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GENERAL INTRODUCTION.

The earliest reference to phosphatase activity in
plant or animal tlssues was the report by Suzuki, Yoshil-
mura and Taﬁaishi (1907) that rice and wheat bran extracts
decomposed phytin with the liberation of inorganic phos-
phate, Phytin was also shown ﬁo be split by extracts of
calf-liver and blood, but not by muscle or kidney by
McCollum and Hart (1908).

The first reference to the splitting of a phosphate
monoester was that of Levene and Medigreceanu (1911) who
showsed that extracts of pancreas, liver, kildney, heart-
miscle and intestlnal mucosa hydrolysed nucleotides with
the production of inorganic phosphate, kidney and intestinal
micosa appearing to be the nmost active sources of this
enzymlc activity,

Glycerophosphate, a substance which has come to be
widely used in estimations of phosphatase activity, was
first shown by Grosser and Husler (1912) to be hydrolysed
by animal tissues,.theif results indicating that kidney,
intestine and lung had considerable glyserphosphatase
activity, liver much less and spleen only a trace of activity.
Blood, skeletal and heart muscle were reported to have no
aétivity. Plimmer (1913) confirmed these results for the

phosphatase activity of extracts of intestinal mucosa,
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kidney and lung but found liver to have only slight activity.
He also found that phytic acld was attacked only very slowly,
if at all, by extracts of liver and intestine and that the
Harden and Young ester was attacked by intestinal extracts,
Plimmer also demonstrated the hydrolysis of sodium ethyl
phosphate, caseinogen and nuclelc acid preparations with the
liberation of inorganic phosphate by Intestinal extracts,
Neither sodium diethyl phosphate nor hydroxymethyl-phosphinilec
acid (HO.GHEPOSHQ), where the phosphate group was attached

to a carbon atom, was attacked,

Although this early work was carried out with crude
tissue preparations and sometimes impure substrates, with
only crude pH control, the results indicated the existence
In mammalian tissues of enzyme systems capable of hydrolys-
ing many organic phosphate esters,

The splitting of guanylic acid, inosinic acid and
pyrimidine nucleotides by extracts of kidney and intestinal
mucosa was demonstrated by Levene and lHedlgreceanu (1911).
Neuberg and his co-workers studied the action of kidney ex-
tracts on a number of phosphorus compounds, Sucrose phos-
phate (Neuberg and Behrens, 1926), diphenyl phosphate, di-
phenyl pyrophosate (Neuberg and Wagner, 1926), methyl-,
methylpropylcarbinyl-, cetyl-, and cholssteryl-phosphate and

di-o-cresyl- and di-m-cresyl-pyrophosphate (Neuberg and
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Jacobsen, 1928) were all shown to be attacked. Kidney ex-
tracts were shown by Akaswa (1929) to hydrolyse acetonyl-,
propyl-, isopropyl-, phenyl-, benzyl-, cresyl-, diethyl-,
diglyceryl- and dicresyl-phosphate.

Jacobsen and Tapadinus (1931) however found no
hydrolysis of menthyl- or dimenthyl phosphate by sheep- and
rabbit-liver and kidney although bornyl phosphate was split.

It was realised at this time that enzymes existed
which split monoesters of alcohols and phenols of the type
(R-O)O:P(OH)Z, the nature of the R group influencing specifi-
city, These enzymes can hydrolyse the phosphate radical
from either a primary or secondary alcoholie or phenolic
hydroxyl group, Phosphodiesterases are known which split
esters of the type (R—O)ZO:P(OH) and have been classified as
distinct from the phosphomonoesterases in mammalian tissues
by Roche and Latreille (1937). Triesters of orthophosphoric
acld, although very labile in aqueous solution, appear to be
immune from enzymatlc attack (Roche, 19850), Also found in
living tissues are the phosphoamidases and acylphosphatases
which hydrolyse phosphate in combination with a primary amino
group or acyl phosphatases respectively, Both of these
enzymes can be differentiated from phospho-monoesterases.
The present work is concemed only with the first class of
enzymes - the phosphomonoesterases - and, in particular,

those which are found in rat-liver.



MRTHODS OF DETERMINING PHOSPHATASE ACTIVITY,

In 1930 Kay introduced a method for the determina-
tion of phosphatase actlvity based on the liberation of
inorganic phosphate from sodium /3-glycerophosphate by
enzyme preparatlions, This method was improved by Bodansky
(1933) who proposed a simple and rapld method for serum
phosphatase, Although this technlque was designed for al-
kaline phosphatase activity, it can be applied with equal
accuracy to estimatlions of phosphatases optimally active at
more acid pHs, The method can elso be employed using many
other phosphate esters as substrates.

The chief disadvantage of the method lies in the fact
that its accuracy depends on the sensitivity of the technique
used to estimate inorganic phosphate, In crude enzyme
preparatlions, the amount of inorganic phosphate initially
present in the tissue may be considerable, glving rise to
high blank values, More recently methods have been intro-
duced, however, where the substrate employed 1s an ester of
phosphoric acid with a chromogenic alcohol molecule. The
liberation of the latter can be followed by highly sensitive
and specific colour reactions.

King and Armstrong (1934) devised a method using
phenyl phosphate, the liberated phenol being estimated by

the Folin-Clocalteu method. A similar method utilising



tyrosine phosphate was devised by Binkley, Shank and Hoag-
land (1944).

The use of phenolphthalein phosphate as a substrate
in phosphatase estimations was introduced by Huggins and
Talalay (1945). In this method the colourless ester is con-
verted to free phenolphthalein which is pink, the colour being
intensified, stabilised and the enzyme inhibited by the addi-
tion of an alkaline buffer containing an inhibitor, The use
of this substrate also enables a direct and continuous study
of alkaline phosphatase kinetics to be made, With this sub-
strate it was found, however, that although the amount of
phosphate liberated was proportional to the enzyme concentra-
tion, the relation between phenolphthalein liberated and the
enzyme concentration was not strictly linear,

In 1946 Bessey, Lowry and Brock developed a method
using p-hitrophenyl phosphate, a substrate which had previous-
ly been used by Ohmori (1937) and Fujita (1939), p-nitro-
phenyl phosphate itself is colourless but on hydrolysis the
yellow salt of p-nltrophenol is obtained. This substance
had an absorption maximum at 400 ., A micromethod for
estimating the phosphatase activity in 5 Pl.of serum was
described, Unfortunately p-nitrophenol has been shown to
inhibit certain alkaline phosphatases (Green and lleyerhof,
1952). Hudson, Brendler and Scott (1947) introduced some

modifications in the technique and adapted the method for



assay at acld pls,

A method employing /3 -naphthyl phosphate as substrate
was Introduced by Sellgman, Chauncey, Nachlas, Mannheimer and
Ravin (1951) for serum acld and alkaline phosphatases, The
/3 =naphthol liberated during the reaction is coupled with
tebtrazotised dlorthoanlsidine to glve an insoluble purple
dye which is dissolved 1n ethyl acetate for colorimetric

estimation,

HISTOCHEMICAL METHODS OF DEMONSTRATING PHOSPHATASE ACTIVITY,

Gomori (1939) and Tekamatsu (1939) independently
devisgsed a method employing//3—glyceropnosphate as substrato,
In this method the fresh tissue is fixed in cold acetone,
treated with absolute alcohol and benzene and embedded in
paraffin wax at 56°, Sections are incubated on ﬁioroscope
slides at pH 9,4 in a buffer containing substrate and Mg++
and catt ions, ca*t ions preclpitating the liberated phos-
phate, The sllide 1s immersed in cobalt nitrate solution and
the calclium phosphate 1s converted to cobalt phosphate, This
latter compound is in turn converted by ammonium sulphide to
black cobalt sulphide which 1s located microscopically.
Gomori (1943) introduced a variation whereby the calcium

phosphate deposit was coloured with acridine red,
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This method has been severely criticlsed by many
workers, Danlelll (1946) found that cell nuclel adsorbed
calcium phosphate from solution and also that nuclel which
stained strongly wlth thls method were not stalned by other
histochemlcal methods using azo dyes. The inaccuracy of
the method was further demonstrated by Martin and Jacoby
(1949), who demonstrated that there was a diffusion of on-
zyme and/or calcium phosphate from regilons of high activity.
Thelr work was confirmed by Novikoff (196L), who showed that
liver cells and Drosophlla salivary gland cells, where al-
kaline phosphatase had been Inactlvated, showed & negotilve
Gomorl reaction, but 1f elther soluble alkaline phosphataso
or hydrogen peroxlde wore included in the incubation modlum,
a preferential stalning of the nuclel of liver cells and
chromosome bands of salivary glands was observed,

In 1951 Gomorl himself criticlsed hils method end con-
cluded that posltive stainling of nuclei could not be talton
to mean that they possesscd alkallne phoasphatase activity.
The method cannot be entirely discarded, nowever, for in cases
such as the brush border of the kidney proximal tubules and
the striated border of the Intestine a strongly positivs
reaction is obtalned rapidly, which cannot be explained by
adsorpbion phenomena (ilovikoff, 1952),

This method has been adapted for other substretes and



for investigations on acid phosphatase, In the latter
case, Pb** ions are substituted for Ca++ ions,

Other techniques consist in Incubating the fixed
section of tlssue with «« - orﬁ -naphthyl phosphate, a
diazonium compound Iincorporated in the medium couples
with the liberated naphthol to form an Insoluble dye,
This is assumed to precipltate with 1llttle diffusion and
minimise misleading adsorption effects. Several dlazonium
compounds have been used, for example, Mannheimer and Selilg-
man (1948) employed dlazotlsed £ -naphthylamine, while
Gomori (1951) used diazotised 4-benzoylamino-2,5-dimethoxy-
anisole, Novikoff (1952) criticised this technique on the
grounds that, due to the instability of the diazonium com-
pounds, the incubation has to be carried out at temperatures
below 200, which are well below the temperature of optimal
activity; even at these low temperatures there i1s still a
rapld deterioration of the dlazonium compound, In addition,
dlazonium compounds have been reported as inhibiting certain
alkaline phosphatases (Gomori, 1951; Loveless and Danielli,
1949).

Loveless and Danielli (1949) have modified this

method by using a phosphorylated azo dye which precipitates
on dephosphorylation.



Acid and Alkaline Phosphatases,

When the influence of pH on the phosphatase activity
of tissue extracts was first studled, pH-activity curves
were obtained showing two or three peaks of maximum activity.
Davies (1934) found that liver and spleen showed two such
maxima and suggested that these tissues contalned two separ-
ate and distinct phosphatases; one of which was identical
wlth the enzyme found in bone and the other, which was
optimally active around pH 5-6, showed properties which
differentlated it from the enzymes of bone and red cell,

The work of Bamaan and Riedel (1934), Belfenti, Contardl

and Ercoli (1938) and Munemara (1933) also indicated the
maltiple nature of the phosphatases, Bamaan and Diederichs
(1934 & 1935) put forward the isodynamic theory of phos-
phatases in which 1t was proposed that enzymes exist with
the same substrate specificity but differing in their pH
optima, actlivators and inhibitors, It soon became obvious
that phosphatases could be divided into two groups depending
on the pH of thelr optimum activity. Those optimally active
at pHs 8-10 were termed "alkaline" phosphatases, while those
optimally active at pHs below 7,0 were called "acid" phos-
phatases, Certain tissues such as bone, intestinal mucosa
and renal cortex were found to have a high alkaline phos-
phatase content whereas others, such as liver and prostate,

were shown to have high acid phosphatase activity, AS more
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purified preparations became avallable the separate identity
of the two types of enzyme was proved beyond doubt. A
closer examination of acid phosphatase activity, largely the
work of Folley and Kay (1936) and Roche and Courtols (1943),
indicated that three distinct types of thls enzyme were
recognisable in animal and plant tissues, The following
table 1s an attempt by Roche (1950) to summarise the present
state of knowledge of the phosphatases (Table I).

It should be mentioned here that there is evidence
for the exlstence of two alkaline phosphatases, a matter

which will be discussed in a later section.

THE PURTFTICATION AND PROPERTIES OF ALKATINE PHOSPHATASES,

A, Purification Studies.

Earlier workers in this field encountered difficulties
in the extraction of alkaline phosphatase from tissues
(Bamaan and Salzer, 1937) and this fact may be partly ex-
plained by the finding of Gold and Gould (1951) that collagen
fibres strongly bind alkaline phosphatase and also by the
finding that the enzyme 1s assoclated with the microsomal
fraction in guinea-pig and rabbit intestine (Hers, Berthet,
Berthet and De Duve, 1951), Three methods have been intro-

duced to overcome this difficulty,
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A SUMMARY OF THE PROPERTIES OF PHOSPHATASES

(after Roche (1950)).

Type | Optimal Chief Sources Chief characteristilcs in
pH cell or tissue extracts
I 8.6-9.4 | Bone, kidney, Activation by Mg' '3
intestinal inhibitlon by -SH;
micosa, more active on /3 - than
mammary gland & -glyceroPOy ;
optimal stab%lity at
pH 7,.5-8,5
1I 5.0-5,5 | Liver, seeds Wo action of Mgt™;
fungi and inhibition by F~;
prostate more active on 3 - than
on & -glycerophosphates;
optimal stability at
pH 4,5-5,5
III 3.4-4,2| Liver, top Inhibition by Mg*¥;
yeasts more active on 3 - than
on < -glyceroPO, ;
optimal stabilify at
pH 4,5-5,5
Iv 5,0-6,0| Red blood Activation by Mgtt;
cells and more actlve on < - than

bottom yeasts

on 3 -glyceroPO, ;
optimal stabili%y at
pH 6.5-7.,5




12,

Albers and Albers (1935) used an autolysls of the
minced tissue for 48 hours in 50% ethanol containing 5/% of
e mixture of equal parts of ethyl acetate and toluene to
release the enzyme, Abul-Fadl and King, Roche and Nguyen-
van-Thoal (1949) autolysed the tissue, in this case ox-
kidney, for 2-3 days with an equal amount of 25% aqueous
acetone containing 10% of a mixture of equal parts of
toluene and ethyl acetate.

