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INTRODUCTION

The modern period of phosphate biochemistry began with the woxk
of Bﬁahner and of Harden and Young, whe laid the foundations of pre-
gent knowledge of phosphorus metabcliam. Both Bﬁehnex, and Harden
and Young observed the disappearance of inorganic phosphate which
accompanies fermentation of sugar by cell-free yeast preparatinﬁs
(10). Those findings stimulated extensive investigation of phosphate
estors in living things; the intimate relationship between phosphate
and carbohydrate mestabolism has subseguently been unfolding,.

Phosphorylated compounds are widely associated with the energy
utilization fundamental to life, The sources of energy for living
organisms are extremely diverse; in all cases, even among autotrophs,
the energy is obtained by oxidation of some primary compound,

Exergonic (energy-producing) oxidative reactions are coupled
with endergonic syntheses of organic phosphates from inerganic phos-
phate, GSubsequent syntheses of new cell material are goupled with
utilization of these organic phosphates, WNot only dees the phosphate
modification provide the unigue chemical form required for the
metabolic alterations, but the chemical energiee arising from the
metabolic reactions can be converted into a common currency of
potential chemical energy, the ‘high enexgy’ phosphate derivatives,
These derivatives become the driving substances for the numerocus
energy-requiring reaction of syntheses, growth, active absorptiocn,
sensoyy stimulation and responses, etc, We are largely indebted to

Lipmann for the development of this concept (50),

It is not cbvious why phosphate esters rather than esters of
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other inorganic acids predominate in biclogical systems, Heither
sulphates nor arsenates have comparable importance; the latter
compounds are usually toxic to living eells. It is probably signi-
ficant that phesphate anhydrides combine high activation energlies
of non-engymic hydrolysis with large negative free energies of
hydrolysis. This permits controlled enzymic cleavage of the anhy-
dride rather than spontanecus hydrolysis,

This stabilizing effect of phosphate is well illustrated by
the increasing stability of hydrolysis in the following series of
compounds g

Q G G Q O Q
I I I I I

CHy =C = 0-C=-CHy<CHy ~-C-0~-P-OH<HD-P-0-P~OH
| l |

CH OH OH
Acetic anhydride is hydrolyzed rapidly in neutral conditions,
acetyl phosphate is slightly more stable and pyrophosphate is cquite
resistant to hydrolysis at pH 7. Phosphates are probably protected
from hydroxyl attack by their negative charge (10),

Dissociation constants of pghosphates are such that a change of
pH within the physioclogical range alters their charge, and thus
modifies their interaction with enzymes., This provides a contrel
mechanism by which cells may adjust reaction vates in response to
changes in environment, Almost all reactions in the living cell

take place at useful rates because they are catalyzed by enzymes,



Phosphoryl and Phosphate Transfer Peacltions

Phosphates, with the general formula shown,

1 T
i 1)

R oo ...}.... PO
! o
A B

may be cleaved at A %r Bs Cleavage at A results in transfer of the
phosphate group {w@-}é"*ﬁm in which oxygen and phosphorus atoms are
transferred togethariﬁ whan the break occurs at B, the oxygen atom
iaonot transferred with the phosphorus; this is called phosphoryl
(~;’3~Oi~§} transfer., The site of cleavage can be most readily
teogmimd by the use of compounds containing 0% ana p32 (13).

Considering the following reaction;

/sz

. 18, /8
D-0-P{  + AOTH —> A0P{  + DOH
| on I \sﬁ
O Q
DOH will be unlabeled if cleavage occurs at O-P, but it will be
labeled if cleavage is at D-Os, In the first case a phosphoryl trans-
fer has ensued, while in the second case a phosphate transfer has
occurred. Both reactions would involve different mechanisms, although
the end products would be chemically indistingquishable, This has
been experimentally illustrated by the pioneering work of Cohn, who
elucidated the mechanisms of several reactions involving the cleavage
of glucose~l-phosphate using ol® (17} She found that the acid-
catalywed hydrolysis proceeds through a C %- 0-P cleavage, while in
the engzymatic hydrolysis catalyzed by alkaline phosphatase as well
as by acid phosphatase, the cleavage occurs between the oxygen and

phosphorus (C-0 .ﬁ. P)e Such a mechanism was also demonstrated by
f
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Stein and Xoshland, using alkaline phosphatase and a variety of sub-
strates with Hyo'® (81).

In connection with the phosphoryl bond-breaking enzymes it scems
reasonable to suppose that a transition stage exists in which this
group can be held intact between the time it is on the acceptor and
the time it is placed on the donor., The suggestion of this type of
behavior comes from the transfer reaction noted with phosphatase
(13,64,67).

The reaction is most suitably explained on the following basisg

{_ D 0~ POgHy + E— E - POgHy +{___»O~
E - Pogi; X9, &+ RopogH,
lz»_gzg, E + HOPOgH,
and in terms of the usual mechanistic reactions the enzyme may be

regarded as an attacking nucleophilic reagent, as follows;

R rgor a0k
Bt ¢ PO oy By = e B2
dsom 7 b \ox
oH
¢ on

P |
——)E-«ww«-f-fOH-»*-*-:X
. 0
O o
— B + %’3\

o X

The nature of X is determined by the specificity of the enzyme;
it may be water or any of a number of hydroxyl compounds, The enzyme
may function by increasing the positive charge on the phosphorus atom

and thus favoring such cleavage, or that the point of attachment of



the substrate on the enzyme is a nucleophilic region. The phos-
phorus atom is partially polarized in a positive manner owing to
the disproportionate sharing of its electrons with the oxygen
atems (13),

