents occupy a unique position among protein )
denaturants, in that they are able to produce a drastic ccoperative
conformational chenge in proteins at remarkably low reagent concen-
trations. A concentration as low as 13 {w/v} sodium dsdecyl sulphate
has been shown to dissociate oligomeric proteins into their constit-
uent subunits (Shapiro et al., 1967; Sheys aad Joughty, 1571),

Before investigating the effect of SDS on ti# high wolecuisr weight

form of adencsine deaminase an experiment wes pevforinsd to siudy the
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effect of various types of detergent on deaminase activity.
The following detergents were used:

Neutral: Triton x-100
Tween 80

Cationic: Cetyltrimethylammonium bromide (CTAB)
Anionic: Sodium dodecyl sulphate (SDS)

1% solutions of all detergents in 0.1M phosphate pH 7.0 were
used. Assays were performed spectrophotometrically (pH 7.0) after
incubating both the high and low molecular weight forms of the
deaminase with each detergent for 1lh. at 37°C. The results showed
that the neutral detergents had no effect on enzyme activity whereas
both the cationic and anionic detergents gave 100% inhibition almost
imnediately. The effect of these detergents was the same for the

high and low molecular weight forms of the enzyme.

EFFECT OF SODIUM DODECYL SULPHATE ON THE HIGH MOLECULAR
WEIGHT FORM

0.2 m%. of purified high molecular weight deaminase was dialysed
overnight against a solution of 0.01M sodium phosphate pH 7.0 con- .
taining 1% SDS and 1% g-wmercaptoethanol. After dialysis the enzyme
was incubated at 37°C for 2h. The solution was then dialysed over-
night against 0.01M sodium phosphate pH 7.0 containing 0.1% SDS and
0.1% g-mercaptoethanol and subjected te electrophoresis in SDS-poly-
acrylamide gels as described on p. 3. The patiern obtained in one
of these gels is illustratad in Plate 2G{upper photograph). Two

protein bands are apparent, Band 11 probably correspending to a low
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molecular weight dissociation product. The lower half of Plate 20
shows a densitometer tracing of the protein stained gel. Inte-
gration of the quantity of Amido Black bound to the two bands gave
an estimate of 63% and 37% respectively for the proportion of total
protein contained in Bands 1 and 11.

SDS polyacrylamide gel electrophoresis also offers a simple
and rapid method for the determination of the molecular weights of
protein molecules (Weber and Osborn, 1969). Polypeptide chains
migrate through the SDS gels at a rate which is proportional to
their melecular weight. A plot of relative migration against log.
molecular weight gives a straight line relationship from which
unknown molecular weights of protein subunits and polypeptides can
be estimated.

In an effort to determine Qhether Band 11 (in the above experi-
ment) corresponded to the low molecular weigat form of the enzyme
a second experiment was performed in which the purified low molecular
weight deaminase was also treated with SDS.. A number of purified
proteins were simultaneously treated and subjected to electrophoresis

so0 as to estimate the molecular weight of the protein contained in

Band 11.

The pure proteins used in the study are Tisted in Tabie 10.
0.5 mg. of each protein was dissolved in 1 &l. of 0.1 M phosphate
pH 7.0 containing 1% SUS and 1% 8 mercaptoethanol and treated as
already described (p.o%.). 0.1 ml. of aguesus solutions of the
puritied high and low molecular weight forms of the deaminase were
also trezted ir a similar wanrer (The enzyme solutions were dialysed
After alicwing the detersent to act on the proteins

against the SDS).

gals.

they ware subjected to elecivapinresis in 837 polvacrylamide ge



PLATE 20, SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS OF THE HIGH
MOLECULAR WEIGHT FORM OF RABBIT INTESTINAL ADENOSINE DEAMINASE.

THE GELS WERE STAINED USING 1% AMIDO BLACK 1IN METHANOL-ACETIC
ACID.

DENSITOMETER TRACING OF ELECTROPHEROGRAM SHOWN ABOVE,



PLATE 21,
PURIFIED PROTEINS,
METHANOL-ACETIC ACID.

SDS-POLYACRYLAMIDE

THE GELS

Haemoglobin

Myoglobin
Trypsin
Pepsin
v-globulin
Ovalbumen
Catalase

B.S.Albumen

«-chymotrypsin

GEL ELECTROPHORETIC PATTERNS OF SOME
WERE STAINED USING 1% AMIDO BLACK IN
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SCHEMATIC REPRESENTATION OF ELECTROPHEROGRAMS SHOWN ABOVE,
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PLATE 22, SDS-POLYACRYLAMIDE GEL ELECTROPHORETIC PATTERNS OF
THE HIGH AND LOW MOL, WI., FORMS OF RABBIT INTESTINAL
ADENOSINE DEAMINASE. THE GELS WERE STAINED USING 1% AMIDO
BLACK METHANOL-ACETIC ACID,

SCHEMATTC REPRESENTATION OF ELECTROGRAMS SHOWN ABOVE.
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TABLE 10.  Pure Proteins Studied by SDS Polyacrylamide Gel

Electrophoresis.

* Protein ‘ Subunit mol. wt. Reference
Serum albumen ' 68,000 Tanford et al., 1967
y-Globulin (Heavy 50,000 Rutishauser et al.,1968
and light chains) 23,500 "
Catalase . 60,000 Sund et al., 1967
Pepsin - 35,000 Bovey et al., 1960
Chymotrypsinogen 25,700 Dayhoff , 1967
Trypsin 23,300 "
Myoglobin 17,800 u
Hemoglobin 15,500 "

* In repeat experiments both ovalbumen and =-chymotrypsin (mol.
 wts. 45,000 and 21,500 respectively) were also used.

Plate 21 shows the patterns obtained after staining where it is

evident that in some cases dissociation into subunits was not complete.

A schematic representaiton of the protein bands is shown in the

Tower half of Plate 21. _

Fig. 39 illustrates the relationship which exists between the
molecular weights of the sodium dodecyl sulphate-treated proteins  _
and their relative migration in the polyacrylamide gels. It car be
seen that the relationship is a lincar one.

Plate 22 depicts the patterns oblained after treatment of the
high and iow molecular weight forms of the rabbit adenusine deaminase
with sodium dodecyl sulphate. As in the previous experiment twe
protein bands were obtatned with the high molecular yeigrnt enzyme.

v
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Oy-giobulin(H chain)

Chymotrypsinogen
v- globulin(L chain)

20 40 60 80
RELATIVE MIGRATION

FIG. 39. The relationship between electrophoretic mobility and
molecular weight for a number of standard proteins after SDS-
polyacrylamide gel electrophoresis. The molecular weights of the

proteins are shown in Table IO,
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the fastest moving band having the ﬁame electrophoretic mobility
as the slow moving band of the SDS-treated low molecular weight
form. The low molecular weight enzyme unexpectedly gave a sharp
band possessing a slow electrophoretic mobility and also a diffuse
fast moving protein band. The molecular weights of the various
bands which were estimated using the standard graph (Fig. 39)

shown in Table 11.