Trypsin was found by Lhrenward (1933) to destroy con-
taminating proteins without affecting alkaline phosphatase
and a prelimlinary tryptlic digest was used with success by
Sehmidt and Thannhauser (1945) in the purification of intoes-
tinal phosphatase and also by Abul-Fadl and King (1949a) in
the purificatlon of faecal alkallne phosphatase, The value
of this method was critically studled by this latter group
of workers (Abul-Fadl and King, 1949b),

The third method, introduced by Morton (1950) for
the purificat}on of intestinal alkallne phosphatase, involved
the treatment of a mucosal extract with 2/5 of its volume of
n-butanol for five minutes at 32°; the aqueous layer, after
centrifugation, contained 50% of the original phosphatase
activity.
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Further purification.of the enzyme has been effected
by alcohol or acetone precipitation from aqueous solutions
or from solutions saturated with magnesium acetate (Caputto
and Marsal, 1941). Roche, Nguyen-van-Thoal and Roger
(1947) found that most of the alkaline phosphatase activity
of an autolysed extract of intestinal mucosa was precipitated
at -5° by 550 acetone. On redissolving the precipitate in
water and fractionally precipitating with acetone, the
fraction between 35 and 40% acetone contained most of the
activlity and was relatively free from protein impurities.
Ethanol fractionation was introduced by Albers and Albers
(1935) for the purlfication of kidney alkaline phosphatase
and Caputto and Marsal (1941) utilised this procedure for the
purification of mammary gland phosphatase, Cohn, Surgenor
and Hunter (1951) studied the solubllity of various protein
constituents in liver, in solutions of varying ethanol con-
centrations and ionic strength and found that a fraction
?ich in acid and alkaline phosphatase was precipitated between
0,032 and 0,066 mole fraction ethanol at -5°,

- Ammonium sulphate fractionation has also been em-
ployed by some workers, Perlmann and Ferry (1942) claimed
a separation of kidney acid and alkaline phosphatase with
ammonium sulphate solutions at pH 6.3, No such separation

was achieved by Sarles (1947), however, when he applied this
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technique to dog-and ox-liver and kidney, In their puri-
fication of intestinal phosphatase Schmldt and Thamnhauser
(1943) also utilised an ammonlum sulphate precipltation,

Adsorbents such as aluminium hydroxide gel, which
was used by Schmidt and Thannhauser (1943) and others for
the adsorption of protein impurities, and calcium phosphate
gel, which has been used to adsorb the enzyme (Morton, 1953)
have proved useful In purifilcatlion studies,

Preparations of the phosphatase of Intestinal mucosa
are the purest which so far have been obtalned, Nguyen-van-
Thoai, Roche and Roger (1947) obtained a preparation from
thils source with a Qp (number of cu. mm, of HzPO, llberated
per mg, of tilssue per hour under standard conditlons of tem-
perature, pH, etc,) of 210,000,

In 1947 Sarles reported a partial purification of the
alkaline phosphatase of liver, The autolysate was precipi-
tated at 6C% acetone, the precipitate redissolved in water
or 0,5 M NaCl solution and the solution fractiocmated with
acetone when 1t was found that the fraction precipitating be-
tween 42 and 50% had most of the enzyme optimally active at
pH 9.2, The product was dissolved in 25} ethanol, precipi-
tated at 0° with an equal volume of acetone and partially

dissolved in a saturated solution of magnesium acetate.
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Finally, the enzyme was preclpltated from thls solution wilth
ethanol, By thls procedure an acetone fractlon of activity
199)ug.2/mg.N/min. was purified to glve 1000 mg.P/mg.N/min,
at pH 9.2 and 11.2 mg.P/mg.N/min, at pI 5.1,

B. Propertles of Alkaline Phosphatase,

When considering the general properties of alkalilne
phosphatase the following questlion has to be borne iIn mind:
Are the alkaline phosphatase activities of different organs
due to the same enzyme?

Belfanti, Contardl and Lrcoli (1935) put forward the
view that two different types of alkallne phosphatase existed
In animal tissue, the enzymes in kidney and liver appearing
to be similar in their behaviour towards oxalates and fluorides
but differing from those of bone and serum, Bile salts were
shown by Bodansky (1937) to inhibit the alkaline phosphatase
activity of bone and kidney, while that of intestinal mucosa
was not affected. This worker (Bodansky, 1943) also showed
that the basic amino acids, L-hlstidine and L-lysine, exerted
a greater inhibitory effect on the enzyme from bone and
kidney than on that from the lntestinal mmcosa, Glutamic
acid, on the otiner hand, was shown to be about three times
more inhibitory to the micosal phosphatase than to the phos-

phatases of other tissues. Zittle and Dellamonica (1950),
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working with purified bovine milk and intestinal alkaline
phosphatases, showed differences in the degree of inhibition
by tetraborate, phosphate, pyrophosphate, arsenate and
ethanolamine,

Cloetens (1939a) in an investigation of this problem
examined the effect of Mg't and CN~ lons on the alkaline
phosphatases .of rat tissues, From his results he concluded
that there were two types of alkaline phosphatase:

a) Type I, vhich was lnactive in the absence of Mg++
lons and which was not influenced by KCN,
b) Type II, which was influenced in a variable manner

by Mg*+ and strongly inhlbited by KCN.

He belleved that these two enzymes exlst 1a different propor-
tions in different organs, type I being especlally abundant
in liver. He claimed (Cloetens, 1939b) the isolation of a
preparation of this enzyme free from type II from hog-llver.
His method of fractionation was based on the greater lability
of the type II enzyme in more acid media and on the greater
labllity of acid phosphatase in alkaline medla, Although
his work recelved little acceptance at first, it has recently
received some confirmation from the results of Rosenthal,
Fahl and Vars (1952) on a study of the response of alkaline
phosphatase of rat-Lliver to dietary protein depletion, Those

workers found that after two weeks of protsin Starvation, the
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alkaline phosphatase content of rat-liver increased by 28,
while 43% of the hepatic protein was lost, This enzyme
Increase was accompanied by an increased sensitivity to
cyanide, diminished stimulation by Mg++, and a higher optimum
pH.,

Roche and Sarles (1948) determined the Km values for
the alkaline phosphatases of dog-liver, dog-intestinal mucosa,
bone (human foetus at term and sheep), and ox- and dog-
kidney, using partially purifled preparatlons, The follow-
ing values for the affinity of each enzyme for sodium 3 -

glycerophosphate at pH 9.2 were obtained:

Source Affinity (I/Km)
Dog-liver 500
Intestinal mucosa 80
Bone 830
0x~ kidney)

Dog-kidney) 560

It has been claimed that an estimation of the affinity con-
gtant of plasma alkaline phosphatase in cases of hyperphos-
phatasaemia can indicate the source of the excess alkaline
phosphatase,

Abul-Fadl and King (1949c), in work with purified
preparations, reported a difference in the behaviour of

alkaline phosphatases of faeces, intestine and liver on the
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one hand, and kidney on the other during electrodialysis.
The kidney enzyme appeared to be more stable and to be more
strongly acﬁivated by Mg++ ions, whefeas‘the other enzymes
were sensitive to anlons and inactivated by the anode
liquid.

At present, therefore, no clear classification of
alkaline phosphatases is possible and'the necessity of ob-
taining still more highly purified preparations and of
studying the properties of these 1s apparent,

Alkaline phosphatases, in general, are characterised
by high pH optima which lie between pH 9,2 and 9,6 for the
purified enzymes, Since pH values in living cell structures
have been estimated at 6,9 for the cytoplasm and 7.6 for the
nucleus (Chambers, 1929; Chambers, 1950; Dubin and Yen,
1950) the significance of this high pH optima has been an
enigma, At pHs below 8,0 the activity of alkaline phos-
phatase was found to be negligible and at high pHs the enzyme
was shown to be inactivated (Roche, 1950), However, two
lines of investigation have indicated possible explanations
for this paradox.

King and hls co-workers have studied the pH optima
for the hydrolysils of a series of substrates (King and Delory,
1959; Delory and King, 1943; Walker and King, 1950) with a

preparation of faecal alkaline phosphatase prepared according
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to Armstrong (1935). Decreasing values of optimal pH were
assoclated with an increasing pK of the substrates and in-
creased values of Km and the following theory was proposed
to explalin thelr findings, The enzyme has basic pro-
perties which enable it to combine with the substrate and
the affinity of the enzyme for the substrate Increases with
decreasing pK of the substrate. The greater thls affinity,
i,e., the smaller the lMichaells constant, the greater 1s the
degree of protection glven to the enzyme against the inactiva-
tion of hydroxyl lons and, In consequence, the higher the
optimum pH.

The second group of experiments of Interest in this
connection were those carried out by Ross, Ely and Archer
(1951). They showed that the optimal pH of a preparation
of intestinal alkaline phosphatase varled with the concentra-
tion of substrate for a number of different substrates. The
lower the substrate concentration, the lower the optimum pH
and at concentrations of substrate such as would normally be
found in the cell the authors claimed that the pH fell to
between pH 7.5 - 8.0.

Certaln divalent cations have been shown to be im-
portant activators of alkaline phosphatase, Erdtmann
(1928) found that Mg** ions activated the enzyme in kidney

end ¥Mn** ions have also been shown to activate, although in
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this case the effect 1s more irregular (Albers, 1940).

Zn¥t ions also enhance the activity of this enzyme and since
with some tissues the activation was very feeble it was
suggested that this ion was specific for certain phosphatases,
Roche, Bouchilloux and Roger (1948) analysed various phos-
phatase preparations during purification for thelr content

of magnesium and zinc, All preparations contalned both
metals but no parsllel was observed between activity and
content of either metal, The authors concluded that their

preparations were not pure enough to permit any conclusions
4t

’

as to the essential role of either metal. Co++, Ni++, Fe

and Ca++

ions have also been shown to activate alkaline
phosphatase under certaln condlitions (Bamasn and Heumfiller,
1940; Rocke and Nguyen-van-Thoal, l9§5; Roche, Nguyen~-van-
Thoal and Durand, 1943). As purification proceeded, an
Increased sensitivity of the enzyme towards divalent cations
and a greater regularity in the activation produced was ob-
served by Bamaan, HKiedel and Diederichs (1934). Roche and
Bouchilloux (1948) found that the type of substrate employed
was significant when examining divalent cationic activation
and they found that purified intestinal phosphatase was much
more strongly activated by Mg++ or in*¥ ions when hydrolysing

the glycerophosphates than when hydrolysing phosphoryl-

choline or phosphorylcolamine. Although divalent cations
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may be interchanged as actlvating agents each ion exhibits
1ts optimal effectiveness at a particular concentration
(Nguyen-van-Thoal, Roche and Roger, 1947).

The role of Mg++ ions in the action of alkallne phos-
phatase is still far from clear, varlous theorles having
been proposed, Erdtmann (l92¢), Holmberg (1935) and
Cloetens (1939) suggested that the metal ion protected the
enzyme from the phosphate liberated in the course of the roe-
action., The view that lg*t was concerned in the formation
of an active enzyme - lig complex was put forward by Jeener
and Kay (1931), whereas Bauer (1937) postulated that activa-
tion of the subﬁtrate, 3, occurred by combination with Mg++,
and the compound - Si«Ig++ formed an easlily dissoclable com-
pound *y Mg S8~ with the enzyme, E, Koche and Nguyen-van-
Thoai (1942) did find that Intestinal phosphatase at pH 9,2
showed an increase in its affinity for the substrate when
the medium 1s enriched with Mg++ ions, Finally there 1s
some evidence to suggest that the metal ion is involved with
a coenzyme of alkaline phosphatase, a matter which 1s worthy
of further study.

Erdtmann (1928) studled the effect of dilalysis on
kidney alkalaine phosphatase and found that the dialysate
activated the dialysed enzyme in the presence of Mg++ ilons

more strongly than did an ash prepared from the dialysste.



The work of H, Albers (Albers, 1936; Albers, Beyer,
Bohnenkamp and Mtiller, 1938) showed that kldney alkaline
phosphetase was irreversibly denatured above pH 9.0 and
reversibly denatured at pHs from 6.6 - 3,0, If the enzyme
were dialysed agalnst buffer solutions at pH 3,0 - 6,0 the
recombination of diffusible and non-diffusible fractions
restored the activity., Albers (1936) put forward the follow-
ing hypothesis in an attempt to explain the pH-stabllity and
dialysis effects, He suggested that the enzyme consglsted
of a protein apo-enzyme and a dlalysable cophosphatase,

At pHs above 9,0 the enzyme formed an inactive catlonlc

form and at pHs between 6,0 and 3,0 the enzyme dissoclated
into the cophosphatase component and an apo-phosphatase

protein:-

- + - '
(Holophosphatase);;::ﬁi (Holophosphatase) ;?";* Cophosphatase

+

Apo~phosphatase

(Holophospnatase)+ :2;;;;;5;

Albers, Beyer, Bomnenkamp and Meuller (1938) made
the interesting observatlon that it was possible to recon-
stitute a kidney alkaline phosphatase preparation whicih hed
been Inactivated by dialysis at pH 5,5 by adding to 1ts in-

active protein the inactive dlalysate obtained from dielys-



ing type III acid phosphatase from top yeasts at pH 6.5.

The inactive protein of the type III enzyme could in turn
be reactivated by inactive dialysate from the kidney enzyme.
Their theory of "Co-phosphatase transport" is summarised in

the following diégram:

Holophosphatase of pH 6.5  Apophosphatase , Cophosphatase

Yeast of Yeast of Yeast
A
- _ +.
Apophos- Apopnos-
phatase _ phatase of
of Yeast Kidney
pH 5.5 pH 6.5
| v

COE?OEEgEE;se + Apgghg;ggzgase pH 5.5 Holgghﬁigﬁggase

A similar cycle has also been demonstrated in the
case of alkaline phosphatase and the type II acid phosphatase
of liver (Ruffo, 1944; Roche, Nguyen-van-Thoai and Michel-
Lila, 1944),

The nature of this cophosphatase is at present un-
known, von Euler and his co-workers have shown that the
active factor in the dialysate at pHs 3,0 - 6.0 can be re-
placéd by a bolled enzyme solution or by products of di-
alysis which had been adsorbed on alumina (Ek, von Euler and
Hahn, 1948; von Euler, and Fono, 1947). In all cases the
reactivation took place slowly and only if pH had been read-

justed to petween pi 7 - 8,



24,

In 1951 Tamayo and Municio claimed the isolation
from dialysis liquid of a substance which had a coenzymic
effect on kidney phosphatase, The analytical data and
spectral analysis suggested that the active substance was a
derivative of adenosine,

Apart from this observation there is no positive
evidence at present to suggest that cophosphatase 1is a
specific compound, On the other hand, however, Hove,
Elvehjem and Hart (1940) showed that certain amino acids
Increased the activating effect of divalent cations to a
significant degree. This led Abul-Fadl and King (19499 to
study the effect of electrodialysis on the activity of kidney
alkeline phosphatase and it was found that a substance with
strong reactivating properties migrated towards the cathode,
The anode liquid had no effect on the electrodialysed enzyme
and Mg++ ions alone produced only a partial reactivation,

The nature of the reactivating substance was not determined
bﬁt protein appeared absent and from analysis the presence

of a peptlide or amino acid was suggested, Some amino acids
(excluding cysteine and cystine) were found to reactivate
electrodlalysed kildney and faecal alkaline phosphatase and
this activating effect was conslderably increased by Mg++ lons,

-Rgche;Ngayen~van,Thoai5 and “oger (1947) also studied

the effect of amino acids and divalent metal ions on alkaline
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phosphatase and found that the dlvalent cations only exert
their full effect in the presence of amino acids, Purified
dog intestinal phosphatase with an initial Qp of 23,000 was
totally inhibited by 15 - 20 days' dialysis at pH 5,8 and at
37°. On incubation for two hours at pH 8,8 a partial re-
‘activation was observed (Qp = 3,000), but if the incubation
were carried out in the presence of Mg*t or Mn** ions a

more significant reactivation was observed (Qp = 11,000 in
presence of Mg++). When the inactive enzyme was Incubated
in the presence of alanine alone a Qp of 40,000 was found,
but In the case of incubation with alanine in the presence
of Mg++ or tintt a'further marked activation was observed

(Q,p = 170,000 - 180,000),

Roche and Nguyen-van-Thoal (1950) drew attention to
the facts that amino acid must be incubated with the dlalysed
enzyme since its addition to the medium after the metal and
befére the substrate i1s without effect, that the addition of
the metal after the amino acid has been Incubated with the
protein still produces activation and that the reactivation
was less efficient if fluorides, phosphates or pyrophos-
phates were present, It has been found, however, that after
reactivation with alanine and Mg++ lons, fluoride and pyro-
phosphate are not inhibitors and phosphate only inhibits to

the extent it did in the original enzyme, Koche compares
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the necessity for a preliminary incubation with the amino
acid with the fact that a time factor is involved in the
reactivation of apophosphatase with a cophosphatase as above.
It would appear therefore, that if the cophosphatase is not
a metal-amino acid complex, such a complex is a good substi-
tute for the cophosphatase. It must be borne in mind that
Mg** ions have little effect on acld phosphatases and, in
some cases, may even act as inhibitors, while the cophos-
phatase of the alkaline enzyme can activate the apo-enzyme

of types II and III phosphatase,

Many metal forming complexes have been shown to in-
hibit alkaline phosphatase, for example, phosphate and
arsenate as shown by Roche and Nguyen-van-Thoal (1943),
oxalate (Belfanti, Contardil and Ercoli, 1935a, b & c¢) and
fluorides (Massart and Dufait, 1942), Inhibition by sodium
diethyldithiocarbamate, phenanthroline, L- &« '-dipyridyl
and tungstates by Cloetens (194la & b) and Roche and Durrand
(1943), while cyanides, cysteine and glutathione were found
to be inhibitory, although at low concentrations a slight
activation has been observed, Eldbacher and Kutscher (1932)
proposed that in this last case activation was due to block-
age of heavy metal inhibitors, while inhibition was due to a
combination with the constituent metal of the enzyme, Al-

though amino acids at low concentrations cause incrsased
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activatlon of alkaline phosphatase in the presence of divalent
cations, they cause inhibition at higher ooncentrationé
(Bakwin and Bodansky, 1933; Bodansky, 1936a, 1936b, 1937,
1946 and 1948).