The Phosphotransferase Action of “lion-specific” Phosphatases
Although there are kinases which catalyze the formation of

almost all known phosphorylated metabolites the existence of other
phosphoryl transfer reactions should nét be overlooked,

The "non-specific” phosphatases (acid and alkaline phosphatases
of different tissue origin), unlike the specific phosphatases such
a8 glucose-B-phosphatase which are more selsctive in their sub-
strates, act wpon a wide variety of aromatic and aliphﬁtic aleohels
{80). In their action, these non-specific phosphatases were con-
sidered to set free equivalent amounts of orthophosphate and hydroxy
compound. It was found, however, that when some phosphatase prepara-
tions of widely differing origins act on monophosphate esters in the
presence of certain aleohols, the expegted equivalence is not
observed, and the orthophosphate was in deficit {9,11). This
reeulted from the phosphorylation of the added alcohol concurrent
with the breakdown of the monophosphate ester, The two types of re-
actions catalyzed by the pucsphatases arc as followss

Reaction 1 RO«Pﬂsfi’z + HOH —ROH + }%PSQ

Reaction 2 RO-POgH; + R'OH——ROH + ROPOgl
In reaction 1, the enzyme acts as hydrolase with the cleavage of the
P-0 bond and removal of the phosphoryl group to inorganic phesphate,

Reaction 2, describes the phosphotransferase activity (transfer of
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phosphoryl group to the acceptor ROM) and does not invelve the in-
termediate formation of inorganic phosphate (12).

It has been generally assumed that reation 1; characterizes the
action of alkaline phosphatase in its natural environment and all
methods of estimating the activity of the enzyme are based on its
hydrelytic property.

Whether the enzyme preferentially catalyzes yeaction 1, or 2,
seems to depend upon competition between water and other hydroxyl-
containing compounds for sites at the surface of the enzyme donor
complex and upon pH of the environment, relative concentrations of
the participating compounde, ctc, {68). These factors are of
importance im considering the cbscure role of alkaline phospha tase
in nature, Sinee, ester formation depends on the relative concen-
| tration of the organic acceptor and water, hydrolysis may be pre-
dominant under most physiclogical conditions,

Hoffmann-Ostenhof (35) in commenting on Morton’s report (61)
pointed out that the transferring activity of some hydrolases is
probably not only an incidental quality of these catalysts, but it
may alsc have some biological implications, It may be assumed that
some hydrolases act as transferring enzymes in vivo, this action
being favored by the relstionship of their respective acceptoer sub-
strates within the cell. By bringing the enzyme into solution the
close association of enmyme, donor subsirate, and acceptor is broken
down and, in vitro the enzyme action usually cbserved is hydrolytic,

Yagi and Ckuda, reporting on the in vitre synthesis of flavin

mononucleotide from riboflavin by dog intestinal alkaline
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phosphatase, suggested that the phosphorylation of riboflavin in the
small intestine may be due to the transferase action of alkaline
phosphatase; this implies a biclogical funetion of phosphatase in
coenzyme synthesis (87).

The synthesis of corganic phosphates by enzymic transfer of the
phosphoryl group from organic ®donor® compounds to a suitable alcohol
was first demonsirated by Axelrod (11) and by Appleyard {6}, Axelrod
established that the synthesis of the new phosphate ester by the
citrus fruit acid phesphatase preparation did not involve the inter—
mediary formation of inorganic phosphate (12). |

Synthesis of organic phosphates by reversal of hydrolysis
catalyzed by the phosphomoncesterases had been demonstrated in vitro.
Yay using phosphatases derived from duodenal oy kidney extracts
found that these tissue extracts were capable of esterifying phos-
phoric acid in the presence of high concentrations of methyl or
ethyl aleohol, ethylene glycel or glyeerol (39). A& table complled
by Atkinson and Morton shows the great variety of acceptors and
donors that have been investigated with respsct to the phogpho~
transferase action of phosphatases on inorganie phosphate and organic
phosphate esters (10).

Meyerhof and Creen subsequently showed that partially purified
alkaline phosphatase frem calf intestinal muccsa catalyzed a phos-
phoryl transfer between a number of donors (phosphocreatine, acetyl
phosphate, p-nitrophenyl phosphate ete,) to aécaptors such a® glucose,
glycexol, fxuétose, etca These workers alsc showed that the speed of

enzymatic synthesis of glycerophosphate was increased 2 to 4-fold in
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the presence of phosphate compounds of higher energy content such
as, phosphoereatine, and acetyl phosphate (33,54,55). NMeyerhof and
Green, by the use of radicactive phosphorus, also demonstrated that
the transferase reaction of alkaline phosphatase involves direct
transfer of the phosphoryl group from the donor without the inter-
mediary formation of incrganic phosphate (55).

At that time, however, it was not clear whether the same enzyme
catalyzed both reactions that is, phosphoryl transfer te water
{hydrolysis) and to organic acceptor (transferase activity).
Appleyard had proposed that a “transphosphorylase”, distinct from
the phosphatase, wae present in the extract of prostate gland that
he used to demonstrate phosphotransferase activity of phosphatase (9).