TABLE 11. Molecular Weights of Various Bands obtained after
Electrophoresis of the high and low Molecular Weight
Forms of the Deaminase in SDS Polyacryiamide Gels.

Enzyme Form Protein Band Molecular Weight
High mol. wt. Stow = . >100,000
‘High mol.wt. Fast 3¢,000
Low mol. wt. . Slow - 39,000
Low mol. wt. Fast (diffuse) =17,000

It is apparent that the high molecular weight form of the
deaminase has been partially dissociated using SDS treatment into
a protein of ‘molecular weight 39,000 which is in the same region
as the molecuiar weight of the purified Tow molecular weight deam- .
jnase as determined by ge? fiitration (32,000). The molecular
weight of the slow moving band of the high.mo}ecu]ar weight form
( > 100,000) could not be eccurately estimated since it was outside
the range for the particuler gel used in the experiment (5% poly-
acrylamide gel). The pattern obteined with the Tow molecular weight
enzvme {a slow muving band, moi. wt. 35,300 and a fast moving diffuse



240.

band, mol. wt. = 17,000) was unusual. The fast moving band may
correspond to a dissociation product of the enzyme or perhaps

could represent contaminating low molecular weight components.

It is interesting to compare these results however, with those
obtained when another hydrolytic enzyme found in the intestine
(trypsin) was treated with sodium dodecyl sulphate and subjected

to electrophoresis (éee Plate 21). It can be seen that the patterns
obtained with the trypsin and the low mclecular weight rabbit
adenosine deaminase were very similar. This diffuse protein band
of apparently very low molecular weight has @lso been observed by
other workers when trypsin was treated with sodium dcdecyl sulphate

(Shapiro and Maizel, 1969).

ATTEMPTS AT DISSOCIATING THE HIGH MOLECULAR WEIGHT FORM
OF ADENOSINE DEAMINASE USING MALEIC ANHYDRIDE

The introduction of negative charges imto proteins by succiny-

lation (Klotz and Keresztes-Nagy, 1963; Hass, 1964) is a mild
procedure, in which the peptide chains remain soluble at neutral

pH (Klotz, 1967). During succinylation (usimg succinic anhydride)
the free amino groups of proteins (NH?) are replaced with a -
NHCOCHZCHzcoﬁ function. Butler et al. (1957} have suggested maleic
anhydride instead of succinic annhydride as a blocking agent for

amino groups in proteins for peptides. Follawing this,5ia and Horecker

(1968) have shown that proteins can be smoothly and complctely diss-

ociated into soluble subunits with maleic arfiyarice.
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It was considered of interest therefore to investigate the
effect of this reagent on the high molecular weight form of rabbii
intestinal adenosine deaminase. Most studies carried out using
maleic anhydride have employed the use of protein solutions of
fairly high concentration. Due to the limited amount of enzyme
available in the present study, the method of Bruton and Hartly
(1968) was used. These workers det;rmined the subunit structure
and molecular weight of methionyl-tRNA synthetase from E.coli with
only 0.2 mg. of protein using C!* maleic anhydride.

The C* maleic anhydride used in the study was obtained from

the Radiochemical Centre, Amersham, Buckinghamshire, England,

Procedure:

The enzyme-reagent incubation mixture was prepared as foilows:

0.175 ml. enzyme (containing 0.2 mg, protein)

0.05 ml. Cl* maleic anhydride (Benzene solution containing
5uCi)

0.1 ml. of 60 mM borate buffer pH 9.5

The mixture was allowed to stand at rcom temperature for 1h.
with intermitient shaking. After the reaction was completed the
~ volume was brought up to 1 ml. us{ng 60 mM borate pH 9.5 and the
solution applied to a standardized Sephadex 6-75 Superfine coiumn
(40 cm. x 2.5 cm.) equilibrated with 10 mM phosphate pH 7.0 containing
10 mM mercaptoethanol. 3 ml. fractions were coilected and the level
of radioactivity in each determined as descrited in the Methoas
section (p.

In the first experiment purified bovine intestinal deaminase
(mol. wt. 35,000) was used. The elution pattern obiained is {1lus-

trated in Fig. 40. It is apparent that the maicic anhydride reacted
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FIG. 40. Gel filtration of adenosine deaminase (treated with C -maleic anhydride)
on Sephadex G-75 (Superfine). Bovine intestinal deaminase (@——@) and the high
molecular weight form of rabbit intestinal adenosine deaminase (0——0O) were treated
with C!*-maleic anhydride and applied to the Sephadex column equilibrated with 10 mM
phosphate pH 7.0 containing 10 mm g-mercaptoethanol. 3 ml. fractions were collected
and radioactivity measured using a nuclear Chigago Gas Flow Detector.
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with the enzyme, It was hoped that 1f dissociation of the high
molecular weight rabbit deaminase took place when reacted with
the reagent, a similar pattern might be obtained. However, as
can be seen from Fig. 40, the maleic anhydride failed to react
with this deaminase. The experiment was repeated three times and

in no case was radioactivity detected after elution from the Seph-

adex column.

THIOL CONTENT OF RABBIT INTESTINAL ADENOSINE
DCAMINASE -

It has already been found that sulphydryT groups are necessary
for the activity of both the high and low melecular weight forms
of rabbit intestinal adenosine deaminase. 1Im the following study

the number of -SH groups in the denatured deaminases was estimated.

Estimation of sulphydryl groups by DTNB

5,5'-dithiobis-(2-nitrobenzoic acid) (HTNB} was first used by
Ellman (1959) to determine the sulphydryl content of tissue extracts
and purified proteirs. The total protein suiphydryl groups of the '
two forms of rebbit irtestinal adenosine deaninase were estjmated _

in the following manneyr:

Two 1 cm. cuvettes were set up containing the following:

fnalytical
1.7 wl. of guanidine hydrochloride (SM) in 0.1M phosphate
pH .0
0.1 ml. of 0.1M phosphate buffer pH 8.0 containing 10 my
ED7A
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* Enzyme solution
25 u1 of 10 mM DTNB in 0.1 M phosphate pH 8.0
Make up to a volume of 3.025 m1. with 0.1M phosphate

pH 8.0
* In the case of the high molecular weight form 0.4 ml. enzyme
containing 0.358 mg. protein was used, and in the case of the low
molecular weight form 0.3 ml. enzyme containing 0.516 mg. protein

was used.

Control
Same as the analytical except that 0.1 M phosphate buffer

pH 8.0 was substituted for the enzyme solution,

The absorbaﬁce of the analytical was measured at 412 nm using
the control as a blank. The number of sulphydryl groups was calcul-
ated from this with the use ¢f a molar extinrction coefficeint of
13,600 (E1lman, 1959). The following values were obtained for the

thiol content of the two forms of the enzyme.