Gould (1944) showed that formaldenyde, ketene and
phenyl isocyanate, substances which combine with -NH2
groups, caused inhibition of alkaline phosphatase, which
suggested a primary amino group may be involved in the
enzymic reaction.

Roche, Danzas and Nguyen-van-Thoal (1944) found that
iodides and monolodoacetic acid were without effect on the
enzyme and Slzer (1942) showed that various oxidising and
reducing substances over a large pH range caused no signifi-
cant change in activity, which suggests that -SH groups play
no significant part in phosphatase activity.

Schmidt and Thannhauser (1943) when using purified
intestinal phosphatase found that the alcohol moieties formed
by phosphatase actlon had no effect on enzyme activity, where-
as the phosphate ion always caused a marked inhibition which
was partly competitive in nature. These facts suggest that
phosphatases may combine with the substrate lons through the
phosphate group,

Cohn (1949) studied the point of attack of the enzyme,
intestinal alkaline phosphatase, on glucose-l-phosphate using

a reaction mixture containing H218O and from thelBO content
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of the phosphoric aclid formed she found a cleavage of the
0 - P bond on enzymlc action which differs from the acid

catalysed reaction where splitting was between the C and

0 atoms:-
C 0 —4—~— P C ’ 0 P
alkaline phosphatase acld hydrolysis
hydrolysis

In view of the considerable speculation concerning
the action of alkaline phosphatase mention should be made
of the experiments of Bamaan (1939) and Bamaan and lMeisen-
heimer (1938), who showed that colloidal hydroxidesvof many
metals split glycerophosphates in a weakly alkaline medium
with an optimal pll around 9,0, The hydroxides of many
rarte earths were the most active; those of manganese, iron
and alkaline earths the least, In 1948 Bamaan and Nowotny
showed that lanthanum /~g-glycerophosphate in aqueous sus-
pension hydrolysed spontaneously at pH 9,5 at 370, condlitions
where the glycerophosphates of the alkalli earth metals are
stable,

THE ACID PHOSPHATASES,

The purification and characterisation of the non-
specific phosphatases optimally active at acid pHs 1s less
complete than that of the alkallne phosphatases,

Three different acld phosphatases have been recognised
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as occurring in animal tissues.

Phosphomonoesterase type II which 1s characterised
by having a pH optimum between 5,0 and 6,0 is found in
higher plants, fungl, mammalian spleen and liver and In
human prostate, Most of the informatlion concerning this
enzyme has been obtained from studles on the prostate enazyme,
Electrodialysis, adsorption and preclpitation by neutral
salts have been employed in the purification of this enzyme
by Kutscher (1935) and Kutscher and Pany (1938), Bamaan
and Diederichs (1934, 1935) showed that thils enzyme 1is not
influenced by Mg++ and other divalent cations, sulphydryl
compounds and alkall cyanides, Fluoride 1lons, even at low
concenbrations‘(Roche, Nguyen-van~Thoal and Danzas, 1944),
and molybdate ions (Courtols and Bossard, 1944) were found
to be inhibitory.

The type III phosphatase which is optimally active
at pH 3,4 - 4,2 appears to be present in spleen and liver
(Nguyen-van-Thoal, 1941; Bamaan and Salzer, 1937; Abul-
Fadl and King, 1949d4), but thils enzyme 1s very labile and no
- purification of it from memmallan sources has as yet been
achieved, |

There are claims for the existence of a type IV acid
phosphatase which 1s optimally active at pHs 5,5 - 6,2,

This enzyme differs from the other acid phosphatases in being
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strongly activated by Mg** and ¥Mn** ions and being more
active towards « -glycerophosphate than towards g8 -glycero-
phosphate, It appears to be present in mammallan tissues
in red blood cells (Abul-Fadl and King, 1949d).

It has already been mentioned that both type II and
type III phosphatases can be separated into apophosphatase
and cophosphatase components and the cophosphatase of alkal-
ine phosphatase can apparently be replaced by that of either

type II or type III enzyme and vice versa,

THE SYNTHETIC AND PHOSPHOTRANSFERASE ACTIVITIES OF

PHOSPrOMONOBSTHRASES,

Plant extracts incubated with inorganic phosphate
and alcohol were found to cause a disappearance of inorganic
phosphate (Bodnar, 1925),. A similar phenomenon was observed
in animal tissues by Martland and Robison (1925). These
workers showed that glycerol, glycol and mannitol in fairly
high concentrations caused a decrease in the inorganic phos-
phate content of the medium when incubated in the presence of
bone phosphatase, Kay (1926) also found an uptake of in-
organic phosphate by methanol, ethylene glycol and glycerol
which was catalysed by kidney or intestinal phosphatase and
this worker isolated the barium salts of the monophosphoric
esters of glycerol and glycol from the incubation mixture

(Kay, 1928a & D).
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An interesting property of the phosphomonoesterases
which has recently been discovered is thelr ablllty to catalyse
the transfer of phosphate groups from compounds having a high
free energy of hydrolysis to alcohols such as glycerol,
glucose, fructose, etc,, where the phosphate compound has a
lower free energy of hydrolysis.

Appleyard (1948) studied the effect of various al-
cohols on the hydrolysis of phenolphthalein phosphate by
prostate extracts at pH 5,2 and found that methyl, ethyl,
n-propyl and lso-propyl alcohols and ethylene glycol caused
an increase in the liberation of free phenolphthalein, Free
inorgenic phosphate liberation showed, however, no change in
the presence of methyl, ethyl and n-propyl alcohols, an in-
crease 1in the presence of iso-propyl alcohol and a decrease
in the presence of ethylene glycol. The phosphate arising
from hydrolysis of phenolphthalein phosphate could not be
accounted for entirely as inorganic phosphate and the fomma-
tion of a stable phosphate ester was suggested,

In 1948 Axelrod showed the formation of methanol
phosphate from p-nitrophenyl phosphate in the presence of
navel orange Jjulce phosphatase, When 32P-labelled p-
nitrophenyl phosphate was used the methanol phosphate formed
was radioactive, but when unlabelled p-nitrophenyl phosphate

was used and the reaction carried out in the presence of



labelled inorganic phosphate the methanol phosphate was un-
labelled, This indicated a direct transfer of phosphate
catalysed by phosphatase without passing through the stage
of free inorganic phosphate.

Meyerhof and Green (1949) demonstrated transphos-
phorylation by intestinal alkaline phosphatase in the absence
of nucleotides from 321? labelled phosphocreatine to glycerol.
3imilar results were found when the glycerol was replaced by
fructose, Compounds such as phosphopyruvate and glucose-l-
phosphate which have a relatively hlgh free energy of
hydrolysis could also participate as phosphate donors in this
direct phosphate transfer, Green and Meyerhof (1950)
further showed that phosphopyruvate and nitrophenylphosphote
could serve as phosphate donors In the transferase system
and also that acld phosphatase could catalyse the reaction,

Recenﬁly Green and Meyerhof (1952) studied the
kinetics of the transphosphorylation reaction wlth acld gemen
phosphatase and Intestinal alkaline phosphatasse and found tho
highest rates of transfer were glven with acetyl phosaphate
and lowest wlth phosphopyruvate. Semen phosphatase catalys-
ed a higher rate of transference than intestinal phosphataso.
Adenosine triphosphate (ATP) was shown to participate in
transphosphorylation to glycerol in the presence of alkaline

phosphatase to a smaller extent than did the other phosphote



donors and was found to be an even less effective donor in
the presence of semen phosphatase. The rate of trans-
phosphorylation did not appear to be solely dependent upon
the free energy of hydrolysis of the phosphate donor and the
authors suggested that the relative affinitles of the donors
for the enzyme and the activity of the enzyme substrate com-
plex are more important. With semen phosphatase, but not
with Intestinal phosphatase, certain phosphate donors produce
glyceryl phoasphate in excess of the theoretical equilibrium
concentration, acetyl phosphate belng the most effective

phosphate donor in this respect.

THE SPECIFIC PHOSPHATASES OF LIVER,

The phosphomonoesterases discussed so far have a wlde
range of specificity but there exist in many mammelisn tisgues
however, phosphatases attacking single or specific types of
substrate,

Levene and lledigreceanu (1511) found that certain
tissue extracts attacked mono-nucleotides with the production
of inorganif phosphate. Reis (1934) described the presence
in heart muscle of a highly specific 5'-nucleotide phosphatase,
which was described as 5!'-nucleotidase, Reis (1937a & b)
later found this enzyme to be present iIn nervous tissue, lungs,

testes, foetal membranes and retina, Snake venom was found



to be a very potent source of this enzyme by Gulland and
Jackson (1938) and Mann (1945) demonstrated 1ts presence
in bull seminal plasma, Rels (1950 and 1951) studled the
distribution of 5'-nucleotlidase In human tissues and found
the highest activity in thyrold, testes and aorta wall,
Adenosgine-5'-monophosphate was found to be hydrolysed much
more readlly than phenyl phosphate or 23 -glycerophosphate
at pHs around 7.0 in all tigsues with the exception of prostate
gland and intestinal mucosa. The 5'-nucleotidase of snake
venom has been separated from dlesterase by adsorption
chromatography using cellulose columns (Hurst and Butler,1951),
Hepple and Hilmoe (1950 and 1951) achleved a 50-fold
purification of the enzyme from bull seminal plasma utllising
ammonium sulphate and alcohol fractionation, heating to 60°
for 20 minutes and adsorption of the enzyme on aluminium gel,
The purified enzyme split inosine-5'-monophosphate, nico-
tinamideriboside-5'~-monophosphate, uridine-5'-monophosphate,
cytidine-5'-monophosphate and ribose-5-phosphate, xperi -
mental data indicated that all these substrates were attacked
by the same enzyme and that adenosine-3'-monophosphate was
not attacked, Mg** ions were found to be essential for full
activity and could not be replaced by catt or Mt lonsg,
The decrease in activity in the absence of Mgﬁions was

dependent upon the electrolyte present in the medium, for



example, 0,01 M sodium fluoride caused 70% inhibition and
porate buffer about an 857 inhibitlon,

Novikoff, Podber and Ryan (1950) have shown that
5'-nucleotidase is associated with the rmeclear and mito-
chondrial fractions of the rat-liver cell,

The first suggestion that hexose phosphates were
hydrolysed by specific phosphatases came from the work of
Fantl and Rome (1945). These authors found the shape of
the pH-activity curves for the enzymic hydrolysis of the
hexose phbsphates differed from those obtained when glycero-
phosphate or phenyl phosphate was used as substrate, no
peak due to alkaline phosphatase activity being observed
with the sugar phosphates, The existence of a specific
glucose-6-phosphatase was proposed and 1t was suggested that
the hydrolysis of the other hexose phosphates could be ex-
plained by an enzyme system involving this enzyme and phos~
phoglucomitase or hexose monophosphate isomerase. De Duve,
Berthet, Hers and Dupret (1949) separated an enzyme specific
for the hydrolysls of glucose-6-phosphate from acid phos-
phatase in liver by precipitation at pH 5,0 - 5,5, The
specificlenzyme was differentiated by a very rapid inactiva-
tion at acid pHs, Its activity towards glucose-l-phosphate,
fructose-6-phosphate and 3 -glycerophosphate was not more

than 2 - 3% of its activity towards glucose-6-phosphate, the
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acid phosphatase, on the other hand, being much more active
on/ﬂa—glycerophosphate than on the hexose monophosphates,

Swanson (1950) claimed the separation end partial
purification of a glucose-6-phosphatase from liver, Her
method involved i1soelectrilc preclipitation at pH 5,5, ad-
sorption of impurities on aluminium hydroxide and ammonium
sulphate precipitation. The purified preparatlion was free
from phosphoglucomutase activity and did not hydrolyse
glucose~l-phosphate, As purification proceeded, the dimlnu-
tion in the rate of splitting of fructose-G6-phosphate
paralleled the decrease in isomerase actlvity, Arsenite,
iodoacetate histidine, cyanide and phlorhizin had no effoct
on its activity, while molybdate inhibilited strongly and
arsenate and fluoride inhibited to a lesser extent, Calcium
and magnesium ions had no effect on the rate of hydrolysils
of glucose-6-phosphate by the purified enzyme which showed
optimal activity at pH 6,5, All fractlons which were active
in splitting glucose-6-phosphate were also active in spltting
glycerophosphate and the pH optimum with this latter sub-
strate was also found to be 6,5,

The intracellular distribution of glucose-6-phos-
phatase was studied by De Duve, Berthet and Hers (1950¢) and
they found that the glucose-G-phosphatase activity of liver

and kidney was strongly bound to the microsomal fraction,
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Since the glucose-6-phosphatase of Swanson had no
activity on glucose-l-phosphate, the mechanlsm of hydrolysis
of this latter compound is of great interest, Fleury,
Courtois, Anagnostopolous and Desjobert (1950) claimed
that the purifled alkaline phosphatases of kidney, liver and
bone and purified human prostate phosphatase were able to
hydrolyse glucose-l-phosphate more or less rapidly.
Broh-Kahn and Mirsky (1948) had investigated various possible
mechanisms for the breakdown of glucose-l-phosphate and
these warkers conclude that the most probable route of
hydrolysis of this compound is via a conversion to glucose-
6-phosphaﬁe. Since the glucose phosphates of liver are
the ultimate sources of blood glucose, the pathway of
glucose-~l-phosphate breakdown is of great physiologlcal im-
portance,

Phosphoglucomutase, the enzyme responsible for the
conversion of glucose-l-phosphate to glucose-6-phosphate,
was discovered by Cori and Cori (1936) and the effects of
various metallic ions on mutase preparations of tlssue ex-
tracts were studied by Cori, Colgwick and Cori (1938),

Mg‘M and Mn** ions were both shown to have an activating
effect, the latter ion producing a greater effect than the
former, Since the extracts still had activity after

electrodialysis and 20-fold dilution, it was assumed that



the enzyme could act without the presence of metalllic ions,

The activating effect of Mg'' was inhibited by Na,SO,,

2
NaCl, KCl and Cally, at a concentration of 20 mM. The
effect of Mg++ and Mntt ions together was not additive.
Citrate, veronal, glycerophosphate and sodium bicarbonate-
carbonate buffers all inhibited when no accelerating ion

was present,

Strickland (1949) studied in great detall the effect
of metallic lons on mutase preparations, He observed
maximum activity in the presence of two ilons such ﬁs Mg++
and Cutt,

Muscle phosphoglucomutase was obtained in crystalline
form by Najjar (1948), The enzyme appeared to be quite
stable when kept at a temperature of 63° for 3 minutes and
thls property was utilised in the purification, The pH
optimum of the purified enzyme was at 7.5 and cystelne and
magnesium both caused activation, each showing greatest
activation at an optimal concentration. Sutherland (1949)
showed that various metal binding agents such as cysteine,
glutathlione, 8~hydroxyquinoline and albumin all produced
activation,