Morton has contributed s great part of today’s knowledge of the
kinetic behavior of alkaline and acid phosphatases with respect to
hydrolytic and transferase activities (59,64,65,66,67,68). The con-
clusions drawn by Morton’s studies on purified intestinal alkaline
phosphatase are as follows:

a) The phosphotransferase activity is a properiy of mucesal
phosphatase itself, The faillure of other phosphatases,
such as, hexose diphosphatase, 5'-nucleotidase and myosin-
adencsine triphosphatase ete., to catalyze phosphoryl
transfer, were grouped by Morton into specific hydrolases
in that water is the only phosphate acceptor, as compared
$o those which are transferases as well as hydrolases
{alkaline and acid phosphatases).

b) The rates of synthesis of glucose and glycerol phosphates
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by intestinal alkaline phosphatase are not related to the
free energy of hydrolysis of the donor, but rather are
dotermined primarily by the affinity of the enzyme for the
particular donor used,

¢) Various acceptors, including water are adsorbed at specifiec

sites of the ensyme surface.

A mechanism for the transferase action of irntestinal alkaline
phosphatase as well as acid phosphatase, has been propesed by Morton
in an attempt to better understand the in vitro behavior of the
enzyme (59,64). The proposed reactions are as follows;

1. BE + RO.PROPEE.P + RO.H
2. E.P + HOH EoPJW —E + P.,OH
3. E.P + HOR EPA—E + P.OR’
E represenits the phosphatase.
P the appropriately-ionized group of the phosphate ester,
ROsP.E the phosphatase-substrate {donor) complex.
E«P the “pheosphorylated enzyme” intermediate.
EoP.ile and E,P.A, the complexes of the ®phosphorylated enzmyme” with

water (E.P.W.) or other acceptor (E.P.A.).
Adsorption of the donor compound occurs at the enzyme surface,
which gives rise to an intemmediate “phosphorylated enmyme”. The
complex E.P may represent the "active enzyme™ which contains a re-
active phosphate group (possibly formed by phosphorylation of the
phenclic hydroxyl of a tyrosine residue). When acceptors such as
water or glucose, are activated at the ensyme surface by forming the

complexes shown in equation 2 and 3, the reactive phosphate group
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passes to the acceptors thus, forming either inoxganic phosphate
{(P.OH equation 2} or a new cster (P.OR’ equation 3).

Stein and loshland, whe studied the exchange reaction of alka-
line phosphatase using Eﬁ@la, concluded that the oxygen~phosphorus
bond of the ester is broken simultaneously with the formation of a
new bond te the phosphorus atom (either a P-OH or P-enzyme bond),
{(81)s The hypothesis of formation of a covalent bond as proposed
by Stein and Koshland, has recently been strengthened by the reports
of Bngﬁtrgm, and.éqren {2,26,27). Thess workers incubated purified
intestinal alkaline and bone phosphatase with inorganie phosphate,
P32~1uh@led, and following hydrolysis of the enzyme, they were able
to isclate P32~1ab@led phosphoryl serine, The results indicated
that inorganic phosphate is incorporated inte the phesphatase molecule
by a covalent bond. This might also surcost the formation of a
#vhosphorylated enzyme” intermediate. The pessibility that the in-
corporaticn of phosphate into the molecule of phosphatase is non-
gpecific and independent of the enzyme function has not been ruled
out (27).

In addition te the significance of phosphoryl serine isclation,
igzan et al., cbserved a rapid incozparatién and high affinity of
phosphate to the bone phosphatase, which may imply a possible role
of this enzyme as a transphosphorylating agent in bone tissue (2),

Purification and Properties of Intestinal Alkaline Phosphatase

Many of the intracellular ensymes are closely assoclated with
well-defined cell components (76)., In order to cbtain these enzymes

in true solution to permit purification, various forms of proteclysis,
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such as digestion with trypsin (75) or treatment with butanol (57,60)
have been employed., Morton purified the intestinal alkaline phospha-
tase, by butanol treatment of washed microsomes, followed by acetone
precipitation, heating and charcoal adsorption (60), This enzmyme is
associated with microsomal particles of the intestinal mmccosa and
with the butanol treatment it is released gquantitatively into true
solution (60,83). FHomogeneous preparations of the intestinal alka-
line phosphatase have alsc been reported by other investigators
(72,77,

The ensyme, as reported by Schramm and Ammbruster, was found to
behave as a single component both on electrophoresis and on sedimen-
tation, and has a molecular weight of 60,000 (77). Mathies and
Goodman, working with relatively impure enmyme preparations,
reported molecular weights of 500,000 to 1 million with the best
estimation being 800,000 for kidney and intestinal phosphatases (52).

The tyrosine and tryptophan content of intestinal alkaline
phosphatase was reported by Morton to be 26 and 11 moles per 10°
grams respectively (62).

The reported values for the carbohydrate content of this enmyme
are at variance. Schmidt and Thamnhauser (75) found that their
partially purified preparation of the intestinal enzmyme contained
sbout 207 of polysaccharide (reported as glucose), and Portmann (72)
reported that hie highly purified ensyme contained sugar and
hexosamine about 54 and 33 mgs, per 1{30 my. N engyme, respectively.
Portmann cbseyved that an increase of the hexosamine content
paralleled the inecrease in the specific activity in all stages of
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purification of the Intestinal enasyme; he could not decide if
hexosamine is a structural unit of the phosphatase molecule (72).
Morton (62), and Schramm and Armbruster (77}, however, found
approximately 2% and less than 5% carbohydrate respectively, in
their highly active preparations.

Morton calculated the turmover number of intestinal alkalime
phoephatase to be about 236,000 moles of phenyl phosphate hydrelyzed

Ors

per minute per mole of enmyme at 38%C,, assuming & melecular weight

of 60,000 (86),
Activators, Coenmymes, and Inhibitors of Alkaline Phosphatase

The influence of bivalent metals and of amino acide on the

getivity of alkaline phosphatase has been the subject of numerous
investigations; only few of these studies will be mentioned herve.