THIOL CONTENT OF RABBIT INTESTINAL ADEROSINE DEAMINASE

(moles of SH/mole of enzyme)

High Mol. Wt. Form Low Mol. Wt. Form

18.7 (19) 2.4 (2)

The figures in parenthesis represent values obtained to the nearest

whole number.
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The above values were determined using molecular weights of
260,000 and 34,000 respectively for the high and low molecular
weight forms. It s interesting to note that when the thiol content
of the high molecular weight was calculated using a molecular
weight of 34,000 (which could possibly represent a subunit mole-
cular weight) a value of 2.55 was obtained. This is almost

identical with the value determined for the low molecular weight

form of the deaminase.

Estimation of SH groups by 2,2'-Dithiodipyridine

2,2'-dithiodipyridine (Trade name, Aldrithiol-2 obtained from
Aldrich Chemical Co. U.S.A.) has also been used for the determination
of sulphydryl groups in simple compounds and in biological materials
(Grassetti and Murray, 1967). The reagent reacts readily and
completely with thiols with the formation of 2-thiopyridone. As

in the case of DTNB the course of the reaction can be followed

spectrophotometrically. The 2,2'-dithiodipyridine absorbs maximally

at 343 nm, while the reaction product 2-thiopyridone has virtually

no absorption at that wavelength.

The SH content of the denatured high and low molecular weight
forms of the deaminase were estimated in the following manner.

Two 1 cm. cuvettes were set up containing the fcllowing:

Analztical'
1.7 ml. guanidine hydrochloride {8M) ir 0.1 M phosphate
pH 7.0

0.5 ml. of 5 mit aidrithiol -2 in Q.1M phosphate pH 7.0
containing 20% methanol.,
* Enzyme solution
Make up to a volume of 3 ml. yith 5.1 M ohesphate pH 7.0
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* In the case of the high molecular weight form 0.4 ml. enzyme
containing 0.358 mg. protein was used, and in the case of the low
molecular weight form 0.3 ml. enzyme containing 0.516 mg. protein

was used,

Control .
Same as the analytica].except that 0.1M phosphate buffer

pH 7.0 was substituted for the enzyme solution.

The absorbance of the analytical was measured at 412 nm using
the control as a blank. The SH content of the enzymes was calculated

using a molar extinction coefficeint of 7,600 (Grassetti and Murray,

1967). The following values were obtained:

THIOL CONTENT OF RABBIT INTESTINAL ADENOSINE DEAMINASE
(moles of SH/mole of enzyme)

High Mol. Wt. Form "~ Low. Mol. Wt. Form

5.75 (6) 1.77 (2)

The figures in parenthesis represent values obtained to the

nearest whole number.

As in the case of the reaction with DTNB two SH groups were
detected in the low molecular veight enzyme. The value obtained
with the high molecular weight form however (6 SH groups) is much
lower than the figure deterwined using DTNB. This could possibly
be due to incomplete reaction of the aldrithicl-2 with the SH

~groups in the enzyme molecule.

Again, when the thiol content of the high molccular weighi forw
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was calculated using a molecular weight of 34,000 a value of 1.28
was obtained which is lower than the value of 1.77 obtained for the

low molecular weight enzyme.

THE AMINO ACID COMPOSITION OF THE HIGH AND LOW

MOLECULAR WEIGHT FORMS OF RABBIT INTESTINAL

ADENOSINE DEAMINASE.

Investigations carried out on the effect of dissociating
agents such as sodium dodecyl sulphate and guanidine hydrochloride
have indicated that the high and low molecular weight forms of the
deaminase may in some way be structurally related. A study which
might provide valuable information about the two forms is the
determination of their amino acid composition. Having acquired
an amino acid analyser in the laboratory it was decided therefore
to carry out this investigation.

Because of the limited quantities of purified enzyme which were
available only very small amounts (0.1 mg. apprgx.) were used for
each analysis. The weighed lyephilized enzyme was hydrolysed as
dascribed (p.44) for 48h. and 72h. and 0.4 ml. of the hydrolysate
(which had been evaporated to drynsss and re-dissclved in 0.2 N
sodium citrate buffer pH 2.2) was applied te the analyser. A
standard amino acid sblution (containing 25 nmoles of each amino
acid) was also applied and the analyser constants for each amino acid
Thase constants were then uscd in estimating the

were determined.

quantity of each amino acid in the analytical solutions. The
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values of serine and threonine were determined by extrapclation
to zero time and those of valine and isoleucine were taken as the

values obtained after the longer hydrolysis time (72h.)

Estimation of cystine and cysteine as cysteic acid.

The combined cystine and cysteine content was determined
according to Hirs (1967). The method depends on the oxidation of
these amino acids to cysteic acid using performic acid. The
0xidizing agent was prepared by mixing 1.0 al. 30% hydrogen peroxide
and 9.0 ml. 88% formic acid, allowing to stand at room temperature
for 1h. and the solution then cooled to -4°C using a "Hetofrig"
cooling-bath (Heto Birkergd Denmark) and used immediately. The
wefghed iyophilized protein (0.1 mg. approx. of each molecular form
was used) was placed in a Pyrex ignition tube and 1 ml. performic
acid reagent added. The capped tube was then left in the cooling-
bath for 20h. Excess reagent was destroyed almost atqbnce by the
addition of 0.15 ml. 48% HBr in the cold. T¥he tube was then attached
to a rotary evaporator and concentrated to dryness. Removal of
bromine was facilitated by the presence of & few pellets o% sodium
hydroxide in an atlached condenser. 1 ml. of constant boiling HC?n
was added to the dry residue and hydrolysis allowed tc proceed at
110°C for 20h. The hydrelysate was then coscentrated to dryness
with a rotary evaporator, disscived in 0.2N codium citrate buffer
pH 2.2, and applied to the amino acid analyser. Since the yield of
cysteic acid is usually 94 ¥ 2% usinrg this nethod, the amount of
cysteic acid obtained was divided by 0.%4 te give & corrected value.

The number of cystiae plus cysteine was comwniently calculated with
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reference to the amount of a stabie aminc acid (phenylalanine was
used) determined from the same chromatogram.

The results of the amino acid analysis and cysteic acid
determination are listed in Table 12. The amino acid composition
of bovine intestinal adenosine deaminase as determined by Phelan

(1970) is also shown for comparison,

TABLE 12 Relative Amounts of Amino Acids in Bovine and Rabbit
Intestinal Adenosine Deaminases.