The existence of a coenzyme for phosphoglucomitase
was first suggested by Leloir and his colleagues (Caputto,

Leloir, Trucco, Cardini and Paladini, 1948), The coenzyme
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was resistant to alkali but was destroyed by acid and
appeared to follow inorganic phosphate in most schemes of
fractionation. Kendal and Strickland (1938) had earlier
shown fhat preparations of fmctose diphosphate had an
activating effect on phosphoglucormtase and this substance
was at first believed to be the coenzyme since its proper-
ties were simllar to those of the coenzyme discovered by
Leloir and his colleagues with the one exception that the
action of alkall on the coenzyme was different from its
action on fructose diphosphate, However, the Leloir school
believed that the fructose diphosphate preparations werse
contaminated with the coenzyme and from a consideration of
their analytical data thought that glucose diphosphate would
be the most likely substance to be the coenzyme, They
showed that this was indeed the case (Leloir, Trucco, Cardini,
Paladini and Caputto, 1948; Cardinil, Paladini, Caputto,
Leloir and Trucco, 1949) and a method for the separation of
the coenzyme from fructose diphosphate was described,

A chemical synthesis of pure < - and 3 ~-glucose-1,
6-diphosphate was described by Posternack (1949) and the < -
form was found to be active as the coenzyme,

An enzymatic synthesis of glucose diphosphate

(G-1, 6-d1iP) was carried out by Paladini, Caputto, Leloir,
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Trucco and Cardini (1949) using muscle or yeast enzyme
preparations, The enzyme involved was a glucose-l-phos-
phate kinase and the reaction catalysed was:-
G-1-P + ATP ——> G-1,6-diP + ADP
where G-1-P = glucose-1-FO,

ATP = adenosine triphosphate

ADP = adenosine diphosphate,
It showed a pH optimum at 6.8 and was activated by Mg++ or
Mn*t ions,

Two additional enzymic syntheses of the coenzyme
have been reported by Leloir and-his colleagues. Leloir,
Trucco, Cardini, Paladini and Caputtd (1949), using ex-
tracts of E, Coli, obtained evidencé of the following re-
action:-

2 Glucose—l-P04'"—9 Glucose + Glucose-l,6-diphosphate
and a partial purification of the enzyme from cell-free ex-
tracts was reported, Adenosine trivhosphate did not take
part in the reaction and the enzyme was activated by
cysteine and Mg'® ions and inhibited by fluorides. A small
synthesis of the coenzyme, 0,1%, was found by Cardini (19513
when he incubated glucose-l-phosphate with kidney alkaline
phosphatase,

Paladinl (1951) examined various rat organs for their

content of glucose diphosphate°and he reported the following
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Mechanism Or Prosphoglucomutase Reaction,

(After Sutherland etal., /1949).
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data:—‘

Organ moles coenzyme
per g. tissue

Muscle 0.006-0,10
heart 0,026
brain 0,027
liver 0.017
kidney 0.008
intestine 0,007
blood 0.013-0,130

All the glucose diphosphate in blood was found in the red
blood cells, No significant changes were found in pan-
creatic or alloxan diabetes, but increases of about 100%
were observed In muscle after injection of glucose,
adrenaline or insulin,

The mechanism of ﬁhe phosphoglucomuitase reaction
and the part played by the coenzyme was elucidated by
Sutherland, Cohn, Posternack and Cori (1949) who found
that when glucose-l-phosphate, labelled both with radio-
active carbon and phosphorus, was incubated with unlabelled
glucose-1,6-diphosphate and phosphoglucomutase, the glucose-
1,6-diphosphate isolated during the reaction was found to
be radioactive, both in the carbon and phosphate moileties.

The scheme illustrated in Figure I was proposed to describe

the reaction.



Although the coenzymlc effect of glucose-1,6-di-
phosphate is apparent wilth dialysed yeast enzyme, the
effect 1s more difficult to demonstrate with the muscle
enzyme, However, when the latter 1s treated with acid
ammonium sulphate, activation by the glucose diphosphate
was observed (Cardinl et al,, 1949), In muscle the co-
enzyme appears to be more firmly bound to the apoenzyme,
Cardini (1951Y demonstrated that glucose dlphosphate 1s
also the coenzyme for jack-bean meal phosphoglucomutase,

Cori et al. (1938) found no evidence for the con-
version of the l-phosphate esters of mannose and galactose
to the corresponding 6-pnosphate esters by extracts of
liver, muscle and yeast, Leloir (1951) showed, however,
that with yeast and muscle extracts and with catalytic
amounts of glucose diphosphate mannose-l-phosphate was trans-
formed into mannose-6-phosphate, He suggested the follow-
ing reaction takes place:-

Glucose-1l,6-diphosphate + Mannose-l-phosphate

Mannose-1,6-diphosphate Jyglucose-6-phosphate.
The conversion was about 40 times slower with mannose-1-
phosphate than with glucose-l-phosphate,

Phosphoglyceric acld mutase, the enzyme catalysing

the interconversion of 2- and 3-phosphoglyceric acids, was
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shown by Sutherland, Posternack and Cori (1949) to follow
a gsimilar reaction mechanism, In this case 2,3-diphos-
phoglyceric acid acts as coenzyme in a manner similar to
that of glucose diphosphate in the phosphoglucomutase re-
action,

The interconversion of ribose-l-phosphate and ribose-
S5-phosphate has also been found to resemble the phospho-
glucomutase reaction. Schlenk (1949) first produced in-
direct evidence for the conversion of ribose-l-phosphate.
Enzymes were later found in muscle by Sable (1952) and in
liver by Abrams and Klenow (1951) which converted ribose-1-
phosphate to an acid stable phosphate ester, The liver
enzyme was found to be very sensitive to surface denaturation
by frothing, Klenow (1953) found the liver enzyme to have
a pH optimum of 7.5, to be heat stable at pH 5.0 and to be
inhibited by various salts, These properties are identical
with those of phosphoglucomutase and the possibility that
this latter enzyme also catalysed the interconversion of the
ribose monophosphates was therefore investigated by Klenow
and Larsen (1952) and Klenow (1953). They found that with
preparatioms of muscle and yeast mutase the ratio of the
phosphoglucomutase activity to the phosphoribomutase activity

was 100:1 In both cases and that this ratio did not change
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during purification.

These workerg also investigated the mechanism of the
phosphoribomitase reaction, They found that glucose-1,6-
diphosphate acted as coenzyme for preparations of yeast and
miscle mutase, With the muscle enzyme, however, coenzymic
activity was observed only in the presence of 8-hydroxy-
quinoline,. It was also noted that the ribose-l-phosphate
used as substrate had to be purified by lon-exchange
chromatography since it contained an activator.

From an incubation mixture of mutase, 52

P labelled
ribose-1-PO, and glucose diphosphate, a new labelled phos-
phate ester was 1solated by ion-exchange chromatography,
which had properties suggesting it to be ribose-1,5-di=~
phosphate, This diphosphate was believed to be the
activator observed in impure preparations of ribose-l-phosphate.

From an examination of the distribution of radiocsctivi-
ty in the new diphosphate, it was deduced that the reaction
mechanism for the interconversion of the ribose monophos-
phates was as follows:

R-1-P + G-1,6~P ————= R-1,5-P + G-6-P

~————

R-1-P + R-1,5-P T———= R-5-F + R-1,5-P

where :

R-1-¥»

1

ribose-l-phosphate
R-5-P = ribose-5-phosphate




R-1,5-P = ©ribose-l1l,5-diphosphate
G-1,6~-P = glucose-1,6-diphosphate
G-6-P = glucose-6-phosphate.

Gomori (1943) showed the presence in the kldneys
and livers of many species of an enzyme which specifically
hydrolysed the phosphate group in the l-position of fruct-
ose-1l,6-diphosphate, This enzyme differed from the non-
specific alkaline phosphatase in being stable at pH 3.4,
irreversibly inactivated in the presence of alcohol and
acetone, activated by cyanide and inhibited by fluorides,
The enzyme showed a pH optimum at 9.7 and had 1little activity
in the absence of magnesium, A purified hexose diphos-
phatase preparation showed 1little activity towards 2 -
glycerophosphate, phenyl phosphate, pyrophosphate and meta-
phosphate, Hers, Berthet, Berthet and De Duve (1951)
found that the supernatant fraction of liver cell cytoplasm
contained 96% of the total dlphosphatase activity, while
Pogell and MCGilvery (1952) showed the enzyme to exist in an
Inactive form which was released by proteolysis, Although
the phosphatase activity was found in the supernatant, the
activating enzymes were found in an extract of the particul-
ate fraction of the cell, Papain caused similar activation,

but trypsin, rennin and pepsin had no effect.
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The Physiological R8le of the Phosphomonocesterases,

Desplte the simpliclty of the hydrolytlc action of
the phosphatases and the volume of work concerning thenm
which has been published during the past forty-five yoars,
the physiological function of the intracellular phosphaltasges
remains a biochemical enigma, Spocifile phoaphatases exlsl
which hydrolyse naturally occurring phosphate esters such as
5'-nucleotides, glucose-0-phosphate and phosphoprotelns,
and which, moreover, act optimally at pHs nearer the physlo-
logical level than do the non-speclflc phosphomonoestoruses,
The importance of the synthetle and phosphotransferase
activities 1in vivo 1s stlll a matter of conjecture,

At present theorles concerning the function of tho
non-sgpecific phosphatases are based on inferences drawn [rom
chemical and histochemical studles of the activity of the
enzymes 1n various tissues and of the changes in activity
under varying ﬁhysiological or patholozlcal conditions,

An illustration of this is the suggested r8ls of
alkaline phosphatase in mineral salt deposition, Martland
and Kobison (1924) and Bodansky, Bakwin and Bakwin (1951)
estimated the phosphatase content of bones and teeth and
showed tiat the rezlons assoclated wita organised miner: !

salt deposition had & hnigh 2lkalilne puozpnatase ecoabent .
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Further evidence was obtained by Fell and Robison (1929, 1930
and 1934), who showed that cultures of embryonlc chick and
rabbit bone showed a high phosphatase content at, or just
before, the stége in their development when calcification
began., A more recent theory of calcification involving
alkaline phosphatase 1s that of Roche (1947) who suggested
that glycogen, which has been shown by histochemlcal means
to occur in osseus tissues during calcification (Kabat and
Furth, 1941; Glock, 1940 and Horowitz, 1942), is broken
down by bone phosphorylase and in this process blood in-
organic phosphate is "fixed" in the formstion of glucose-1-
phosphate which, in turn, is hydrolysed by bone phosphatase
at the site of mineral salt deposition,

The occurrence of high alkaline phosphatase activity
in the strlated border of the small intestine and in the
brush borders of the convaluted tubules of the kidney (Bourne,
19435 Gomori, 1941) have led to the suggestion that the
enzyme 18 concerned in processes of active absorption.

Menten and Jansuch (1946) showed that alloxan disbetes is
accompanied by a loss of kidney alkaline phosphatase and thils
was Interpreted as evidence for alkaline phosphatase talking

part in the resorption of glucose from the glomeruler

filtrate,
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Kochilakin (1947) studied the effect of the injection
of male sex hormones into castrated mice. A decrease in
the alkaline phosphatase and an increase in the acid phos-
phatase activity of kidney was observed while the liver and
intestinal enzymes were not altered. The significance of
these findings is not apparent.

As improved nistochemical and microchemical techni-
ques have become available, it has been possible to associate
various biochemical reactions with different intracellular
fractions. It is known that the glycolytic enzyme systems
are to be found in the supernatant fraction of the cyto-
plasm (Hers, Berthet, Berthet and e Duve, 1951), while the
aerobic oxidation systems (succinoxidase and cytochrome oxi-
‘dase) have been shown to occur in the mitochondria (Schneider
and Hogeboom, 1950), It has become obvious therefore that a
knowledge of the intracellular distribution of the phosphat-
ases may lead to some understanding of thelr function,

Novikoff, Podber and Ryan (1950) investigated the
distribution of the phosphatases in water and 0,88 M sucrose
dispersions of liver., They found that 40% of the acid phos-
phatase activity was associated with the mltochondria and
most of the alkaline phosphatase activity was assgociated with
the supemmatant fraction. Berthet and Le Duve (1951), work-

ing with dispersions of rat-liver in ¢,25 I, sucrose, found
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up to 68% of the acid phosphatase activity associated with
the mitochondria, but their mitochondrial preparations, how-
ever, had no action on /3 -glycerophosphate untlil the mlto-
chondria had been disrupted elther by repeated freezing and
thawing or homogenising In distilled water in a blender,.
Much controversy has taken place concerning the
occurrence of alkaline phosphatase in the nucleus, Lounco
(1943) isolated rat-liver nuclel in dilute citric acld and
found that only alkaline phosphatase of many enzymes oxamlinod
showed higher activity Iin the nuclel on a dry welght bLasls
thaen in the whole tissue, The hlstochemical technlque of
Gomori (1939) seemed Lo indicate that nuclel contalnocd a
high phosphatase actlvity, but, as already mentioned, thlg
method can lead to erroneous results, Novikoff, Podber and
Ryan (195C), working with 0,88 M sucrose homogenates of llver,
found that the nucleus contained only about 157 of the totul
alkaline phosphatase activity; thelr nuclear fractlion was,
however, contaminated with some unbroken cells, Chromosome g
isolated from thymus by llrsky (1947) were shown to have
alkaline phosphatease activity, In all these methods of
isolation the fact that the nuclear phosphatase activity may
have arisen by adsorption from other cell fractions during
isolation must not be overlooked, Indesd, Hovikoft (1vbe)

showed that when nuclel were suspendod in 0,70 11 sucross



solution along with purified alkaline phosphatase a consider-
able amount of the enzyme was adsorbed. Stern, Allfrey,
Mirsky and Saetren (1952) showed that nuclel isolated by

the Behrens technique, which glves clean preparations with
little adsorption consequent upon the use of organic sol-
vents, contained 12 of the activity of calf-liver and 28%

of horse-liver,

From a consideration of the intensity of nuclear al-
kaline phosphatase activity, as demonstrated by Gomori's
(1939) technique, and the rate of turnover of deoxyribo-
nucleic acid phosphorus (LNAP), Brachet and Jeener (1948)
suggested that the enzyme controlled the turnover of II{AP,
Novikoff (1952) criticised this finding and pointed out that
the turmover rate of LNAP in striated muscle was three times
that in kidney, yet kidney nuclel stained intensely whereas
muscle nuclei did not stain at all for alkaline phosphatase,

It has been pointed out by several workers that
sites of active proteln synthesis show a high alkaline phos-
phatase activity, Using histochemical techniques,Bevelander
and Johnson (1945) found high activities in developing teeth,
Bourne (1943) in bone and Johnson, Tutcher and Bevelander
(1945) in hair, while Folley and Greenbaum (1947) found a
progressive increase in mammary gland alkaline phosphatase

during lactation,
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The correlation of alkaline phosphatase activity with
the synthesls of collagen type protein has been stressed by
various workers, DBradfield (1946) showed that in vitamin C
deficient guilnea pigs there was a decrease in alkaline phos-
phatase activity along wlith a decreased collagen formation,
Jeener (1947) found an increased alkaline phosphatase
activity only in those cells which synthesise fibrous pro-
teing in the vaginal wall, following injection of oestradiol
in ovariectomised female mice. Gold and Gould (1951)
found, however, that collagen fibres adsorb alkaline pihos-
phatase strongly from solutions and the findings of Jeener
may be explained by the newly formed collagen causing an
increased local concentration of the enzyme by physical chemi-
cal factors rather than the phosphatase being instrumental
in increased protein synthesis,

Oppenheimer and Flock (1947), Norbefg (1949) and
Goodlad, IMills and Smithn (1951) have studied the behaviour
of alkaline phosphatase in livers, regenerating after partial
hepatectomy. The last-mentioned group using LWAP as a
reference standard (Lavidson and Leslie, 1950a & b) found an
increase in alkaline phosphatase activity 2-3 days after
operation which coincided with increases in ribonucleic acid
phosphorus (RIYAP) and protein concentration, ata were also

presented to show that in the liver of the growing rat the
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rate of accumulation of RNAP is the same as that of alkaline
phosphatase. From these findings it might be suggested that
there is a relation between alkaline phosphatase and ribo-
nucleic acid synthesis or turnover.