Tt has been shown that the activity of many alkaline phosphatases,
even when partially purified, is influenced by a number of metal
cations (8,14,36,62,83). Magnesium and to a lesser extent mangancse
incressed the activity of intestinal alkaline phosphatase and maximum

2

activity was cbserved with a concentration of 107 and 10™° M metal

respectively (62).

The results suggested, as in the case of pyrophosphatases and
peptidases, that, metal is necessary for the formation of active
phosphatase substrate complexes (62), and that it is a metallo-
protein {73). Zinc and beryllium, at concentrations greater than

-6 4

107 M, and caleium at concentrations greater than 10 M, inhibited

the intestinal enzyme (62).
Conflicting reporits, concerning the effect of amino acids on the
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activity of intestinal phosphatasse, have appeared in the literature
(8,5,14,62). These differences of amino acid activation may be due
to removal of metal inhibitors from the enzyme (62).

The presence of a prosthetic group or a coensyme in the alka-
line phosphatase has been claimed by many investigators, Akamatsu
and Aso, stated that the spo-enzyme combines reversibly with one
atom of magnesium and three molecules of histidine or two mleeeulml
of other amino acids or histamine to become active (4,5).

Alvarez and Lora-Tamayc, had suggested that a nucleotide de-
rived from uridylic acid, was a component of alkaline phosphatase
(7,51)s In a recent report by Ahmed et al., a dialysable coenzyme
was present in kidney alkaline phosphatase prepared by autolysis
(3)a

The variety of different compounds that have been claimed orx
suggested as possible "coensymes” of alkaline phosphatase may be
due to the method of purification of these enzymes and actually no
true coenzyme has ag yet been shown to be associated with intestinal
alkaline phosphatase (62).

The known relatively unspecific inhibitors of alkaline phospha-
tase, have been classified by Morton (65) as follows:

a} Metal-binding agents such as «~- dipyridyl and
ethylenediamine~tetracetic acid,

b) Inhibitory metal salts such as zinc and
beryllium chlorides.

¢) Amino-binding agents such as keten, phenyl
isocyanate, nitrous acid and formaldehyde, and
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d) competitive inhibitors of hydrolysis such as
inorganic phosphate,

The effect of oxidants and reductanits on phosphatass was in-
vestigeted by Siger (80)., He showed that, oxidizing agents, such
as potassiun permanganate and iodine, and reducing agents, such as
cysteine and related thiocl compounds, inhibit the activity of
alkaline phosphatase, The inhibition by lodine and potassium
permanganate was partly reversible with sodium sulfide. Siszer
suggested that the inactivation of phosphatase by strong oxidants
might be due te the reaction of these compounds with substituent
anino acids in the enzyme molecule rather than to oxidation of -8H
groupe or protein denmaturation.

Beryllium poisoning has haaﬁ a subject of considerable impor-
tance ag a result of the freguent use of baryliium compounds in
industrial processes., This element has been reported as a potent
inhibitor of alkaline phosphatases by many investigators (25,34,41,
78,84). Zinc salts, which are relatively nontoxic when applied
externally, strongly inhibit intestinal alkaline phosphatase {62).

Polymeric phosphates of phloretin and phlorogliucinel have been
deseribed as potent inkibitors of alkaline phosphatase and other
enzymes as well (%0,28). The inhibition of alkaline phosphatase by
these compounds could be reversed by basic proteins (protamine,
methylated gelatin), indicating the possibility of an electrostatic
interaction (20). Polymeric phosphates of synthetic estrogens have
also been reported as potent inhibltors of alizaline phosphatases
{6,21,29). The type of inhibition produced by such compounds is



competitive (21).

In a recent report by Walters, a pigment with a molecular
woight of 2500 was isclated from normal human male urines, and it
was described as a truly competitive inhibitor of purified ox kidney
alkaline phosphatase, Walters suggested that this pigment inhibits
the enzyme through an interaction of acidie groups in the pigment
with the primary amino groups of alkalime phosphatase (88).
Substrate Specificity and General Kinetic Aspects of Intestinal
Alkaline Phosphatase

In 1943, Sclmidt and Thannhauser showed that thelr purified

enzyme preparation from calf intestinal mmcesa hydrolyzed, in addi-
tion to meonephosphate esters, pyrophosphates %pymphmphoric and
adenyl-pyrophosphoric acids) and phosphate diesters (75), Morton,
on the other hand, using intestinal phosphatase of higher purity
and a variety of different phosphate compounds, was able to clarify
the substrate spectrum for this ensyme, Morton found that all true
orthophosphate moncesters were hydrolyzed by intestinal aikaline
phosphatase as well as the orthophosphoanide, phosphoersatine, and
phosphoencl-pyruvate. He also pointed out that the thicphosphates
may be hydrolyzed by this enzyme, since the {-3-P) bond is more
analogous to the (~0~P) bond in orthophosphates than is the (~1-F)
bend in phosphoamides {835)., The orthephosphate diesters {(diphenyl
phosphate), triesters (trimethyl and triphenyl phosphate), polyphos-
phates (sodium pyrophosphate, diphenyl pyrophosphate, ATP, ADP, DPH,
etce. ), were not hydrolyzed by the enzyme (65). This implies absence

of pyrophosphatase diesterase activity from Morton’s enzyme
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prepaxation, 7TPH, having the third phosphate group esterified to
ribose was hydrolyzed by the intestinal alkaline phesphatase and
guantitatively converted into DPH (63).

lMelander et al., using a commercial sample of purified intestinal
alkaline phosphatase, demonstrated that synthetic o-phosphorylated
gerine peptides (monoesters) weye readily hydrolyzed by the engyme;
diesters and triesters were resistant to this enzyme, Such, or
similar phosphorylated peptides believed to be constituent of tissue
proteins, are valuable model compounds for the study of the biclogical
function of phosphoproteins (53).