Bovine Deaminase Rabbit Intestinal Adenosine Deaminase
(Phelan, 1970) Low Mol.¥t. Form High Mol.Wt. Form

Cys (03H) 6 4 5

Asp 3 23 : 29

Thr | 18 ‘ 15 - 16

Ser 18 11 19

Glu 38 35 32

Pro 20 15 13

Gly 19 15 15

Ala 22 19 18 .

val 25 25 18

Met 6 (8) (6)

Ile 13 10 . 13

Leu 26 26 26

Tyr 12 8 12

Phe 1 n 11

His ° 7 8

Lys 22 .14 10

Arg : 12 ¢ . 12

Trp 3 () (3)

S A A W M A AT UAA 7 G
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Since both Met and Trp were destroyed during acid hydrolysis
of the enzymes the amounts of these could not be determined in the
above analysis. The figures in parenthesis therefore represent
values obtained for the bovine intestinal adenosine deaminase.

It must be stressed that although the values shown in Table
12 for the bovine deaminase represent the number of amino acid
vresidues per enzyme molecule, thie figures shown for the rabbit
enzymes may not. The reason for this is because the amount of
protein which was used for each analysis was so small that an
accurate weight estimation could not be obtained. The figures
shown therefore, represent the relative amounts of each amino acid
present'based on the assumption that the enzymes contain 11 Phe per
weight of 34,000. It was necessary to do this so as to obtain a
direct comparison of the relative amounts of each amino acid in
the high and Tow molecular weight rabbit deaminases. It is inter-
esting to note that having made this assumption molecular weight
values of 33,466 and 35,023 are obtained for the Tow énd high
molecular weight forms respectively from the summation of the amino

acids.

Examination of Table 12 reveals that although the relative

amounts of each amino acid in the Tow and high molecular weight

forms of the deaminase are not identical(which would indicate that

the high molecular waight enzyme was an -oligomeric form of the low
molecular weight enzyme) they appear to be in some cases very similar.
For example, the values for Cys (0,H), Thr, Glu, Pro, Gly, Ala, Leu,
His and Arg are practicaliy the same. Furtﬁermore, the general pattern
of valiues appear to be somowhat similar and appear to correspond with
the pattera shown by the bovine intestinal adenosinc deaminase: Asp

and Glu are high in all cases , the value of Glu being greater than
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that of Asp; Val and Leu are also high, whereas Cys(OsH), His
and Arg are quite Tow.
Although no definite conclusions can be drawn from the above
results, it was considered of interest to estimate the ratio of
non-polar amino acids to polar amino acids for the bovine deaminase
~and the Tow mo]eculgr weight rabbit deaminase. Several workers
(Fisher, 1964; Bieglow, 1967; Van Holde, 1966 and Klotz, 1970) have
shown that this ratio can be useful in explaining th some single- -
chain proteins tend to aggregate while others do not. In general,
it appears that a small peptide chain cannot tolerate more than
about 30%‘6f hydrophobic residues; a greater number will lead to
association. Fig. 41 shows a list (compiled by Van Holde, 1966)

of a number of globular proteins for which good data on amino acid
composition are available. Proteins known to exist primarily as
single-chain entities are listed on the left; the multichain
proteins are listed on the right. The only multichain proteins

listed are those found as definite aggregates, The vertical scale

gives the percentage of a group of hydrophobic residues (proline,

valine, leucine, isoleucine and phenylalanine) contained in each.

While some overlap occurs, the distinction between the two groups

of proteins is clear.
The correlation observed in Fig. 41 has been simply explained

by Van Holde as follows:
" Kendrew (1962) has pointed out that in myoglobin, alimost all cf

the hydrophobic residues are in the interior of the mclecule,

whereas the surface is composed largely of polar groups. IF an enzyme

of low molecular weight weie to contain tos iarge a fraction of

non-polar groups, not all of these could be cevered by the pelar

cortex. "Patches" of hydrophobic residues would be in contact witk
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SINGLE - CHAIN 2 MULTICHAIN

Ovalbumen \ Catalase
Sea Lamprey _—— # Aldolase
Hemoglobin i

Carboxypeptidese A —_____ 1

Albumen

<20

%’
|

FIG. 41. Globular proteins ranked versus: percentage of certain
hydrophobic residues (proline, valine, leucine, isoleucine and

phenylalanine).
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the solvent, and these would provide natural sites for association.
In a sense, the association process would put these groups back in-
side". |

For the bovine intestinal adenosine deaminase the content of
the five hydrophobic residues is 30.5% which lies at the crossover
point on the scale. This enzyme has not been known to. associate
.to higher molecular weight forﬁs. With the low molecular weight
form of the rabbit intestinal adenosine deaminase however, a value
of 34% is obtained for the hydrophobic amino acid content. This
figure is high up the scale shown in Fig. 41 which indicates that
this enzyme should have a greater tendancy towards aggregation than

the bovine intestinal adenosine deaminase.
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SECTION 1V

STUDIES ON THE RABBIT LIVER ADENOSINE DEAMINASE
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It has already been mentioned that the intestines of the
wild variety of rabbit appear to possess less of the high molecular
weight adenosine deaminase than those of the domestic variety.
During the early studies on the high and low molecular weight
forms of the intestinal deaminase, the former type of rabbit was
used, and for this reason very little of the high molecular weight
enzyme was available for purification. It has been observed by Ma ‘
and Fisher (1969) that the rabbit liver possesses all its adenosine
deaminase activity in a high molecular weight form. Before attempts
were made to purify the high molecular weight deaminase from the
intestine therefore, preliminary steps in the purification of the
rabbit liver enzyme were investigated.

An extraction procedure developed by Cohn et al. (1951) for
the fractionétion of bovine liver proteins which involved the use
of ethanol-water mixtures at various pH values (at 4°C) was applied
to the rabbit liver. Although separaiion of the adenosine deaminase
from various non-enzymatic proteins was achieved, the ethanol caused
inactivation of the enzyme thus rendering the method unsuitable.

Attempts were also made to fractionate the rabbit liver adenosine
deaminase using heat treatment, acetone treatment and polyethyléﬁe
glycol fractionation. However, none of these proved to be useful
as purification steps. (The pcivethylene glycol fractionation was
carried out using the methud of Pcison et al. (1964). The amnonium
sulphate re-extraction technigue which was found to be very successiul
in the purification of the iniesiinal deaminases could not bLe applicd
in the case of the rabhit 1iver due to the very low yield of enzyme

which was chtained,
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The following steps were found to be suitable however, for

partial purification of the rabbit liver adenosine deaminase.

STEP 1. Extraction using Glass Distilled Water.

The rabbit liver was homogenised with one volume of glass
distilled water. A further four volumes of water was then added
and the extract allowed to stand at 4°C (with intermittent shaking)
for 2h. It was then centrifuged at 10,000 r.p.m. for 20 min. and

the supernatant solution retained.

STEP 2.. 30%-70% Ammonium Sulphate.

Solid (NH,),S0, was added to the above supernatant to give a
saturation of 30%. After allowing to flocculate for 30 min. the
solution was centrifuged and the precipitate discarded. The
supernatant fluid was then brought to 70% saturation with ammonium
sulphate. The precipitate obtained in this case, after centri-
fugation, was retained and dissolved in a smell volume of glass

distilled water.