Towe and Salmon (1951) showed that male rat liver has
s higher alkaline phosphatase content than female liver al-
though this difference was not observed in regenerating
livers. hosenthal, Fahl and Vars (1951) showed that dietary
protein depletion caused an iIncrease in the alkaline phos-
phatase coantent of rat liver although there was a diminution
in total protein.

From the above data it is not possible to draw any
definite conclusion concerning the physiological rdle of
alkaline phosphatase, while the position concerning the acid
phosphatases 1s even less clear,

The present work was undertaken with tne aim of gain-
ing further information concerning the enzyme systems in rat
liver which hydrolyse phosphate esters and, in particular, to
investlgate some of the more conflicting aspects of the sub-
ject such as the possible multiple nature of the non-specific

acld and alkaline phosphatases and the mechanism of hydrolysis
of the hexose-l-phosphates.



GENERAL METHODS,




Preparation of Tissue Extracts.

Male albino rats of 1756-300 g. body weilght were
used throughout. Animals were killed by stunning and ex-
sanguination, the livers were removed, washed with water
and blotted with filter paper. In the preliminary work
on pH activity curves of unfractionated rat liver a 1 in
10 homogenate (Potter and Elvehjem, 1936) in disbtilled

water was used,

Assay of Phosphatase Activity.

A general method, applicable to all substrates, was
based upon the /2 -glycerophosphate metnod of Bodansky (193%)
where the inorganic phosphate liberated was separated from
interfering substances by the method of Delory (1939) and
subsequently determined by the method of Allen (19240). 'he
details of the method are as follows:-

0.5 ml, buffer solution, 0.1 ml., substrate solution,
0.1 ml, water (or a solution of activator or inhibitor) and
0.3 ml, enzyme solution, usually a ;/50 tissue homogenate,
were 1ncubated for a specific time, usually 1 hour, at 38°
after which the reaction was stopped by the addition of
2 ml. of 5% trichloracetic acid. Precipitated protein was
removed by centrifugation and 2 ml, aliquots were made alkaline
with 0,880 ammonia (phenolphthalein), 1 ml, 2,5% Ca Cl, was

added followed by 1 ml, 0.5% suspension light MgCO5. The



tubes were shaken at intervals for 30 minutes and precipitates
were centrifuged and washed once with 1 mil, 5% ﬁH4OH. The
tubes were drained for 2-3 minutes in an inverted position,
the precipitate dissolved in 1 ml, 2.5F H2304 and colour
developed by the addition of G.4 ml, 1% amidol (2:4 diamino-
phenyl hydrochloride) in 20j% sodium metabisulphite, 0,2 ml,
8.3% ammonium molybdate and 3,4 ml, water, After standing
10 minutes the colours were estimated within 30 minutes
using the Hilger Spekker absorptiometer (Ilford 603, red
filters) or on the Unicam SP 600 spectrophotometer at 635 .
Phosphate was determined from calibration cuwrves for the
range 5-40 ngP. Controls were employed To debermine the
inorganic phosphate in the tissue and that formed by autolysis
during incubation. In this the substrate was added after
the addition of the trichloracetic acid,

The unit of activity under such condltion is defined
as: 1 unit = 1 ng liberated per hour,

When phenyl phosphate was used as substrate, liberated
phenol was estimated by a method similar to that of King
(1946) . 0.5 ml, buffer, 0,1 ml, 0,05i disodium phenylphos-
phate and 0,1 ml, water (or a solution of activator or in-
hibitor) were brought to 38° and 0.3 ml, enzyme preparation,
usually a 1 in 100 homogenate, also at 38° gdded, After in-

cubating for 20 minutes at 580, the reaction was stopped by



the addition of 2 ml, of a 1 in 5 dilution ol Folin-
Cliocalten phenol reagent. Precipltated protein was removed
by centrifugation and 2 ml, supernatant were added to 4 ml.
10% NagCO; and the mixture incubated for a further 30 mimutos
at 580. After the addltlion of 2 ml, of water and mlxing the
blue colour was estimated in the Hilger Spekker absorptio-
meter (Ilford 608, red filter) or the Unicam SP 600 speclro-
photometer at 650 mp., Liberated phenol was determlned from
calibration curves for the range 20-100 ng.phenol, Tissue
blanks were determined by sddition of substrate after the
phenol reagent, There was no measurable breskdown of sub-
strate in the absence of enzyme, at any pl used in the
present worlk, The unit of ectivity under these conditions
is defined as: 1 unit = 1 yg.phenol liberated per hour.

The assay method using p-nitrophenyl phosphate wag a
modification of the procedure of Bessey, Lowry and Block
(1948), This technique is a highly sensitlve and rapild
method for the determinatlion of acild phosphatases. 0,5 ml.
buffer solution, 0,1 ml, 0,025lf p-nitrophenyl phosphate and
0.1 ml, water (or solution of activator or inhibitor) brought
to 380 and 0,3 ml, of enzyme preparation, usually a 1 in 400

liver homogenate, also preheated to 38° wag added , Arsatbs

e s - ] 200 o = . 1
were incubated at 48" for 15 mlnutes, the reaction stoppsd oy

the addition of 1 ml, U,4i HaOH followed by 6 ml. water and
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protein precinitate removed by centrifugation. The yellow
colour was estimated using the Hilger Spekker absorptiometer
(I1ford 601, violet filter) or the Unicam SP 600 spectro-
photometer at 400 mp.and p-nitrophenol liberated deteranined
from a calibration curve, The calibration curve only showed
a linear relationship between optical density and p-nitro-
phenol concentration over the range 5-30 pg. per ml, of
solution, Assays were therefore arranged so that the amount
of p-nitrophenol liberated was within these limits, The
colour was found to remain stable overuight, Controls were
carried out where the substrate was added after the NaOH,
The unit of actlvity in thls instance was defined as:

1 uit = 1 Pe. p-nitrophenol liberated per hour,

Agsay of Phosphoglucomutase Activity.

Phosphoglucomutase activity was determined by the
decrease in acid labile P on incubabtion with glucose-l-phos-
phate in the presence of cysteine and Mg++. The method was
based on that of Najjar (1943), 0.3 ml, enzyme solution,
0,5 ml, buffer, 0,1 m, 0,05 il glucose-l-phosphate, 0,1 M with
respect to cysteine, and 0,1 ml, 0,01 M Mg804 were incubated
at 38° for 15 minutes. All solutions were preheated to 38°,
The reaction was stopped by the addition of 1 ml, S5i HZSO@
followed by 3 ml, water, The precipitate was removed by

centrifugation and 0.5 ml, of supernatant heated at 100° for



10 minutes, Total inorganic phosphate Was estimated by the
method already described. The initial acid labile P was
determined by carrying out the above series of reactions,
except that the substrate was added after the HZSO" The
decrease in acid labile P 1s equivalent to the amount of acid
stable glucose-6-phosphate formed.

1 unit of phosphoglucomutase activity = 1 mg. acld stable P

formed per hour under the above condltions,

Preparation of Substrates,

X -Glucose-1-phosphate (G-1-P) was prepared by the

phosphorolysis of starch using potato juice as described by

Hanes (1940) and was purified by ion-exchange chromatography
as described by licCready and Hassid (194%). The following

digest was prepared:

a) 450 ml, freshly prepared crude potato juicec.

b) 38 g. starch made into paste in cold water and
poured with stirring into 2 1, of boiling water
and held at this temperature for 20 minutes and
cooled.

c) 1063 ml, of M phosphate buffer pH 6,8,

d) 10 ml, toluene.

After standing at room temperature for 48 hours protein was
precipitated by heating to 100° and inorganic phosphate by

adding 1 mole of magnesium acetate and amuonia to pIll 8.5

L]
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Protein and phosphate were filtered off and the supernatant
was run through a cation exchange column, Zeokarb 215 in il
form, until pH of effluent rose to 4,0, The effluent was
then.passed through an Amberlite IR 4 column in the (NH@)+
form which adsorbed the glucose-l-phosphate, The column
was washed with 1,5 1, of distilled water to remove impurities
and the G-1-P eluted with 40 NH,OH until the pH of the
effluent rose to 11,0, To the effluent 25 g. of potassium
acetate were added and the pH adjusted to 12,0 with 10% KOH,
1.5 volumes of methanol were added and the dipotassium salt
of G-1-P was allowed to crystallise out overnight at 4°,
The crystals were filtered off, washed with methanol and
ether and finally dried in vacuo. Yield, 10 g,
Analysis: Total P: 7,95% (found); Required for
CgHy10gP0zKs, 2HoO 8,33%
Inorganic P: negligible,
7 minute hydrolysable P: 7,66% (found); 8,33% (theoretical)
Optical rotation: BX15 = + 77,2 (¢ = 2,06 in water).

.*. By P analysis product was 92% pure.

Glucose-6-phosphate (G-6-P) was prepared from G-1-P by a
partially purified preparation of rabbit muscle phosphogluco-
mtase prepared according to Najjar (1948), A rabbit was
anaesthetised with nembutal, the vessels of the neck severed

and the blood allowed to drain freely. The muscles of the
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limbs and back were excised and minced and subsequent stages
in the purification are shown in Figure II. The following
digest was set up:
a) 11 8. enzymatically prepared dipotassium salt of
G-1~P

12H,0

b) 0.556'g. MgSO4= o

¢) 1 g. cysteine

d) 20 ml, phosphoglucomutase solution

e) 20 ml, veronal acetate buffer (Michaelis, 1931) pH 7.2

£) distilled water to 1 1.
The mixture was incubated overnight at 37°, the reaction was
stopped by heating to boiling and the precipitate removed by
filtration, The filtrate was passed through a Zeokarb 215
cation exchange column, the hexose monophosphates were ad-
sorbed from the effluent on an Amberlite IR 4 column, washed
with 2 1, of water and eluted with 250 ml, 5% NH@OH. The
eluate was evaporated in vacuo with an acid trap. This
serves to remove most of Ghe ammonia, Evaporation was con-
tinued until volume was reduced to 50 ml, The solution was
found to be neutral and 5N HCl was added to make the solution
N, The G-1-P present was desbtroyed by boiling for 10 minutes.
The solution was neutralised to phspolphthalein by the
addition of a hot, saturated solution of Ba(OH)2 and the pre-

cipitated BaS(PO4)2 removed by centrifugation, G-6-P was
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precipitated as the barium salt by the addition of absolute
ethanol to the supernatant to give a final concentration of
50%. After standing 1-2 hours in thé ice-box, the barium
salt was filtered, washed in succession with 50% ethanol,
absolute ethanol, and ether and dried in vacuo. Yield, 5.5 g,
Analysis: Tobtal P = 7.25% (found): 7.84% (theoretical)

10 minute hydrolysable P - nil

inorganic P - nil
[ ]262 +17,6 (water): [“]205 = +17.4 (Levene and Raymond, 1931)
Purity on P basis = 93%.

X -Galactose-l-phosphate (Gal-1-P), Pentaacetyl galactose

was prepared according to the method of Krahl and Cori (1949)
for the preparation of pentaacetyl glucose, The method in-
volves the acetylation of galactose by anhydrous sodium
acetate and acetic anhydride, The product after recrystal-
lisation from 95% ethanol was white and crystalline and had a
melting point of 142° (uncorrected), 44 g, of the penta-
acetyl derivative were obtained from 50 g, of anhydrous
galactose,

7 Acetobromogalactose was prepared by‘the method of
Ohle, Marecek and Bourjau (1929). 44 g, penbaacetyl galactose
were allowed to react with 200 g, of a 50% solution of HBr in
glacial acetic acid, 26 g. of product were obtained,

M,pt, 84-85° (uncorrected), Ohle et al, quote the melting
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point as 850.

Acetobromogalactose was phosphorylated with tri-
silver phosphate in dry benzene suspension and Ba galact-
ose-l-phosphate isolated as described by Kosterlitz (1939).
The trislilver phosphate was prepared according to the
method of Lipmann and Tuttle (1944),.

The crude Ba salt was dissolved in water and passed
through a Zeokarb 215 cation exchange column, The ef-
fluent was passed through an Amberlite IR 4 column which
adsorbed the galactose-l-phosphate, The column was well
washed with water and the gal-1-P eluted with 5% NHZOH.

The potassium salt was precipitated from the eluate by
édding potassium acetate, adjusting pH to 12, and adding

1.5 volumes of ethanol,

Analysis:
The crystals were dissolved in water and the total
P, acid lablle P and inorganic P content of the solution

were determined,

Total P = 8,600 mg,/ml,
0.58 mg,/ml.

Inorgenic P
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Acid labile P = 8,02 mg./ml.
.*. Solution was assumed to contain 258 p moles/ml,
Gal-1-P,
The only sugar present after hydrolysis was shown to
be galactose by paper chromatography in ethyl acetate/pyrid-

ine/water.

Inosinic Acid. Inosine-5iphosphate (I-SLP) was prepared
from rabbit muscle by the method of Marmur, Schlenk and
Overland (1951).

Approximately 350 g, muscle were removed from a rabbit,
killed by exsanguination under nembutal anaesthesia, and
passed through a coarse mincer and then through a fine mincer,
The pulp was stirred with half its volume of warm water to
give a final temperature of 30°, The mixture was then in-
cubated for three hours at room temperature with constant
stirring to bring about the deamination of adenylic acid..
The-reaction was stopped by the addition of trichloracetic
acid‘and the mixture centrifuged. Inorganic phosphate was
removed from the supernatant as Baz(P0,)s and the nucleotide
fraction precipitated by the addition of mercuric acetate,.
After decomposition of the mercury salts with st the barium
salt of inosinic acld was obtained, by evaporation in vacuo
to a small volume, adjusting the pH to 8.5 with hot, saturated

Ba(OH)2 solution and standing overnight in the cold room,
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Yield: 150 mg,
Analysis: The product gave a peak of maximum absorption at
248 mp at pH 7,0,
= 10.28 x 105; theoretical A

max,

for C. H__ W O PBa + 7.5 H,0 = 11. S
or 10 1114 8 a, 5) 20 11.5 x 10

.*. Purity = 91%.

Disodium p-nitrophenylphosphate was prepared according to

the method of Bessey and Love (1952).

200 ml, of pyridine, previously dried over KOH, con-
taining 30 ml, of redistilled POClg, were added, drop-wilse,
with stirring, to 27.8 g, p-nitrophenol, dissolved in 100 ml.
dry pyridine, the temperature being maintained at 0°, After
allowing reactants to stand for 30 minutes, the reaction
mixture was poured with stirring into 400 ml, of ice-water
and the pH adjusted to 7 by the addition of NalOH, The water
and pyridine were removed by vacuum distillation and the
residue exbtracted with boiling 87% ethanol. - The required
product crystallised on cooling, was washed with cold 87%
ethanol, absolute alcohol and finally ether, The light-yellow
powder was dried in vacuo.