Delory and King examined a series of phosphate esters (substi~
tuted aromatic and aliphatic esters) with respect to the rate of
hydrolysis by intestinal alkaline phosphatase and concluded that
with decreasing pi of the second acid group of the phosphoric acid,
the rate of hydrolysis increases progressively and the enzyme is
optimally active at a more alkaline pH (19}, The Michaelis constant
{¥m) decreased with decreasing pl of the substrate. Morton cbserved
that there is a variation of rate of hydrolyesis with different sub-
strates (65)e. The Em values for adencsine 3~ and 57~ phosphates,
2.t'3x:lf3wi and l.lxlﬁ'zﬁ respectively, differ considerably, although
these two compounds are closely related, Indeed, the pK values (19)
of phenyl phosphate and g~glycerolphosphate (5,73 and 6.34 respec-
tively) and that of phosphocreatine {(4.6), (16), do not show any
direct relationships with the reported Xm values {65) for these sub-
strates (8.6x10*4ﬁ, for phenyl phosphate; 1.7x10~ 2y for £-glycercl-

phosphate and S.Sxio"zﬁ for phosphocreatine). Differences in
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exporinental conditions (pH and purity of engyme) used by these
workers might acocunt for the above cbserwations,

The pll optimum for alkaline phosphatases from various tissues
has been shown by many investigators te vary with initial substrate
concenkrations, typs of substrate and buffer used (8,31,86,68,70,7¢,
90}, Ross et al,, using rat intestinal phosphatase and a variety of
phosphorylated metabolites, demonstrated that at the optimum pii the
rate of hydrolysis was found to be lower whem the concentration of
substrate was lower, but the small amount of phosphate released
represented a greater proportion of available phosphate (74},

The optimam pH valuss cbtained in vitre with F-glycerol-
phosphats and some maturally ccouring organic phosphates are con-
giderably lower than the values cbtained with phenyl phesphate.
These chbservations suggested that alkaline phosphatases may be quite
active at physiclogical pl values, which are near neutrality (18,65,
Ti)a

Intracollulary alterations of pl combined with activators and
inhibitors present in the cells would offer an cffective means of
controlling phosphatase activity and therefore intracellular concen-
trations of phosphorylated metabolites (66,71}, They observed, for
example, that at a comcentration of 2,7x107 M ribemucleic acid as a
substrate the pi eptimum for the ensyme was 7.8.

The purpose of this investigation was to obtain information
concerning the hydrolytic and transferase site(s) of the intestinal
alkaline phosphatase, through the use of inhibition kinetice. As a
prorequisite te this, the purification of the ensyme, its kinetic
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behavier towards pii and substrate, and the mechanism of inhibition
by cysteine and iodine with respect to hydrolytic activity, were

8 mdiﬂd;
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MATERIAL AKD MESTHODS
Senerals The experimental conditions for the snsyme reaction veseels
are given in detail under each Figure and Table, Throughout these
experiments, the ensyme reaction vessels wore set up in duplicate..

Control vessels were incorporated in every experiment. These
control vessels contained the same components as the aseay reaction
vessel, except that the ensyme activity was arrested before the
sddition of substrate or the particular substance by which the re-
action was commenced.

The enmyme reaction was stopped either by; (a) the addition
¢f Felin and Clocalteu’s phencl reagent, (b} by perchloric acid,
or {¢) by heating the yeaction vessel in a beiling water bath for
30 seconds,

{a) Fellowing the indicated reaction time under sach oxperi-

ment, cne ml, of diluted Felin and Ciecalteu’s phencl reagent

was added to the reaction tube, and the contents of the tube
were analysed for phenol.

{(b) In some exmperiments, 0.1 ml, of 50% (v/v} perchloric

acid was used to stop the reaction, Aliguots then, were

taken frem the reaction vessel for phenol and phosphorus
analyses., This reagent had no interfering effect on phenol
and phosphorue determinations,

(2} In all experiments dealing with the hydrelytic amnd phos-

photransferase activities of intestinal alialine phosphatase

the maﬁm was stopped by heating the tube in & boiling
water bath for 30 seconds. 1his method of stopping the

ensymic reaction was selscted because of the interfering
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affect of perchloric acid and trichloracetic acid on the
engymic assay of gluccse-6-phesphate,

The contyrol tubes incorporated in the experiments in which gluccse-
§-phosphate, inorganic phosphate and phenel were detemmined, con-
tained all the compenents of the reaction smcept the substrate,
which was added just prior to heating the control tube in a boiling
water bath for 30 seconds, After stopping the ensyme reaction, both
the sxperimental and control resction tubes were placed in an ice-
water bath until aliguots were mn for the various analysus,.