STEP 3. Dialysis against Running Tap Water .

The re-suspended enzyme after ammonium sulphate fractionation
was next dialysed against running tap water for a period of two
days. (Dialysis against distilled water yizlded very cloudy enzyme
solutions, the solutions obteined after dialysis against running tap
vater being quite clesr). lusoluble protein was removed by centri-

fugation at 10,000 r.p.n. for 70 min, and the supernatant fluid

retained.
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STEP 4.  Batch Absorption using DEAE-Cellulose pH 4.0 and
Stepwise Elution.

To the dfalysed enzyme solution from Step 3 was added DEAE
cellulose which had been equilibrated with 0.002M sodium acetate
pH 4.0. After stirring for 5 min. the mixture was centrifuged
and the supernatant fluid discarded. Finally the enzyme was
eluted from the DEAE using a 0.3M NaCl solution.

This procedure was capable of effecting a 30-fold purification’
of the adenosine deaminase, the specific activity having increased
from 0.004 e.u./mg. to 0.12 e.u./mg.

To investigate if the preparation obtained by the above pro-
cedure contained mcre than one molecular form of the deaminase, 3 ml.
(0.7 e.u/ml1.) was applied to a standardized Sephadex G-75 Superfine
column (40 cm. x 2.5 cm.) and the proteins eluted with 0.002M sodium
citrate pH 5.8 containing 0.1 M KC1. The pattern obtaingd is
illustrated in Fig. 42 where it can be seen that all of the adenosine
deaminase activity eluted at the void volume of the column, there
being no evidence for the presence of 2 low molecular weight form.
This is in agreement with the findings of Ma and Fisher (1959).
Deoxyaderosine as well as adenosine was used in estimating the
activity of the eluate fractions, and it is evident (Fig. 42 ) that”
the enzyme has the same deoxyadenosine/adenosine ratio (0.75) as
the high and Tow molecular weight forms found in the intestfne.

Ma and Fisher (1969) also reported that the high molecular
weight deaminase in bovine liver could be partially dissocisted to

a low molecular weight form by tireating an aqueous liver extract

with concentrated (i{4,)2S04. To investigate if Llhe rabbit liver
deaminase would underge 2 similar dissociation, 3 ml. of the pre-

paration from Step 4 w»s breucht to 90% saiuration with (M, )50y
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FIG. 42. Gel filtration of rabbit 1iver adenosine deaminase
on Sephadex G-75 (Superfine).
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FIG. 43. Gel filtration of rabbit liyer adenosine deaminase on
Sephadex 3-200 (Superfine.)
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The precipitated enzyme was then dissolved in 0.002M sodium
citrate pH 5.8 and applied to the Sephadex 6-75 column. The
pattern obtained was identical with that shown in Fig. 42
indicating that dissociation had not occurred. The rabbit liver

deaminase would therefore appear to be different from that found

in bovine liver.

MOLUCULAR WEIGHT OF THE PARTIALLY PURIFIED
RABBIT LIVER ADENOSINE DEAMIRASE

Partially purified enzyme from Step 4 w&s concentrated by
precipitation with ammonium sulphate (90% saturation) and re-
dissolved in 0.002 M sodium citrate pH 5.8 {+ 0.1M KC1) to give
a solution possessing an activity of 2.8 e.u./ml. 3'ml, of the.
solution was then applied to a previously standardized Sephadex
G-200 Superfine column (45 cm. x 2.5 cm.) asd the enzyme eluted

with 0.002 M sodium citrate pH 5.8 containirg 0.1 M KC1,

Fig. -43 shows the elution pattern obtainec. From the standard

graph (p.20%) a molecular weight of 246,00F was estimated for the

rabbit liver adenosine deaminase.
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DISCUSSION

A procedurevhas been developed for the separation and
purification of the two molecular weight forms of rabbit intest-
inal adenosine deaminase, the results of which constitute a
major portion of the work reported in this thesis. Rabbit intestine
was firét shown to possess high and low molecular weight forms of
adenosine deaminase by Buggy (1966). Preliminary experiments have
indicated that although the two forms of the enzyme appear to be
present in the same subcellular fraction (cytoplasm), the relative
amounts of each differs in various regions ef the small intestine.
The deaminase activity of the duodenum and upper intestine is largely
due to fhe low molecular weight form whereas the lower intestine
consists mainly of the high molecular weight form. The level of

enzyme activity also decreases gradually proceeding from the duo-

denum to the lower intestine. This fall im activity could possibly

be explained by the fact that the high molecular weight enzyme,
shown to contribute to most of the deaminase activity in the lower
intestine, has a very low specific activity. The level of'adenosine
deaminase therefore in terms of protein comentration is probablx _
the same throughout the length of the small intestine. - It has been
shown that in species which do not possess @ high molecular weight
adenosine deaminase (cat, rat and guinea-pig) the level of enzyme
activity is the same in the lower intestine as in the duodenum
(Brady and 0'Donovan, 1965). Rabbit spleem possesses a small amount
of a high mclecular weight adencsine deamimse which probably resem-

bles the high molecular weight form founc s the intestine. The
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spleen of the bovine species has also been reported to contain
some high molecular weight adenosine deaminase (Ma and Fisher,
1969)..

Preliminary studies on the purification of the rabbit
adenosine deaminase have shown that acetone powders of the
intestine are unsuitable as startjng material. Although acetone
powders have been successfully used in the purification of the
enzyme from bovine intestine (Brady and 0'Connell, 1962) and from
chicken duodenum (Hoagland and Fisher, 1967), a 70% loss in activity
was recorded when an acetone powder of rabbit intestine was pre-
pared. Extracts of whole intestine (using 0.2M acetate buffer pH
5.5 as extractant) were therefore used as starting material for
purification. Fractional precipitation of the deaminase with
acetone also caused considerable loss in enzyme activity, the re-

covery varying from 35% to 64%. Acetone fractionations have been

used however, in the purification of bovine heart adenosine deaminase

(Rockwell and Maguire, 1966) and in the purification of the Takadias-

tase adenosine deaminase (Minato, 1968). It would appear therefore,

that the rabbit intestinal enzyme is more sensitive to acetone treat-
ment than adenosine deaminases from other sources. Despite the
inactivating effect of this orgénic solvent, it was possible to
fractionally separate the two molecular weight forms of the enzyme,
the high molecular weight form being precipitated by 50-90% (v/v)
acetone and the low molecular weight form being precipitated by S0-
170% (v/v) acetone.