Yield: 5 g,
Purity, from P analyses = 93%.
The final product was stored at OO. Before use the

solution of the substrate was exbtracted with ether to remove
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any p-nltrophenol which had been formed by decomposition.
The other substrates employed in the present work
were commercial preparations,

/g—glycerophosphate was supplied by The General

Chemical and Pharmaceubtical Co.Ltd,

o =glycerophosphate was supplied by British Drug

Houses, Ltd,

Musole adenylic acid, adenosine-5'-phosphate was

supplied by Messrs, L, Light & Co,Ltd,

Adenosine-3'-phosphate was suppllied by Messrs, L,

Light & Co.Ltd.

Disodium phenylphosphate was supplied by the British

Drug Houses, Ltd,

Estimation of Phosphorus.

The P content of the above preparations was determined
by the method of Allen (1940), Samples having a P content
between 50-150 ug, were digested with 1,2 ml, 10N H2504 until
the contents were colourless, A few drops of H202 were
occasionally added to accelerate digestion and heating was
continued for a further 15 minutes after clearing. The flask
was allowed to cool and 6,4 ml, of water, followed by 2 ml,

amidol reagent (1 g, 2:4 diaminophenylhydrochloride in 100 ml,

of a 20% solution of sodium metabisulphite made up fresh
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every 5 days), 1 ml, of an 8,3% solution of ammonium molyb-
date and a further 15 ml, of water were added, After stand-
ing 10 minutes the intensity of the bluecolour was estimated
in the Hilger Spekker absorptiometer (Ilford 608, red

filter) or the Unicam, SP 600 spectropnotometer at 635 mp.,
This last reading was taken before 30 minutes had elapsed
after addition of the molybdate.

Estimation of Aclid labile P.

1 ml, of the substrate solution which was calculated
to have a sultable phosphate content was heated at a 100°
with 1 ml, of 2N sto4 for 10 minutes, After cooling a 1 ml,
aliquot was further acidified with 1.5 ml, of N HéSO4 and
inorganic P present estimated by adding 0,4 ml, of a 1%
solution of amidol in a 20% solution of sodium metabisulphite,
0.2 ml, of an 8,3% solution of ammonium molybdate and finally
1.2 ml, of water, The solution was allowed to stand for
10 minutes and the blue colour estimated as before. The P

conbent was subsequently determined from a calibration curve.

Acid labile P = Above figure - Inorganic P,

Determination of Inorganic P. Inorganic P was determined

by a method based on that of Delory (1939), 1 ml, of solu-
tion was neutralised to phenolphthalein with 0,880 ammonia.
1 ml, of a 2,5% solution of CaCl, was added followed by 1 ml,

of a 0,5% suspension of light lMgCO, in water, The mixture

3
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was allowed to stand for 30 minutes, the precipitate being
disturbed frequently, The precipitate was then centrifuged
down and washed with 1 ml, of 5% ammonia, The precipitate

was dissolved in 1 ml, of 2,8N Ho80 0,4 ml, of a l% solu-

4’
" tion of amidol in 20% sodium metabisulphite, 0.2 ml. of
8,3% ammonium molybdate and 3,4 ml, of water, The P content

was calculated as above.

Estimation of Deoxyribonucleic Acid Phosphorus (INAP) and

Ribonucleic Acid Phosphorus (RNAP).

Tissue extracts were freed from acid soluble P and
1ipid P by the method of Schmidt and Thamnhauser (1945).
Phosphorus was estimated by the method of Allen (1940).

When the nuclelc acid P of whole liver was being de-
termined a homogenate was prepared and an aliquot, equivalent
to 250 mg, whole liver used, With nucleil and cytoplasmic
fractions, aliquots equivalent to 500 mg. and 250 mg. of
liver respectively, were used. 0.5 volume of ice-cold 30%
trichloracetic acid (TCA) was added to the aliquots and the
precipitate removed by centrifugation at 1000 r.p.m, for 4
minutes at 0°, The supernatant was discarded and the pre-
cipitate was extracted twice with 5 ml, volumes of 10% ice-
cold TCA, centrifuging between extractions to remové the
remainder of the acid soluble P.

The 1lipid P was then removed from the precipitate by
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treatment with 5 ml., portions of:

a) Absolute ethanol (x 2)

b) 1:3 chloroform-ethanol mixture

c) 1:3 ether ethanol mixture (x 2)

d) ether.

INAP and RNAP were then éeparated by alkaline digestion,

1l ml, of N NaOH was added per equivalent of 100 mg, original
tissue and incubated at 37° for 15-20 hours, 2.,5N HC1l was
added (0,5 ml, per 1 ml, NaOH) and the solution made up to a
known volume, Aliquots, with a reasonable P content, were
removed and deoxyribonucleic acid (INA) precipitated by
adding 30% TCA to a final concentration of 10%, The preci-
pitate of LA was centrifuged at 0° and washed twice with
1 ml, portions of 5% TCA, centrifuging between extractions,
The P content of the combined supernatant and washings was
estimated as RNAP (taking an aliquot if necessary). The
precipitate was dissolved in 1 ml, N-NaOH and transferred with
washing to a microkjeldhal flask and the P content determined
as INAP,

Protein Determination.

(a). Colorimetric method.

In preliminary studies on protein fractionation a rapid
and sensitive method of determining protein was required.

The method of Lowry, Rosebrough, Farr and Randall (1951)
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appeared to meet this requirement. The principle of the
method 18 a combination of the colour reaction of proteins
with the biuret reagent and with the Folin and Ciocaltem
phenol reagent,

The alkaline copper solution was prepared freshly
every day by mixing 50 ml, 2% Na,C0; in 0,1N NaOH with 1 ml;
0.5% Cu304.5H20 in 1% sodium potassium tartrate. 5 ml, of
this solution.were added to 1 ml, of protein solutlion contain-
ing 25-400 ug, protein and the mixture shaken well, The
biluret colour was allowed to develop for 10 minutes at room
temperature, 0.5 ml, of Folin and Ciocaltemn phenol reagent,
diluted to make it normal with respect to acidity, was then
added very rapldly and the whole well mixed, After a further
30 minutes the blue colour was determined in the Unicam
SP 600 spectrophotometer at 500 mpu, A calibration curve was
prepared using crystalline egg albumin, A linear relation-
ship between optical density and protein concentration was

found for concentrations between 25 and 400 pg./ml.

(b) The Microkjeldhal N Determination was carried out by

the method of Ma and Zuazaga (1942). The protein sample was
dligested with 1,5 ml, conc, H2804 using mercury as catalyst
and digestion was continued for one hour after clearing and

distillation carried out in the apparatus of Markham (1942).
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Blectrophoretlic Analysis was carried out by the method
of Tiselius (1937) using the Philpot-Svensson (Svensson, 1939)
optical system (Adam Hilger & Co., London). The illumination
was provided by a mercury vapour lamp and a green (546 mp)
filter and photogréphic records were made on Ilford Halftone
panchromatic plates, The cell used was the double section
of 3 ml, capacity.

Filter paper electrophoresis was carried out by the
method of Mills and Smith (1951) which is based on the method
of Durrum (1950). The apparatus used is shown in Plate A,
All experiments were carried out in the cold room at a tem-
perature of 0-40. The enzyme solutions for analysis were
applied to the middle of Whatman 3 MM fllter paper strips,

55 em, long and 3 or 7 cm, wide, by means of a micro-pipette
so as to form a narrow transverse band, Protein was
localised with bromophenol blue. After drying the paper was
sectioned into 5 mm, strips, each section eluted in 1 ml.
0.01N NaOH and the intensity of the violet colour determined
in the Hilger Spekker absorptiometer (Ilford 605, yellow-
green filter) using 0.5 ml, micro-cells, optical density
being plotted against migration, Electro-endosmosis was
determined by the migration of a glucose spot. Location of
the enzyme on the strips was effected by means of phenol-

phthalein phosphate as described by Mills and Smith (1951).
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This method glves a rough indication of the position of the
activity. For a more precise determination of the position
of enzyme activity the undried strip was cut into 5 mm,
sections and the activity of each section assayed using
0,005M phenyl phosphate in 1 ml, acetate buffer, Phenol
was determined by the Folin-Ciocalteu method and enzymic

activity plotted ageinst distance of migration.
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SECTION I,

The influence of pH and other factors on the enzymlc hydro-

lysis of phosphate esters.

Many factors are known to influence the pH-activity
curves of the phosphatases such as the type of substrate
(King and Delory, 1939; Delory and King, 1943; Walker and
King, 1950), the concentration of substrate (Ross, Ely and
Archer, 1951), the type and ionic strength of buffer used
(Aebi and Abelin, 1948; Zittle and Della Monica, 1950) and
the presence or absence of activators or inhibitors,

In the present work the type of substrate and the
effect of added Mg*t ilons were the only variable factors
studied since the main purpose was to invéstigate the
specificity of the various phosphatases present in rat liver
before proceeding with attempts at characterisation and
examination of their properties, Fresh unfractionated rat-—
liver homogenates and veronal-acetate buffers were used
throughout, the latter to obviate any changes in buffer type.

FPigure 1,1 shows the pH-activity curves obtained with
0,005M phenyl phosphate and 0,0025M p-nitrophenyl phosphate,
The same general plcture was obtained with both substrates,
the activity at aclid pHs being much greater than that at
alkaline pHs, At the low pHs Mg*™ ions caused innhibition,
from pH 5,0 to pH 7.0 they had little or no effect and
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above pH 8,0 they caused activation.

& ~and B -glycerophosphates (Figure 1,2) at a final
concentration of 0,01M gave curves similar to those shown in
‘Figure 1,1, but with both these substrates, the shape of the
curve suggested that there might be another enzyme optimally
active between pH6 and 7. Mg++ ions had a similar effect
with these substrates as with phenyl and p-nitrophenyl
phosphates.

The pH-activity curves for the hydrolysis of adenosine-
S'-phosphate, adenosine-5'-phosphate and inosinic acid are
shown in Figure 1.3 and 1,4, With adenosine-3'-phosphate
the results were similar to those for the earlier substrates.
Two peaks were found in the acid range, one with an optimum
at pH 3,5, the other at about pH 5.3, Mg++ ions again had-

a similar effect, although in the presence of Mg++ ions a
third peak at around pH 6,5 was observed, With the 5'-nucleo-
tides, however, a very different picture was obtained, The
activity between pHs 3 and 4 was only about half that obtalned
with the 3'-nucleotide whereas two marked peaks of activity
were observed, one at pH 7.2 and the other between pH 8-9,

Mg** ions caused activation at optima, The maximum activity
obtained with the 5'-nucleotide at pH 7.2 was 2.5 times the
maximum obtained with the 3'-nucleotide which occurred at

pH 4,0 (Figure 1.3.b), Inosinic acld (Figure 1.4) gave a
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similar picture to that of adenosine-S'—phosphéte. The
activity between pHs 5 and 6 with the 5'-nﬁcleotides was much
greater than that between pHs 3 and 4, whereas with pre-
vious substrates the level of activities at these two pH
ranges was of the same order,

The hydrolysis curves with glucose-l-phosphate and
glucose—6-phosphate were found to have only one maximum
(Figure 1.5). The . hydrolysis of glucose-l-phosphate 1s
strongly activated by Mg** ions and is optimal at pH 7.2,
whereas Mg++ ions have little effect on the hydrolysis of
glucose-6-phosphate, the optimal pH here being at pH 6.5,

It may be deduced from these results that rat liver
contains two acid phosphatases showing optimal activity at
gbout pH 3,5 and 5,0 respectively. The former enzyme is
inhibited by 0,01M Mg** ions whereas the latter appears to
be unaffected, Both these enzymes appear very non-specific
in the type of substrate they attack although it 1s difficult
to assess their‘effect in hydrolysing the 5'-nucleotides and
glucose phosphates due to the coexistence of powerful
specific phosphatases for théée substrates, " There also
appears to be some evidence for a glycerophosphatase acting
optimally at pH 6.5.

With all substrates there appears to be evidence for

phosphatases acting optimally in the range pH 9.0-10,5 and
-
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which are strongly acfivated by Mg** ions, Thils activating
effect, however, was not so well marked in the case of the
hexose phosphates,

There would appear to be a re}atively speciflc 5'-
nucleotldase present in liver optimally active at pH 7.0-7.5
which has 1little activity towards 3'-nucleotides. With the
S'-nucleotides there is marked hydrolysis at alkaline pHs and
it seems therefore that there 1is eilther a second specific
S'-nucleotidase or that the non-specific alkaline phosphatase
has a high affinity for thils type of substrate,

The hydrolysis of glucose-6-phosphate 1n homogenates
is probably caused by the glucose-6-phosphatase 1solated by
Swanson (1950), The mechanism for the hydrolysis of
glucoge-l-phosphate appears to be of a different character
and will be discussed in more detall in a later section,

It was considered that part of the enzymicvactijity
in these crude liver homogenates might remain in an Iinactive
or bound form and consequently the effect of homogenlsing 1n
the presence of the detergent Triton X-100 was examined,

30% suerose solution and 0,.4M KCl were also used in place of
water as homogenising medium, In the presence of Triton X-100
(Figure 1.6) there appeared to be some inactivation at the

more scld pHs, Water appeared to be the most effective

homogenising medium since homogenates prepared in sucrose
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and KCl had much lower alkaline phosphatase activities
(Figure 1.7).

Since veronal-acetate mixtures have a ﬁeak buffering
capaclty at high pHs, boric acié - Nall-NaOH and glycine -
' NaCl-NaOH buffers were compared with veronal-acetate buffers
over the pH range for alkaline phosphatase. Higher alkal-
ine phosphatase activities were observed with the boric acid
and glycine buffers thaP with the veronal-acetate buffers

(Figure 1,.8). ‘ 4 ,
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SECTION II,

The Intracellular Distribution of Rat.Liver Phosphatases,

A study of the intracellular distribution of the rat
liver phosphatases was undertaken in the hope that it might
lead to further characterisation of the various enzymes
suggested by the results of Section I.

Novikoff, Podber and Ryan (1950), using rat-liver
extracts, prepared in water and 0,88M sucrose, found that
about 40% of the acid phosphatase activity was associated
with the mitochondrial fraction and 50-60% of the alkaline
phosphatase activity with the supernatant fractlion of
cytoplasm, Berthet and de Duve (1951), using the method of
Schneider (1948) which involves differential centrifugation
of extracts of tlssue prepared in 0,25l sucrose, found =
50-60% of the acid phosphatase activity in the mitochondria,
Palade (1951) using 0.88 M sucrose solution found that only
40% of the acid phosphatase activity was present In the
miﬁochondria and reported larger amounts in other fractions
than did Berthet and de Duve. Berthet and de Duve assayed
acld phosphatase at pH 5,0 using ABC buffers whereas Palade
assayed at pH 4.5 using acetate buffers. The distribution
of alkaline phosphatase was also studled by de Duve and his
colleagues (Hers, Berthet, Berthet and de Duve, 1951) and

they found that this enzyme was present to a large extent in
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the microsome fraction of kidney and intestine. The micro-~
some fraction, as separated by these workers, was shown to
carry 70-80% of the glucose-6-phosphatase activity. Phos-
phoglucomutase, on the other hand, was recovered completely

in the non-particulate cytoplasm,

Method of preparation of cellular fractions,.