The low concentration of inhibitors, used in these studies,
jodine and cysteine, had no interfering effect on phenel, incrganic
phosphate and glucose-~b-phosphate detorminations,

All the concentrations of reactants including the inhibiters,
wore expressed as molar concentrations based on the total volume of
the reaction mixture,

Purification of the intestinal Alkaline Phosphatase, The commercially
available alkaline phosphatase *purified” from calf intestinal
micosa, was used as the starting material for the following two
techniques of purifications

1. Purificetion by continuous flow electrophoresis (Spimco

Yodel C P), Twe grams of intestinal alkaline phesphatase

{bateh Vo, P29-78) were dissolved in 50 ml, demineralimed

wator and dialyzed against water for 15 hours at 4°C and

then lyophilised, One gram of the lycphilized material was

dissolved in 30 ml. barbital buffer pii 8.6 (0,736 gram of

diethyl barbituric acid and 4,107 gran of sodium diethyl
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barbiturate por liter of water), ionic strength (i) of .02 and
placed in the leoft hand feed tab of the curtain in the vefri-
gerated (4°C) flow electrophoresis, using barbital pif .6
{4*,02) as the developing buffer, Other conditions of the
electrophoresis werey Overflow and wick feed 6.9, Peed rate
eS¢ 50 milliamperes and 740 wolts,

The fyactions collected were scresned gualitatively for the
presence of the ensyme by adding 0.1 ml. sclution from cach
fraction to 2 ml, of a solution containing 0.07% M ethanclamine
pf 10 and 1x1072 p-nitrophenyl phosphate, An intense yellew
color, due to p-nitrophenol iiberated by the action of alkaline
phosphatase on the substrate, appearsd within one minute, The
fractions containing most of the enszyme activity were in tubes
15 to 22. PFollowing dialysis and lyophilisation of each frac-
tion the specific activity {Jmocles phencl per mg., onsyms
protein per 5 minutes) was detemmined,

2. Purification with acetone fractional precipitation. Two
grams of intestinal alkaline phosphatase were dissclved in

1100 ml, of water and pif adjusted to 6.4 with .05 M acetic

acid. "Thercafter, the enzyme containing sclution was subjected
to acotone fractionation using stages ¢, 5 and 6 of Morten’s
technigme (80), Following stage & the enzyme scolution was
lyerhilized and stored in an evacuated desicoator at refri-
gerater temperature (approximately 5°C).

All enzyme solutions were made with demineralized water

{p! 8.5) and stored in the refrigerator (5°C). lo loss of
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engynic activity cccurred for a peried of 10 days when enayme
selation was kept at refrigerater temperature,

This ensyms preparation was employed in all experiments

degoribed in this thesis, unless otherwise indicatsd,

Protein Dete tion. The protein content for all the enzyme solu-
tions omployed, unless otheywise indicated, was determined spectre-
rhotometrically using Kalckar’s squatien (48).

Protein concentration (mg. per ml.)} » 1,48 bogg = D74 Dggq
whare Dgg, and ﬁzw are optical densitios at 280 end 260 my respec-
tively. |
Phencl, This was estimated using the Folin and Ciocaiteu’s phencl
roageont, The reagent was made according to King (40} and can alse
e purchaseod from E‘iéher deientific Co.; one volume of reagent was
diluted with twe volumes of water, before use, The detemmination
of phencl was as followss |

An aliquot of the enzymic reaction mizture or standard phencl
solution was added to a test tube containing sufficient water to
pake a total volume of 3.0 ml. Jo this solutien, 1.0 SJ.. of
diluted Folin and Clocalteu’s phenol reagent was added and mixed
welle Fellowing this 1,0 ml, of 2 K Naglls was added, mixed and
the color development teck place in a water bath at 38°C for 20
mizmutes (65).

The optical density was measured in a Deckman U0 Spectrophoto-
meter at 760 mi using a 1 em {light path) cuvette, The reagent
blank contained 3 ml. of water in  place of phenol containing
solution l.0 ml, of phenol reagent and 1.0 mls of NeglUse The
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760 m wavelength was found {0 be optimmm, giving maximum sensiti-
vity and good reproducibility, A calibration curve was constyucted
by using varying quantitics of phoenol standard solution., The optical
density for one jmole phemol in a total volumes of $ ml,, at a wave-
longth of 760 mu, was 2,25 units,

It was found, however, that in the presence of glucose the
phenel coler was enhanced by a fagtor related to the quantity of
glucome present. The optical density readings obtained with coentrol
tubes, containing glucose (varying quantities), phenol reagent, and
Hagllg but no etandard phenol solution, although proportional te
glucose concentration in the vessel, could not be used to cerrect
the higher optical density readings ochtained whon standard phenel
selution was present. The estimation of phenol, therefore, when
glusose was present in the ensyme reaction vessel was compared with
standard phenol sclution yun under the mame conditions ae the
unknodie
Inopganic Phosphate. This was determined according to Taussky and
Shorr (82).

Te a suitable aliguet, sample or standard phosphate seolution
(KHPO,), onough 0.7 § 150, was addod to make a total volume of
1.5 ml. 7o this, 1.5 ml. of rerrous sulfate-amonium molybdate
reagont {made up £reshly hefore use) was sdded, mixed well, and the
optical density reading was cbtained at 720 mji using a Declman DU
fipectrophotonetor.

Glugogo-G-Phosphate. Glucose-8-Phosphate was dotermined ensymatic-
ally wsing glucoss-6-phosphate delydrogenase and TP sccording te
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Horeckey and Wood {37). The reaction can be described as followses

og-p + gy SoF dehydrogenase, o o sphoglucente aeid + TP

In the exporiments where gincose-@-phosphate was formed by
inteatinal alkaline phosphatase 1.0 ml. aliquot vas taken from the
enzyaic resotion vessel and placed in a test tube containing 1.5 ml.
of .25 ¥ glyoylglyeine buffer pH 7.5, To this, 0.10 ml. of .l B
MgCly, 0460 pmole 1PN and 0.2 fornberg unit (43) were added and made
to a final volume of 3.0 ml. with water. %he solution in the tube
was mined, covered with parafilm and left at room tawperature {(about
81°C) for approximately 40 mimutes until the reaction was completed,
The optical density of the solution vas cbtained at 340 i in & 1 em
{optical path) cuvette using a Beckman DE-1 Spectrophotemeter. The
roforence cell contained water in place of the aliguet. It was
found that the reaction was complete after 40 minutes standing at
room tempersture,