Rabbit intestinal adenosine deaminase is also repidly inacti-
vated at high temperatures, all activity being lost between 6¢° and

7000. On heating acetate extracts of the inlestine, the inactivaiion
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of the deaminase paralleled the precipitation of non-enzymatic
protein which rendered the use of a heat step dnsuitab]e for
purification. Bovine lung and spleen adenosine deaminases however,
can tolerate a temperature of 70°C for 10 min. and a heat step has
been'used in the purification procedures developed for these enzymes
(Noonan and Brady,.]969).

Although ammonium sulphate fractionation which has been used in
the purificatibn of adenosine deaminases from a variety of sources -
(Hoagland and Fisher, 1967; Pfrogner, 1967) gave considerable puri-
fication of the rabbit intestinal deaminase, an alternative procedure
(termed the (NH,),SO, "Re-extraction Method") was found to be more
suitable. The high specific activity obtaimed using this method
can be attributed to the large amount of inactive protein which
precipitates out of solution following dialysis of the ammonium
sulphate treated enzyme. These precipitated proteins appear to be
water-insoluble (at 4°C) and presumably require an environment of
high ionic strength to remain in solution.

Thin-layer gel filtration experiments followed by densitometry
have shown that the ratio of the high and lov molecular weight forms

“does not vary during the first three steps ef the purification
procedure. This allows both forms to be puriiied simuitaneously - -
without repitition of individual purification steps. fhe thin-layer
gel filtration method (followed by densitomiry) has proved to be
useful jin determining the relative amounis of the two forms of ihe

enzvime in various soluticns. The technique has severai advantages
over the use of Sephadex columns which inciude speed and adaptibility
to very small samples. Results obtained using the Sephadex coiuing

showed excellent agreement with those obtaimed with the thin-laver
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~gel filtration method which confirmed the validity of using the
latter technique for comparative analysis.

The anion exchanger DE-52 cellulose proved successful in the
purification of the enzymes, chromatography having been carried
out at pH 5.8. Although considerable purification was achieved,
the procedure did not separate the two forms of the enzyme. Besides
using the main enzyme peak which.wés eluted from the DEAE column for
the purification of the high and low molecular weight forms, side |
peak fractions, which were shown to possess a considerable quantity
of the high molecular weight enzyme, were aiso used for purification.
This necessitated the duplication of all subsequent steps in the
purification of the high molecular weight form.

Sephadex G-75 and Sephadex G-200 gels were found to be very
useful in the final stages of purification. Complete separation of
the high and low molecular weight forms was achieved on columns of

Sephadex G-75 with a simultaneous increase ir the specific activity

of both forms. This Sephadex gel has also been used in the purifi-

cation of bovine intestinal adenosine deaminase (Murphy et al.,
1969a). In the present purification, the Superfine grade of Sephadesx

yielded enzyme solutions of much greater specific activity than the
corresponding coarser grade. '

The specific activity of the purified low molecular weight
rabbit deaminase (250-300 e.u./mg.) is in the same order as the
specific activities of cther mammalian adenosine deamirases of sim-

ilar molecuiar weight. Table 13 compares the value obtained witn

those of other purified deaminases.
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TABLE 13.  Specific Activities of a Number of Purified Adenosine

Deaminases.
Enzyme Source ~ 5p. Act. (e.u./mg.) Reference

Bovine intestine 400 - 470 Murphy et al., 1969a
Bovine spleen 400 - Noonan and Brady, 1969
Bovine lung - 420 ' "

Bovine placenta 252 Sim and Maguire, 1971
Cat lung ‘ 600 Murphy et al., 1969b
Rabbit intestine *250 - 300 Present investigation

(Tow mol. wt. form)

*  These estimates of the specific activity of the rabbit deaminase
were made using the spectrophotometric method of assay. Because

the activity obtained with this method represents only 65% of the

true activity determined by the microdiffusion technique, the specific
activity of the low molecular weight form was in the region of 400
e.u./mg, and that of the high molecular weight form, 40 e.u/mg.

The specific activity of the purified kigh molecular weight
form was approximately ten times lower than that of the low molecular

weight enzyme, a value of 25-30 e.u./mg. (using the spectrophotometric

method of assay) being obtained. Although ether mammalian adenosine

deaminases of molecular sizes in the region of that of the high
molecular weight rabbit enzyme have not bees extensively investigated,
a large enzyme (mol. wt. 200,000) which appears tolcorrespond to tﬁe
type-A enzymes of Fisher's classification has recently been purified
from human iung by Akedo et al. (1972) and was shown to have a specific
The same workers hmve purified a type-C

activity of 2.7 e.u./ing.

adenosine deaminase {mol. wi. 50,000) from bwman stomach which had

a specific activity of 47.4 e.u./mg. This welue is considerably Tower
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than the specific activities of the low molecular weight enzymes
listed in Table 13. An adenosine deaminase with an unusually

low specific activity has been purified from bovine serum (Cory

et al., 1967). A]though the enzyme is of similar molecular

weight to the bovine intestinal deaminase (an S value of 3.9 has
been reported compared with a value of 3.46 for the bovine intes-
tinal enzyme) the specific aétivity of the purified enzyme was

only 1.1 e.u./mg. Both the human stomach and the bovine serum enzymes
appear to be the only low molecular weight mammalian adenosine deam-
inases reported to possess a low specific activity. A high mole-
cular weight deaminase (mol. wt. 120,000) which closely resembies
the type-Blenzymes of.Fisher's classification has been purified

from the bay scallop by Harbison and Fisher (. in the press) which

possesses a specific activity of 180 e.u./mg. In general, therefore,

it would appear that the high molecular weight type-A enzymas have
low specific activities, whereas the type-& (mol.wt. 110,000) and
the type-C (mol.wt. 35,000) adenosine deaminases possess high specific .
activities.
The relative amounts (as estimated by the thin-layer gel filt-

ration method) of the high and low molecular weight forms of the

deaminase in individual rabbit intestines waries considerably.
Throughout the entire study, it appeared that, in general, the
‘domestic variety of rabbit possessed a grester quentity cf the high
molecular weight erzyme in the intestine than did the wild variety.
However, towards the end of the work reported in the thesis, a
survey of a number of domestic types of rabbit was conducted with

a view to determining wicther cr not they #had the seme level of

high moTecular weight enzyme. The following vorieties of rapbit




PLATE 23, THIN-LAYER GEL FILTRATION PATTERNS OF EXTRACTS OF INDIVIDUAL RABBIT INTESTINES
(DOMESTIC VARIETY)., THE ZYMOGRAM (PHENOL VIOLET) STAIN FOR ADENOSINE DEAMINASE WAS USED.

THIN-LAYER GEL FILTRATION PATTERNS
OF INDIVIDUAL RABBIT
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were investigated:

Variety of Rabbit Reference Number
Letter Studied
Californian A 2
English B 2
New Zealand Red C 2
New Zealand White D. 2
Chincilla ‘E 2

*  This variety of rabbit was used for the purification of the
high molecular weight enzyme reported in the thesis.