In view of the sensitivity of some enzymes to increases
in ionic strength, e.g., phosphoglucomutase (Klenow, 1953),
it was decided to employ 0,25M sucrose as the homogenisation
medium, 0.88 M sucrose was not employed since some enzymes
are inactivated by high concentrations of sucrose and also
in view of the lack of sultable equipment for the centrifugal
separation of microsomes in this high concentration of sucrose,
The technique adopted was essentially that of Schneider
(1948). A rat was killed by decapitation and exanguination
and the liver perfused in gitu with ice-cold 0,25M sucrose
solution, The liver was removed, washed with ice-cold
sucrose solubion and excess moisture dried with filter-paper.
About 1 g, liver was homogenised in 9 volumes of ice-cold
0,25M sucrose solution for 2 minutes in a Potter-Elvehjem
(1936) Pyrex glass homogeniser. The time of homogenisation
was found to be very critical in that to ensure a preparation
free from a significant number of unbroken cells homogenisation

had to be continued for 4-5 minutes, Unfortunately there
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was evidence that homogenising for this length of time brought
about serious breakdown of cytoplasmic particles. It was
necessary therefore to adopt a compromisekbetween incomplete
rupture of all cells and a breakdown of mitochondria,

The homogenate was centrifuged for 10 mimutes at
2000 r.p.m. (600 g.) using the horizontal yoke (M.S.E.
Ma jor refrigerated centrifuge). The supernatant was removed
with a Pasteur pipette and the residue rehomogenised in 5 ml,
lce~cold 0,25M sucrose solution and recentrifuged for 10
minutes at 600 g, This washing process was repeated once
more, the nuclel (Fraction N) suspended in 0,25M sucrose, a
cell and nuclei count carried out and the suspension stored
at -15°, An aliquot of the combined supernatant and washings

was rétained (Total cytoplasmic fraction - Sl). The rest of

the cytoplasmic fraction was centrifuged at 8,500-10,000 g,
for 10 minutes, the supernatant removed and the precipitate
washed wlth 3 ml, of the sucrose solution. The suspension
was recentrifuged as above, the supernatant removed and the
residue suspended in sucrose solution and stored at -15°

(the mitochondrial fraction - MT). The combined supernataents

were spun at 18,000 g. for 1 hour and the supernatant was re-

moved and stored at -15° (the non-particulate cytoplasmic

fraction - S,), while the residue was suspended in sucrose

solution and stored at -15° (the microsomal fraction - MS).
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A flow sheet of the separation process is shown in Filgure 2,1.
A count of nuclei and unbroken cells was carried out
on fraction N in 3 ml, sucrose solution using a standard
haemocytometer with 0,25M sucrose as diluting fluid. The
results indicated a ratio of nuclei/unbroken cells of l%/l

along with some mltochondria and fibrous cell debris,

Acid phosphatase activity was determined using 0,01M 8 -glycero-

phosphate as substrate in veronal-acetate buffers at pHs 3,8,

5.55 and 6.5,

Alkaline phosphatase activity was determined at pH 10,15

'using the same substrate in a boric acid - KC1 - NaOH buffer

2

in the presence of Mg** ions (107°M - final concentration).

Glucose-6-phosphatase activity was assayed at pH 6.5 using a

veronal-acetate buffer and 0,005 glucose-6-phosphate,

5'-Nucleotidase activity was assayed using 0,003l adenosine-

S5'-phosphate with Mg++ ions (lO"zM final concentration) at
PH 7.2 in a veronal-acetate buffer, and at pH 10.15 in a
boric acid-KCl-NaOH buffer.

Each fraction was frozen in a mixture of golid €Oy
and acetone and thawed rapidly. This was repeated twice in
order to rupture completely the organised structures,

Assays were carried out on fractions N, MT, M35, S,
S5 and a reconstituted mixture of N + 3, in equivalent pro-

bortions, This mixed fraction was used as an estimate of
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the total activity present.

The results are presented in Table 2.1, It will be
gseen that the distribution of the aclid phosphatase activity
was similar at the three pHs of assay with the greatest
activity appearing in the mitochondrial fraction. Alkallne
phosphatase activity was highest in fraction S, although
fraction N showed a significant actlvity. Glucose-6-phos-
phatase activity was present in highest concentration in the
mitochondrial fraction. The distribution of the 5'-nucleo-
tidese activity was similar at both pH 7.2 and pH 10,15,
Highest activity was obtained in fraction MS and fractlion N
again appeared to have significent activity. Recoveries of
the non-specific phosphatases were good although there was
an 18-28% loss with the specific enzymes.

Since 1t was observed that fractlon N possessed
significant phosphatase activity under certain conditions and
in view of the contamination of this fractlon with unbroken
cells and mitochondria, it was decided to study the activitiles
of nuclei isolated by the method of Hogeboom, Schnelder and
Striebich (1952). This procedure is outlined in Figure 2.2,
Rat livers were perfused in situ With jce-cold 0,25M sucrose
containing 0,0018M CaCl, and then removed and homogenised in
9 volumes of the same solution for two minutes using a Pyrex

glass homogeniser (Potter and Elve jhem, 1936).  The homogenate



Relative Phosphatase Activity of Varilous Fractions

2.1,

Table

expregsed as Percentage of that of Nuclear and Total Cytoplasnm,

Substrates and pH of Assay
.O05M L0028,
Fraction | 0,01MA-glycerophosphate | glucose adenosine-S-PO4
‘ -6-P0,
5,80 15,55 (6,50 |10,15 6,50 7.20 | 10,15
N + S1 100 100 | 100 100 100 100 100
N 12 14 12 26 17 23 27
MT 40 40 42 7 33 14 9
MS 29 26 21 18 19 34 31
So 14 14 16 50 3 11 10
Recovery 95 94 91| 101 72 82 77
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was flltered through two layers of muslin and a 10 ml, ali-
quot was layered carefully over 20 ml, of ice-cold 0,34M
sucrose containing 0,0018M CaCl2 In a centrifuge tube and
centrifuged at 2000 r,p.m., (600 g,) using the horizontal
yoke. Acceleration and deceleration were c;rried out slowly
to avold mixing of the layers, The supernatant was removed
with a Pasteur pipette and stored at 0°, The precipitate
was rehomogenised for 15 seconds in 0,25M sucrose containing
6.00018M CaCly and 10 ml, 0,34M sucrose containing 0,00018M
CaCl2 was introduced beneath the nuclear suspension and the
whole centrifuged for 10 minutes at 600 g. The supernatant
was removed and the washing procedure was repeated twice more,
The supernatants were pooled and made up to a suitable volume.
The nucleli were suspended in 0,25l sucrose/0a012 solution so
that the nuclear and cytoplasmic fractions were the same con-
centration with respect to sucrose and CaClz. Both fractlons
were frozen in a mixture of solld €O, in acetone and immediate-
ly thawed, This process was repeated three times to rupture
the particulate structures,

Phosphatase assays were carried out as described above
and INAP and RNAP estimations carried out as an indication of
the purity of the fractions,

The results gf a typical experiment are presented in

Table 2.2, Negligible amounts of acld phosphatase and



Table 2.2,

Relative Phosphatase Activities of Rat Liver Nuclei

and Cytoplasm,

Substrate and pH of Assay

INAP RNAP
3-glycerophosphate Glu- |Adenosine | ug/100 | ug/100
cose | -5=PO mg. mg.
Fraction 6-P0,, 4 & 8
Li Li
3.80|5.55/6.50[10.15| 6.50{7.20]10.15] V¥ ver
Original 100 100 100 100 100 {100 100 20,16 82,0
Nuclear 3 6 3 26 1 13 16 14,95 6.8
Cytoplasmic 84 o8 83 80 58 68 66 5.21 65,6
Recovery 87 1104 86 106 59 81 82 20,16 72.4
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,
glucose-6~phosphatase were found in‘the nuclear fraction,
The alkaline phosphatase and S5'-nucleotidase activity of
this fraction must, however, be considered significant.
From the distribution of INAP it appeared that the nuclear
fraction contained 75% of the nuclei originally present.
The low RNAP of this fraction was an indication that it was
free from significant contamination by unbroken cells and
cytoplasmic particles which was confirmed by microscopie
examination,

Further studies were carried out on the distribution
of the phosphatases of the cytoplasmic fractions prepared by
the original Schneilder (1948) method as indicated above,

In these studies the nuclear fraction was discarded and
fractions MT, MS and S5 prepared from the supernatant.

These fractions were assayed as described above and
the results from three separate livers afe shown in Table 2,3,
The activities are éxpressed as percentages of the activity
of the total cytoplasm, fraction Sl’ In Figure 2.3 the
results obtained with rat 2 are expressed in the form of a
histogram,

In the 3 livers studied the same general pattern was
observed as before,. 45-60% of the acid phosphatase activity

was recovered in the mitochondrial fraction, while the micro-

some fraction contained 20-38% of this activity. Over 50%



Table 2,3,

Relatlwge Phosphatase Activity of Various Fractions of

Rat Liver Cytoplasm,

Substrates and pH of Assay

: X 0,005M 0,005M
Rat 0.0L />-glycerophosphate glucose adenosine-
No, | Fraction -6-P0y 5~P0,
5,80 15,501) 6,50 10,15 6,50 7,20 10,15
Sl 100 100 100 100 100 100 100
1 MT 47 48 44 25 25 15 10
MS 19 23 23 24 78 55 60
So 15 10 8 53 0 18 19
Recovery 81 81 75 100 101 86 89
S 100 100 100 100 100 100 100
2 MT 51 | e8 | 60 | 30 15 22 | 19
- MS 37 27 25 9 83 50 50
82 11 12 9 61 2 20 23
Recovery 99 107 o2 100 105 92 92
Sl. 100 100 100 100 100 100 100
3 MT 54 45 45 6 30 16 8
MS 38 38 34 39 64 65 68
Sq 20 | 20 | 21 | 55 6 18 | 23
Recovery 112 103 100 100 100 99 99
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of the alkaline phosphatase activity was recovered in the

So fraction with variable smounts in the other two fractions,
Glucose~-6~phosphatase activity was clearly concentrated in
the mlcrosome fraction and to~a lesser extent in the mito-
chondrial fraction, the amount present in fraction 82 being
negligible, 6'-Nucleotidase also appeared to be concen-

trated in fraction MS, while fraction S, had a higher 5'-

2
nucleotidase activity than glucose-6-phosphatase activity.

The results indicate that the distribution of acid
phosphatase when assayed at the three pHs was essentlally
the same, There was also no evidence to indicate a different

distribution of 5'-nucleotidase when the assay was carried

out at pH 7.2 than when performed at pH 10,15,
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SECTION IIT,

The Acid Phosphatases of Liver,

The only mammalian acld phosphatase which has been
purlfied to any great exbtent is that of the prostate (London
and Hudson, 1953) and relatively little work has been done on
the intracellular acid phosphatases,

The existence of two acld phosphatases in liver was
inferred from the results of studles on crude liver extracts
(Roche, 1950) but the evidence was by no means conclusive,

It was considered therefore that a more detalled study of the
properties of rat liver acid phosphatase was of some Iimportance,

Abul-Fadl and King (1949d) studied the effects of
various metalllc ions and acid radicals on the hydrolysis of
phenyl- and « - and 3 -glycerophosphates by crude extracts of
prostate and erythrocytes at pH 5.0, cutt ions at low con-
centrationsvand formaldehyde were found to inhibit the erythro-
cyte enzyﬁe strongly but to have little or no effect on the
prostatic enzyme,. Fluoride and Fe¥¥ ions in acetate on thé
other hand were found to cause a marked inhibition of the
prostatic enzyme but to have less effect on the erythrocyte
enzyme, L-tartrate inhibited the prostate enzyme almost com-
pPletely whereas it had little or no effect on the red cell
enzyme, These workers found that human liver acid phosphatase

was also strongly inhibited by this substance, Gordon (1952)
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studied the effect of some of these substances on the acid phos-
phatase of rat adrenal cortex preparations and found Cu++,
formaldehyde and EL-taftrate to activate markedly at pH 5.2
whereas Fe+*, as in the case of the erythrocyte enzyme, had no
effect,

In the present work the effects of some of these sub-
stances were studied on the phosphatase activity of unfraction-
ated rat liver homogenates over a wide pH range on the acid
side of neutrality in an attempt to obtain more evidence for

the multiple nature of the enzyme system present.

Effect of Vafious Substances on Acid Phosphatase Ackivity of

‘Rat Liver Homogenates,

In preliminary experiments it was observed that the
shape of the pH-activity curves obtained using so@}umlacetate-
acetic acid buffer mixtures differed from those obtained when
veronal-acetate buffers were used, Accordingly two series of
buffers covering the same pH range and having the same final
lonic strength, I = 0,172, were prepared using sodium acetate-
acetic acid mixturés and veronal-sodium acetate-HCl mixtures
respectively.,. The results of assays carried out in these
buffer systems with phenyl phosphate, A - and./a-glycerophos-
phate and adenosine-3'-phosphate are shown in Figure 3,.1.

In all cases higher activities at the most acid pHs were obtained

wlth the veronal buffers, the converse being true with acetate
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buffers,

The effect of storing homogenates at -15° was also
studied (Figure 3,.2). Although the activity at pHs below
4,0 appeéred to undergo little change, there appeared tq be
a slgnificant activation arownd pH 5,0-5.5,

The effects of 0,002M CuS0,, 0,01M Mg012 and DL~
ltartrate solutlions on the hydrolysis of p-nitrophenyl phos-
phate by homogenates prepared from two different rat livers
are shown in Pigure 3.3, The tartrate solutions were adjusted
to the required pH before adding to the enzyme digest, In
this work veronal-acetate buffers were used in order that a
wider pH range might be covered although this buffer appears

cutt ions, even at

to cause some inhibition at higher pHs,
the low concentration employed, caused a very marked inhibition
at pHs above 4,0 although little change in the activity was
observed at lower pHs, This effect was also observed with
other substrates and also when acetate buffers were employed
instead of veronal-acetate buffers (Figure 3.4). Mg++ ions,

on the other hand, caused a marked inhibition at the more acid
PHs and did not appear to affect the activity at pHs above 5.5,
The inhibition in the presence of tartrate was considerable
bélow pH 4,0, but was not so marked at higher pHs, this substance
having a similar effect on the hydrolysls of phenyl phosphate.

in acetate buffers (Figure 3.5). Figure 3.6 shows the effect
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of 0.5% formaldehyde, 0,01M NaF and 0,01M citrate on the
hydrolysis of p-nitrophenyl phosphate by rat liver acid phos-
phatase, The greatest degree of inhibition with formaldehyde
was observed between pHs 3.4-4.9 whereas using phenyl phosphate
as substrate and assaying in acetate buffers, marked inhibition
with formaldehyde was observed at all pHs below 4,0 (Figure 3.5).
Fluoride caused considerable Inhibition at all the pHs studied.
Two maxima were observed In the pH-activity curve when this
Inhibitor was present, one between pH 3.5 and 4.5 and the other
at pH 5,5, The effect of this substance on the enzymlc hydro-
lysis of phenyl phosphate by rat liver homogenates in acetate
buffers was also studied (Figure 3,5). Again there appeared

to be considerable inhibition over the entire pH range studled
although the shape of the pH-activity curve in the presence of
the inhibitor showed only one maximum at pH 5.5, Citrate 1lons
caused a marked inhibition at pHs below 4.5 but had no effect

on the activity at higher pls, The effect of saccharic acid
(In the form of its 1,4-lactone) on the phosphatase activity

was also studied using p-nitrophenylphosphate as substrate
(Figure 3,7), A 10™2M solution of potassium hydrogen saccharo-
l,4-lactone was prepared by dissolving 0,124 g, potassium
hydrogen saccharate in 50 ml., water and the solution slowly
brought to the boiling, The solution was cooled and the

volume readjusted to 50 ml, The results of this experiment
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are shown in Figure 3.7. Little alteration in activity at
any of the pHs was observed with the 0,0001M solution, The
activation shown at the higher pHs in the presence of 0,001M
saccharo~-lactone may have been due to inadequate pH control.