The grount of glucesu-G-phosphate present in the aliguot taken
was caloulated as follows:

: Cal @ = Uslly
8-6-P (pmelesfaliquot used) = o nitsfumoie of IPNI

The molar absorbancy index (a ) for redaced 7PN is 6.22x10%a’s
mole”t at 340 ms (25}, By using known quantitios of glucose-8-phos-
phate (disodium salt) an optical demsity of 2,08 to 3.2 per pmole of
aglucosa-B-phosphate was obtained. These wrmnpum t¢ a molar
absorbancy index of 8,34 to 6.6x10°mm x mole™! yespectively. omborg
pointed out that higher values of molar absorbancy index were



25
obsorved with glucose-G-phosphate dehydrogenase preparations con-
taminated with S-phosphogluconic acid delydregenase activity. By
aging the glucosc-G-phosphate dehydrogenase solution 24 hours at
3% this interforence was removed (44) and a wolar abmorbancy
index of 6.24x10%m mmole™] was cbtained using different amounts
of glucose-f-phosphate.

Puffers. The pH measurements for the »Mlmmx, RalllCg~
lagClg and glyoylglyeine buffers employed were made at voom tem-
perature {approzimstely 21°C} using a Beckman G-pH meter,

The pi of the buffered-acceptor sclution, used for the studies
on the transforase activitics, was adjusted to pi 10 (st 21°C) with
HaOH and this solution contained .00 M Nail0g-laglly and 1,6
glucose, anless otherwiee indicated.

Substyate, Phenyl phosphate disodium salt was used threughcut these
exporimonts, unless otherwise indioated, lNe free phonol was
dotocted in this reagent when 1.0 ml., of 0,1 i phmrl phosphate was
tosted for phencol, All sclutions of the substrate were made with
denineralized water and stored in the refrigerator.

Iphibitors. The preparation of a stock solution containing iedine
.05 M and .15 ¥ XI was made according to Pierce and Haenisch (71),
and stored in a low actinic flask, Dilutions of the stock solution
were made with demineraliped water and appropriate aliquots were
taken for the inhibition siudies to be reported.

A stock selution of 1.6 mif of DI-CySH. L (neutraliszed with
weak iaUll selution) was made weekly and kept in the refrigerator,

Proper dilutions of the stock solution were made with demineralised
water,
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Biochemical Reagents

douroes

Sigma Chemical Company
3500 Delalb Street
5te louie 18, Missouri,

Phosphatase, Alkaline
*Purified” Calf

Sigma 104 Phosphatase
Substrate
{p-nitrophonyl phosphate disodium)

Glucone-G-Phnsnhate
Disodlum Salt

Glucose~b-Phosphats
Dehydrogenase, Type LI

dourcey

dann Research Laboratories, Ine.
136 Liberty Strect
tow York 8, lew York.

Sriphosphopyridine
Hucleotide

Sodium Salt
Dl~Cysteine
Hydrochloride (P)

vonophencl Phosphate |
Sisodium

b {+) Dextrose Anhydrous
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RESULTS
Purification of Intestinal Alkaline Phosphatase. Before attempting

to study the inhibition of intestinal alkaline phosphatase by
cysteine and lodine, it was found necessary to further purify the
commercially available phosphatase preparation. This enzyme had
been purified by Sigma Chemical Company (personal communication)
according to the method of Schmidt and Thannhauser {75).
| In the present study a further purification of the purchased
engyme preparation was attained by continuous flow elecirophoresis
and fractional precipitation with acetone., The specific activities
and the degree of purification of different fractions obtained
through the above mentioned procedures are presented in Table I,
The fractions collected im tubes 18, 1% and 20, (Table I-4),
demnatm’{:éd higher specific activities and the degree of purifica-
tion was 3.6 and 3.4 respectively., The combined fractions 18, 18,
and 20, showed a typical protein ultraviolet absorption spectrum
with a maxioum at 275-280 mid. The abscorbancy at 280 mL of a water
solution containing .956 my., per ml, was 1.05 units., No further
attempt was made to purify the flow electrophoresis preparation.
The acetone fracticnal precipitation technique utilizing stages
4, 5 and 6 of Morton’s method (60) pmdamed. a 9.1 fold purification
over the starting phosphatase solution (Table I-B)., The 32 to 40%
(v/v) acetone fraction was more than twice the purity obtained from
the electrophoretic preparation. Ultraviclet absorption spectra of
the acetone preparation and the commercial preparation are shown in

Figure l-a, and 1-b, respectively. Both preparations showed a



TABLE I
Purification of Intestinal Alkaline Phosphatase

Ae Continucus Flow Electrophoresis

The reaction mixture (3.0 ml) contained ethanclamine~IL buffer
«05 ¥ at pH 1042, phenyl di-sodium phosphate 2.5&:‘10“2@2 and 01 ¥
magnesium acetate, The reaction was commenced by adding a suitable
aliqﬁm";: of each enzyme solution to the reaction mixture,

‘Reaction time 5 minutes at 38°C. Reaction stopped by addition
of 1.0 ml of phenol reagent., Conirol tube contained all components,
and under the same conditions, except that the reaction was stopped
with 1.0 ml of phenol reagent before addition of enzyme,.