Plate 23 illustrates the patterns obtained using the thin-
layer gel filtration technique. As can be seen, no high molecular
weight enzyme could be detected in any of the rabbit intestines
studied despite the fact that the animals were all of the domestic
These results were very surprising and appeared to

variety.

contradict earlier observations. Similar findings have been

obtained in this laboratory with porcine intestines, some of which
appear to possess about 50% of their adenosine deaminase activity
in a high molecular weight form while in others no high molecular
weight enzyme can be detected (Noonan, unpublished data). The

reason for these differences is not understcod.

A comparative study of the properties of the high and low mole-

cular weight forms of the rabbit deaminase revealed tnat there

were a number of differences beiween them. The pH optima of both

forms were the same (pH 6.5) except in the case of the high molecuiar
weight enzyme using deoxyadencsine as subsirate wiere the optimum

was at pH 6.0. The rabbit enzyme appears iv differ in this respece
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from other mammalian adenosine deaminases such as those of the
cow, rat and cat which have pH optima at 7.0. The dog however,
gives optima of 6.85 and 6.75 using adenosine and deoxyadenosine
respectively as substrates (Brady and 0'Domovan, 1965). The low
molecular weight form of the rabbit deaminase also appears to
have a narrower pH stability range than the high molecular weight
form. '

éoth forms of the enzyme have similar isoelectric points which
possibly explains why they elute from the DEAE cellulose column
during purification at the same position. The values obtained
(5.16 for the Tow mo]ecu]af weight form and 4.94 for the high mole-
cular weight form) are in the same order as those of a variety of
mammalian adenosine deaminases studied by Brady and 0'Doncvan (1965).
The relative substrate specificities (ratis of activity with deoxy-

adenosine and adenosine as substrates) of tke high and low molecular

weight forms were also similar. This is im agreement with the

results of Ma and Fisher (1969) who found that the relative substrate
specificities of the type-A enzymes in a variety cf mammalian livers
were the same as the corresponding type-C enzymes. The rabbit liver

adenosine deaminase also gave a similar value (0.75) to the intestinal

deaminases.
The high and low molecular weight foras of the rabbit deaminase

appear to be inactivated to the same exteri by urea and dimethyl-

formamide solutions. 8M urea causes complete 10ss in activity at

pH 7.0 which is similar to the findings of Rrady and C'Sullivan for

the bovine iniestinal adencsine deaminase {Brady and 0'Sullivan, 1967).

Guanidine hydrochloride causec imaciivetisn at a much lower concen-
tration (24}, the high wolecuiar weight fom being less stable

T : - o) : vpriihid £ i < s i"f‘
towards the reageni thaw the low antecutar weight formi.  Both fonas
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of the enzyme show very different activation energies and Km

values. The activation energy of the low molecular weight form

(7.8 k cal.) lies within the range of 4-10 k cal. which has been
reported by Ma and Fisher (1966) to be characteristic of verte-
brates in general. The figure obtained for the high molecular
weight form, however, (1.15 k cal.) is considerably Tower than

this range of values. Ma and Fisher (1968a) also found that the
high and Tow molecular weight adenosine deaminases in chicken liver-
(mol. wt. 110,000 and 30,000 respectively) differed in their
activation energies. The value for the high molecular weight enzyme
| (4 k cal.) was considerably Tower than that of the low molecular
weight form (17 k cal.). The Km values of the chicken enzymes also
differed by a factor of seven (Ma and Fisher, 1968a) compared with

a factor of ten for the high and low molecular weight forms of the
rabbit adenosine deaminase (using adenosine as substrate values of
33.3 x 107 and 3.3 x 107 were obtained for the high and low
molecular weight forms respectively). The figures obtained for the
Tow molecular weight form is in the same order as values reported
for other adenosine deaminases of similar molecular weight. Some
metal ions also inhibited the high and low molecular weight forms

of the rabbit intestinal deaminase, but to different extents. While
cut and cutt gave 100% inhibition in each case, cd* and Co™ inhibited

the high molecular weight form, but did not effect the activity of

- 3+ T
the low molecular weight enzyme. Fe3+ and Cr”" also inhibited the

high molecular weight form to a greater extent. These resvltis
indicate that the high molecular weight enzyme is more sensitive

. 2 3 £ rypar
to metal ion inhibition than the low molecular weight vorm,

i i ¢ s have indicate t sulphydryl groups
Studies with thiol reagents have indicated that sulphycry P
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are necessary for the activity of both forms of the enzyme. This
is in keeping with observations made on most adenosine deaminases
investigated to date. The pattern of reactivity with the thiol
reagents is very similar to that reported for the adenosine
deaminase isolated from the bovine species (Murphy, 1967; Ronca

et al., 1967; Maguire and Sim, 1971). 5,5'-dithiobis=(2-nitroben-
zoic acid DTNB), %odoacetic acid and its amide iodoacetamide
failed to inhibit the enzymes. DTNB does however, react with the -
denatured enzymes and has been used to determine the sulphydryl
content of the high and low molecular weight forms of the rabbit
deaminase. Evidence that sulphydryl groups are necessary for
enzyme activity'was obtained by reacting the deaminases with the
organomercurials, p-chloromercuriphenylsulghonic acid, p-chloro-
mercuribenzoate and phenylmercuricvacetate, and subsequently,
reactivating the enzymes with g-mercaptoethanol, dithiothreitol and

dithioerythritol. The fact that the inactivation and reactivation

patterns were very similar for both forms of the rabbit deaminase
suggests that the active sites of both may be very similar. It

has been suggested for the bovine intestinal deaminase that the lack
of reactiQity with alkylating reagenfﬁ (iodeacetic acid and iodo-
acetamide) was due to the fact that the essential sulphydryl group
may be contained in a hycdrophobic region of the enzyme molecule.

By using competitive inhibitors arnd from pH-velocity studies,
Maguife and Sim (1971) have proposed a mechinism of action for the
bovine placental adenosine deaminase (mol. wt. 35,480) involving

a cysteine, a histidine and a lysine residue.at the active site of
It was suggested that binding af substrates (and

the enzyine.
competitive inhibitors) is via hydrogen bonding from the enzyme
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sulphydryl to NI of the substrate and that an attacking waéér
molecule is bound to the tertiary nitrogen of the histidine
imidazole. The histidine residue is so orientated in the active
site as to bermit the stereospecific attack of the water oxygen
on C6 of the substrate. The role of the ammonium group of the
lysine residue is envisaged as one of facilitating removal of the
leaving group ('NHZ)' Photooxidation studies have also indicated
that a sulphydryl group, and possibly a tryptophan residue, may be
necessary for the actiVity of the rabbit intestinal deaminase.
Both forms of the enzyme were strongly iﬁhibited by n-bromosuccin-
imide, a reagent which attacks tryptophan residues. The non-
speciffc takadiastase adenosine deaminase was also found to be
inactivated by n-bromosuccinimide and by photooxidation in the
presence of methylene blue (Minato, 1968), and it was suggested that
a tryptophan residue was necessary for the activity of this enzyme.
As regards the nature of the high molecular weight form of