Experiments were carried out, the results of which
indicated that none of the above systems interfered with the
method of estimation of p-nitrophenol. A series of tubes was
set up containing:-

0.5 ml, buffer at pHs

0,1 ml, of test substance at 10 times its final

concentration

0.1 ml, of a solution of p-nitrophenol

0.3 ml, water,
The tubes were incubated for 15 minutes at 38° and the p-
‘nitrophenol was estimated by the method used in the enzyme
assay, The recovery of p-nitrophenol was 98% - 102%.

‘ 0,01M NaCN was found to have little effect on the
hydrolysis of phenyl phosphate by rat liver homogenates in
acetate buffers (Figure 3.5).

The effect of Znt* and Ba'?t ions on rat liver acetate
phosphatase activlty was studiled using phenyl phosphate as sub-
strate at pHs 3.5, 5,55 in acetate buffers and at pH 6.5 using
a veronal-acetate buffer. In this case the liberated Poé"'

was measured to avold any interference due to the metal ions

with the method of estimating phenol, The results are summarised

in Figure 3.8 and it is seen that Zn™+ ions inhibited at all

pHs whereas Ba*? ions were shown to cause a slight activation



He. 2. O.

The Eirect Of -0002M Cu't .OIM Zn'* And
‘OlmMm Ba'' ions On Hydrolysts Or Phenyl
Phosphate By Acid Phosphatases OF

Rat - Liver Hormopgernates

- pH OF Assay.
N\
56 ©S5

W
N
0

RELATIVE
RETIVITY
120 [

100}

8o}

Go|

NN

40

20|

0
T

lon Added: ANp cu™ Zn'' Ba't Nw ezt Ba™ Ne ed Tzt Ba'

Final Concentrations Orf Jons:
Cu*t 0-0002m.
Zntt 0©O-OlMm.
Ba*' ©-01m.




89.

at the two higher pH levels,

The results of these studles wuld appear to indicate
the presence In rat liver homogenates of at least two acid
phosphatases, one of which was optimally active at pHs 3,5~
4,0 and specifically inhibited by Mg++, tartrate and ciltrate,
and another optimally active at pH 5,0-5,5 and was specifically
inhibited by veronal and cu*t ions,

Studlies on the Fractlonation and Purificatlon of the Acid

Phosphatases of Rat Lilver,

The preceding studies have pointed to the existence
of two acid phosphatases in rat liver. These results may
however be influenced by the binding of many of the substances
tested by other proteins present in the homogenate which
might vary with pH and cause alterations in activlity due to
entlirely non-specific effects,

Attempts were made therefore to fractionate and purify
these acid‘phosphatases in order to examine thelr properties
in a more purified form.

In 1950 E,J, Cohn, et al. published a method for the
separation of the protein components of human plasma utilis-
ing the interactions of different proteins with divalent
cations in presence of organic solvents and this method has
been further adapted for the separation of liver proteins

(Cohn, Surgenor and Hunter, 1951). In view of the failure
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of previous workers to achieve any fractionation by the more
conventilonal methods of salting out by neutral salts and
precipitation by organic solvents 1t was decided in the
present work to investigate the possibilities of using
metallo~protein complexes,

London and Hudson (1953) claimed a 1000-fold purifica-
tion of the acid phosphatase of human prostate and the initial

steps of thelr method were used in the present work,

Preparation of enzyme in soluble form.

All phosphatase assays were carried out in O0,2M
acetate buffer, employing 0,005 phenyl phosphate as sub-
strate, 91 g, liver obtained from 11 rats were homogenlsed
in a Waring Blendor and extracted with 300 ml, of 0,2M
acetate buffer pH 5.0 for 24 hours at 0°, yielding, after
centrifugation, 290 ml, of a red opalescent solution contain-
ing about 40% of the original activity (Table 3,1). This
solution (A).was dialysed against distilled water at 0° for
21 hours during which time a precipitate settled leaving a
clear, brown supernatant (solution B),. The precipitate and
supernatant were separated by centrifuging at O°. A further
loss in actilvity was found on dialysis and the loss in
activity did not justify this step.
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Precipitation of phosphatase activity with (Nﬁé)QSOA.

Most of the acid phosphatase present in the super-
natant after dialysis was precipitated by the addition of
ammonium sulphate to 75% saturation and equilibration at 0°
for 8 hours. The precipitate was separated by centrifuga-
tion at 0°, dissolved in about 50 ml, distilled water and
dialysed for 14 hours against 2 1, of distilled water at 0°,
A precipitate which formed was removed by centrifugation at
0° and the supernatant (solution C) was found to contain all

the activity present in solution B,

" Precipitation of enzymic activibty by acetone in the presence

of 0,02M zinc acetate.

To 1 ml, samples of enzyme solution (in the prelimin-
ary stages the dlalysed extract was used) were added 1 ml,
0.12M zinc acetate solution varying amounts of 80% acetone
and water to 6 ml, All manipulations were carried out in
an ice-salt bath at -5 to -7° and the 80% acetone, which was
introduced slowly, was precooled to -100, The mixtures were
allowed to equllibrate at =7° for 15 minutes and centrifuged
at 3000 r.p.,m.’ for 15 minutes at -7°. The supematants
were removed ahd the precipitates freed from acetone under
vacuo, The preclipitates were suspended in water, diluted to
10 ml, and asgsayed for phosphatase activity at pH 5.3, The

activity associated with each precipitate is shown in



Table 3,1,

Partial Purification of Rat Liver Acid Phosphatase,

Agsays carried out at pH 5,3.

Units/
ml,

Total
volume
ml,

Total
unlits

Purity

Percent-
age
yield

Liver
Homogenate

Soln,. A
(Extract
with ,2M
acetate
buffer
pH 5.0)

Soln,A-
diaelysed:

Soln,B-
sup™.

Precipitate

Soln.C,
Fraction
Pptd.by
75%
(NH4)2SO4
Precipitate
whlch came
down while
dialysing
free from

(NHI‘L)ZSO4

Soln”D.
0-15% Acet-
one

Soln,E
15-40%
Acetone

584

7600

3624

4525

3400

9500

290

309

250

11,5

15

5305x10°

2205x10°

1120x10°

572x10°

1131x10°

59x10

170x10°

711x10°

334
(712)

(1008)

(856)

(1325)

395
(850)

2892
(4130)

1,00

41,4

21.1

21.3

13.4

mg., protein (obtained by

Figures in parenthesis represent purity when protein estimations

Purity expressed in terms of activity per
carried out by colorimetric method,.

microkjeldahl N determination),
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Figure 3.9 - curve A, The low activities recovered were
rather dlsappointing and it was considered that a possiblé
explanation might be zntt ion inhibition (Figure 3.8). 1In
later experiments thereforée the precipitates were suspended
in 4 ml, 0,1M citrate buffer at pH 5.0 (as suggested by
Cohn, et al., 1950), dialysed overnight at 0°, diluted to

10 ml, and centrifuged, @he supernatants were assayed for
phosphatase activity and the results are shown in Figﬁré 3,9
- curve B, 63% of the original activity was precipitated
at 53% acetone.

This experiment was repeated on solution ¢ and in
this case the protein content of the precipitates was esti-
mated by the method of Lowry, Rosebrough, Farr and Randall
(1951). The results are shown in Figure 3,10, Assays were
carried out at pHs 3,8 and 5.3, It was apparent that at
concentrations of acetone of above 40% considerable inactiva-
tion occurred,. From these results 1t was decided to
fractionate the main bulk of the preparation between 15 and
40% acetone at a Zn*t ion concentration of 0,015M. 0,218 g,
zinc acetate dihydrate was édded to 50 ml, solution € and
the inactive precipitate femoved at 0°, The solutlon was
cooled to -7° and 80% acetone at -10° added to a final con-
centration of 15%. After equilibration at -7° for 15 minutes

the precipitate was removed at -70, dissolved in 8 ml, 0.1M
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citrate buffer pH 4,7 and dialysed against 1 1, distilled
water overnight at 0° (solution D). The supemmatant was
further precipitated at -7° by the addition of zn** 1ons

and 80% acetone to final concentrations of 0.015M and 40%
respectively. After equilibration for 15 minutes at <7° the
precipitate was removed by centrifugation and treated as for
the 15% acetone precipitate (solution E),.

The pH-activity curvés of these preparations are
shown in Figure 3,11, activities being expressed as units/mg.
N, Solution D, the 15% acetone precipitate, showed maximum
activity at pH 5,6 and the shape of the curve suggested the
presence of another enzyme acting optimally at a much lower
pH, A gingle peak of activity was observed at pH 4.4 in
the case of solution E which was the fraction preciplitated
between 15-40% acetone, The pH-activity curve of solution D
was very similar to that of the origilnal solution, From
these results it appeared likely that two enzymes were indeed
present in the original solutlon and that solution E contained
a larger amount of the enzyme optimally active at a lower pH,

Quantitative details of the purification procedure
 are shown in Table 3.1,

Solution E assayed at elther pH 3.8 or 5,3 showed an
8~-fold increase In purity over the origihal, whereas the

activity of solution E, éssayed at pH 4.4 showed a burity




of 13,8 times that of the original,

One point of interest arose during this work, The
method of Lowry, Rosebrough, Farr aﬁd Randall (1951) for
protein estimations using egg albumin as standard was adopted
at first since it was claimed to be more rapid and much more
sensltive than methods based on nitrogen determinations, The
protein nltrogen content of the original homogenate and
solutions D and E were determined by the method of Ma and
Zuazaga (1942) as a control on this method and there was
found to be no correlation between the two techniques as shown

in the following table:

_ mg.protein/ml, | mg,protein/ml., | Ratio
Solutlon) yoihod 1 Method II 11
Original 1.75 0.82 . 2.16

D 8.62 4,00 2,15
E 3.28 ' 2.310 1.42

I - N Estimation
IT - Colorimetric Estimation.

The absolute values obtained by the colorimetric method are

also much lower than those obtained by N determination.
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Application of Electrophoresis to Phosphatase Fractionation.

Figure 3,12 (A) shows the electrophoretic pattern of
the phosphatase activity and protein concentration of solution
E as determined by paper electrophoresis in acetate buffer
pH 4,5, I = 0,02 with assay for phosphatase activity at
pH 4.4, The significance of the peak of phosphatase activity
and protein at the origin is difficult to interpret since 1t
was apparent (Figure 3,12.B) that a fraction of the protein
was strongly adsorbed at the origin, Nevertheless a peak
of very high phosphatase activity was seen to be assoclated
with the fastest moving protein component. In a repeat of
the experiment with phosphatase assays at pHs 3.5 and 5,6 two
peaks of activity were again obtained, one of which was again
associated with protein at the origin (Figure 3.13). The
leading peak of phosphatase activity was much more pronounced
when the strips were assayed at pH 3.5 than at pH 5.6,

The fact that a large proportion of the phosphatase:
ectivity was associated with the leading proteln component
suggested that it might be possible to separate a protein
fraction, rich in acid phosphatase, by electrophoresis in
the Tiselius apparatus.

Solution E was freeze-dried and the solid residue
dissolved in 5 ml, of acetate buffer, pH 4.25, I = 0,02.

The solution was dialysed overnight against the buffer and
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the small precipitate which formed was removed, Figure 3,14
shows the electrophoretic pattern seen, Owing to the low
lonic strength a large boundary anomaly was obtained. The
protein fractions assoclated with the leading boundary, the
slower moving components and the "main" protein fraction
were separated and collected at the completion of the run.

pH-activity curves were determined for these thres
fractions and the results are shown in Figure 3,15, A
striking difference in the shape of the three curves was
found. The fast fraction showed a well-defined optimum at
pH 4,1 wlth a secondary peak of activity at pH 5.0, The
slowser moving fraction showed a broad maximum of actlvity
between pHs 4.4 and 5,0, It is concluded from the data that
a phosphatase with optimal activity at around pH 4.0 is con-
centrated largely in the faster moving fraction, whereas
another enzyme, optimally active at about pH 5.0, appeared to
be agssociated with the slower moving fraction, The form of
the pH-activity curve of the main fractlion appeared to be a
summation of the curves of the other two fractions, The
activity of the fast fraction assayed at pH 4.1 was 3,680
units/mg., protein, which represents a 14,3-fold purificatlion
over the starting material,

The enzymic activity appeared to be very unstable in
these purified preparations since they lost all activity on

storing overnight at -15°,
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SECTION IV,

‘the Alkaline Phosphatases of Rat Liver.

Evidence for the existence of two intracellular
alkaline phosphatases which differed in their sensitivity
towards Mg'? and ON~ 1ons was first advanced by Cloetens
(1939a & b), who claimed a separation of the two types in
liver tissue. From an examination of the pH-activity curve,
Mg*t sensitivity and CN~ inhibition of the liver alkaline
phosphatase of rats which had been kept on a protein defilcient
diet, Rosenthal, Fghl and Vars (1952) came to & similar con-
clusion,

Giri, Prasad, Gouril Devi and Sri Ram (1952) claimed
a separation of two kidney alkaline phosphatases by paper
chromatography, but Levy and Mazia (1953) submitted a purified
preparation of kidney alkaline phosphatase to electrophoresis
on filter paper and failed to find evidence for the exlstence
of more than one enzyme,

In the present work evidence was obtained which
suggested that a considerable proportion of rat liver alksline
phosphatase was concentrated in the nuclear fractlon.
Novikoff (1952) demonstrated that the alkaline phosphatase
activity of the nuclear fraction increased to a much greater
extent than did that of any other cell fraction in the pro-

cesses of regeneration following partial hepatectomy, An
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investigation of some of the properties of nuclear and cyto~
plasmic alkaline phosphatase activity was therefore under-
taken in order to examine the possibility that the enzymes
In the two fractions were different and also to determine if
any differences observed could substantiate previous claims
for the existence of two enzymes, Fractionation studies of
extracts of whole tissue were also carried out in a study

of the nature of the enzymic activity,

Properties of Nuclear and Cytoplasmic Enzymes.

Nuclear and cytoplasmic fractions of rat liver were
prepared according to the method of Hogeboom, Schnelder and
Strieblich (1952), the final sucrose and CaCly, concentratlons
being made the same in both samples,

1). The effect of pH and Mg'' ion concentration.

pH-activity curves of these nuclear and cytoplasmic
fractions were determined using /3 -~glycerophosphate and the
results are presented in Figure 4.1 along with the effect of
0,01M Mg*+ ions, Two very marked differences between the
curves were dbserved. Firstly the ratio of the activity at
pH 10.05 to that at pH 8,30 was much greater in the case of
the nuclear fraction than it was with the cytoplasmic fraction.
Secondly, while Mg++ ions appeared to activate to a similar

extent at all pHs with the nuclear fraction, the activation
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produced by this ion with the cytoplasmic fraction was much
greater at lower pHs than at pHs 10,05 and over. From
these curves 1t appeared that while only one phosphatase was
present in the nucleus, there was some evidence to suggest
the presence of two enzymes in the cytoplasm.

2). The effect of substrate concentration.

The effect of variation of ﬁhé substrate concentration
( ﬁ-glycerophosphate) on the nuclear phosphatase activity
assayed at pH 10,05 and in the cytoplasmic fractions assayed
at pHs 9,22 and 10,05 1s shown in Figure 4,2, The curves
obtained for the nuclear fraction and the cytoplasmic
fraction assayed at pH 10,05 were very similar, whereas that
obtained in the case of the cytoplasmic activity assayed at
pH 9,22 18 of an entirely different character, In all three
curves 1t was found that a substrate concentration of 0,02M
produced almost maximum activity, The results were analysed
according to the method of Lineweaver and Burk (1934) and
from these curves (Figure 4.3) the following values of K

were obtained:-

pH of
Fraction Assay Kg
Nuclear 10,05 5.63 x 1072
Cytoplasmic 10.05 8.9 x 1079
Cytoplasmic 9.22 2,04 x 1079












































































































































