the rabbit deaminase, a number of tentative suggestions were made

which were subsequently tested. The possibility that the macro-

molecule might be some type of multienzyme complex possessing a

number of enzymatic activities was investigated, but cnly adenosine,

2'-deoxyadenosine and 3'-deoxyadenosine were deaminaied. These

substrates are aiso hydrolysed by the low molecular weight form

of the enzyme. The possibility that the high molecular weight

form might be & similar type of adenosine deaminase to the Takadias-

tase deaminase which deeminatles a variety of naturally occurring

substrates was also investigated. However, although both enzymos

have similar molecular weights, they differ widely in thoir sub-

strate specificitics. The possibility existed that the high
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molecular weight enzyme might consfst of the low molecular weight
form bound to some non-enzymatic cellular material, thus giving
an abparent high molecular weight. However, a test for polysacc-
haride showed that this substrate was absent from the preparation.
Despite the fact that an absorbancy ratio (Azso : A260)'of 1.3
was obtained with the high molecular weight enzyme (compared with
a value of 2.0 for the low molecular weight form) neither DNA nor
RNA could be detected in the purified enzyme. The high molecular
weight form would therefore appear to be entirely protein in
nature.

Attempts at dissociating the high molecular weight deaminase
uéing reagents which might induce conversion into active subunits
were largely unsuccessful. Triton x-100 and sucrose (also glucose
~and fructose) did however, give a slight conversion to a ]owf
molecular weight species possessing activity. As the effect in
each case was only barely detectable, these reagents cannot be
said to be of any great significance as dissociating agents for-

the enzyme. Ma and Fisher (1969) found however, that during sucrose

density gradient experiments, the type-A adenosine deaminase (mol.

wt. 200,060} of bovine liver disscciated into an active low molecular
weight species.. A similar dissociation effect was observed with .
the same enzyine during ammonium sulphate concentration experiments.

In contrast, in the case of the rabbit intestinal deaminase, treatment
with ammonium sulphate did not affect the high molecular weight form
of the enzyme. Similar results were obtained with the rabbit liver

adencsine deaminase (mol. wt. 246,000} when partially purified

. . . .
preparations of the enzyme were concentrated using ammonium suiphate

and subseguently chromatographed on a Sephadex G-75 column,
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Elevated temperatures, acid and alkaline pH, high salt
concentrations, incubation with proteolytic enzymes and treatment
with maleic anhydride failed to bring about dissociation of the
high molecular weight rabbit intestinal deaminase. Since these
procedures are commonly used for the dissociation of multichain
proteins and enzymes it would appear that the high molecular weight
rabbit adenosine deaminase possesses an unusually stable structure.

Guanidine hydrochloride, a well known denaturant and dissoc-
jating agent, did however convert the enzyme into low molecular
weight components, one of which had the same mobility on Sephadex
G-75 coated thin-layer plates as thé guanidine hydrochloride treated
Tow molecular weight adenosine deaminase. The fact that Sephadex
gels were used indicated that the dissociation product had a similar
molecular weight to that of the Tow molecular weight form of the
enzyme. Guanidine hydrochloride has also been found to dissociate
the large adenosine deaminase (mol. wt. 214,000) from Takadiastase
powder (Minato, 1963) the dissociation products having molecular
weights of 111,000 and 29,000 respectively. Recentiy, Akedo et al.
(1972) have reported that the human lung adenosine deaminése (mol.
wt. 200;600) is dissociable using guanidine hydrochloride inte an
active low molecular weight species (ho]. wt. 50,000).

Urea and sodium dodecyl sulphate were also found to dissociate
the high molecular weight form of the rabbit intestinal adenosine
deaminase. On treating the enzyme with sedium dodecyl suiphate, a
protein of molecular weight 39,000 was obtained, which had the
same electrophoretic mobility as the 3DS treated low niolecular
" weignt deaminase. Although the producte af these treatments vwith

dissocisting cgents have to be confirmed as identical with the native
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Tow molecular weight adencsine deaminase, the findings suggest

two possible interpretations of.the structural relationship

between the two forms of the enzyme: (i) The high molecular
weight form is a polymeric form of the low molecular weight enzyme.
(i1) The high molecular weight form is a complex of the low
molecular weight enzyme and some other protein(s). Similar inter-
pretations have been put forward for the large (E]) and small (ES)
adenosine deaminases found in human tissues by Akedo et al, (1970).
By the finding of the apparent conversion of ES to E] in the presence
of normal lung sap, they supposed the existence of some unknown
factor(s) capable of stimulating conversion of E to E] and termed
it tentatively the "conversion factor". Furthermore, Akedo et al.
(1972) have succeeded in obtaininé electrophoretically nearly homo-
genous conversion factor which had a molecutar weight of 140,000

as estimated by gel filtration with Sephadex G-200. The authors
have suggested that the large enzyme (E]) is composed of the small
adenosine deaminase (Es) bound to the conversion factor. This view
of the structure of a high molecular weight adenosine deaminase is
different‘from that proposed by Ma ard Fisher (1569) who have
suggested that the type-A adenosine deaminase (mol.wt. 200,000) found
in mammalian livers is a polymeric form of the low molecular weight
enzyme (mol. wt. 35,000) present in the sase tissue. The prescnce

of a "conversion factor" in rabbit liver has not been detected in

the present investigaticn. It cannot be stated definitely therefore

at the prasent time wirich of the two interpretations fits the high
molecular weight form of the rabbit intestimal adenosine deaminase.
Studices on the suiphydryi centent vsing 5,5°-dithiobis-(2-nitirctenzoic

acid) have indicated a number of suinhydryY aroups in the enzyme



molecule which would be consistent with the view that the enzyme

is a polymeric form of the low molecular weight enzyme. However,

a much smaller number of sulphydryl groups were detected using

aldrithiol-2. Two sulphydryl groups were detected in the Tow

molecular weight form which is consistent with the findings for

other mammalian adenosine deaminases of similar molecular weight.
The results obtained for the ratio of polar to non-polar amino

acids present in the low molecular weight rabbit adenosine deaminase

compared to the value obtained for the bovine intestinal adenosine

deaminase offers a plausible explanation as to why the rabbit enzyme

should have a tendancy towards aggregation. The percentage hydro-

phobic residues present (34%) is higher than the value obtained

for the bovine intestinal deaminase (30.5%) and is also higher

than the hydrophobic amino acid content of a number of well known

enzymes which exist as multiple molecular forms (glutamic dehydrog-

enase, aldolese and catalase). The large percentage of hydrophobic

amino acid residues in the rabbit aderosine deaminase coulc also

account for the remarkable stability of the high molecular weight

form of the enzyme.
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