The protein content of the enzyme solution was detexrmined by
the biuret methed, #

Ba__Fractional Precipitation with Acetone

The reaction volume (2.5 ml) contained ethanolamine~ICL 06 M
buffer pH 10.0, magnesium acetate 1.23{153"2}&, engyme, and p-nitro-
phenyl phosphate 1,22x10" %M, The reaction was commenced by addition
of substrate following temperature equilibration of the reaction
vessel at 38°C for 15 minutes, The reaction time was 5 minutes at
the same temperature and the reaction was stopped by adding 1.0 ml
of 0.5 N HaOHs, The p-nitrophenol liberated was determined spectro-

photometrically at 410 mii.

# The assistance of Miss Ann Pearly on the protein analyses of the
different electrophoretic fractions 1s appreciated.
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TBLE T
Purification of Intestinal Alkaline Phosphatase

&. Continucus Flow Electropheoresis

Fraction pmoles. phenol Purification
corrosponding to per mg ensyme protein :

tube loe: per § minutes

15 7433 <1

16 22.9 d

17 70.2 1.9

18 133 3.5

19 & 20 125 et
21832 25.9 <1

Starting enzyme
solution 38.7 i

Be Fractional Precipitation with Acetone

Step Acetone pmoles p-nitro phenol Purification
fraction per my enzyme protein
% (V) per 5 minutes

1. 60 12.3 1.1

2. 3548 27.5 2.4

3. After hesting to 48¢ for 2 min.

8 32-40 106 8.1
ba 40-50 20.1 1.7
Starting phosphatase sclution 11.6 1.0

Electrophoretic preparation 45.8 3.8



Figures l-a and l-b, Ultraviolet-absorption spectra of phosphatase

preparations in demineralized water (pH 6.5).

Figure l-a. Phosphatase preparation obtained by fractional
precipitation with acetone., Solution contained
1.147 ng of the material per ml,

Figure 1-b. Commercial phosphatase preparation following drying
over PgUg under vacuum for 24 hours at 1%,

Solution contained 1,028 my of the material per mi.
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maximum absorption at 278-280 mp. The phosphatase preparation
corresponding to acetone fraction 32 to 40% (v/v) gave an absorbancy,
Figure l-a, at 280 mj of .94 per my. of material per ml, of water
solution. The commercial phosphatase preparation, Figure i-b, on the
other hand gave an absorbancy at 280 mj of .83 per mg., of materisl
per ml. Using Xalckar’s formula fér estimating the an#yma protein |
content of a solution, (see experimental, under pmteixi de termina-
tion), it was found that the acetone preparation contained 937
protein, while the commercial preparation contained only 827% protein.

Paper electrophoresis of the different preparations, Figuves
| 2-a, 2-b, and 2-c, revealed that, the commercial preparation con-
sisted of more than three components, Pigure 2-a, the electropho-
resis preparation contained enly one component, Figure 2-b, and the
acetons fraction (32 to 40%) contained twe components., The fraction
carrying the phosphatase activity (shaded area), in all preparations,
wae found to be in the same region. Almed et al., found that the
electrophoretic mobility of dog intestinal allkaline phosphatase, pre~
pared by autolysis and alsc by butancl extraction, corresponded to
that of xg-globulia (8). In the present study hewever, when the
electropherogram was compared t¢ a normal serum protein pattern, the
active region corresponded to 4d-globulin, This was only comparative
and no attempt was made to verify the position or caleculate the
mobllity of the active component., The phosphatase preparation
obtained by acetone fractionation was employed in all the experiments
to be described in this thesis; the reason being that it had the

highest specific activity (imoles p-nitrophencl per mg. ensyme



Figures 2-a, 2-b and 2-c. Paper electrophoresis* of intestinal
alkaline phosphatase preparations, Shaded area shows the frac-
tion where p}waphataﬂe activity was detected,#*

Figure 2-a., Commercial Phosphatase prepamtian (04 mlfstrip of

a 5.7 percent (wfv) water solution),

Figure 2-b. Phosphatase purified by continuous flow electro-
phoresis (.04 mlfstrip of a 4.2 percent (wjv)

water solution),.

Figure 2-c. Phosphatase preparation obtained by fractional
precipitation with acetone. (.04 mlfstrip of

a 4.6 percent (wfv) water solution)

#® The paper electrophoretograms were developed (veyonal buffer pH
Seb, U=, 075; 16 hours at room temperature) and stained (brom-
phenol blue in methanol) by Miss Glaydis Basinger according to
Spinco Model R paper electrophoresis system - Instruction Manual
(RI¥-5)e Her contribution is acknowledged,

## Phosphatase activity was demonstrated on a duplicate strip (not
gtained) with p-nitrophenyl phosphate in glycine buffer pH 10,



Fig.2(a)

Fig.2(b)

Fig.2{c)
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TABLE 11
Influence of Added MgCly on the Hydrolytic Activity of Phosphatase

Experiment 1., Reaction commenced by addition of substrate.
Lxperiment 2. Reaction commenced by addition of engyme.

The reaction mixture (3.0 ml) consisted of .05 M buffer
(HalO3-1agCOs) pH 9.6, 2.5x1072M phenyl phosphate, varying MgCly
conecentrations, 2.01 pg enzyme protein, Following a 15 minute
preincubation of the reaction vessel at 38°C, the reaction was
commenced by adding either substrate or enzyme as indicated above,
Reaction perio& 10 pinutes at 38%; the reaction was stopped with

1.0 ml of phenol reagent.
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IABLE 11

Influence of Added ixigfﬁlz on the Hydrolytic Activity of Phosphatase

HgCly pmole phenol/tube/10 min,
concentration
) Experiment Experiment
1. 2e
o o442 «450
1x107% 526 .539
Sx10™° « 548 « 558
1x10™° . 562 « 549
11072 548 | 487
521070 .531 456
1x10™° 536 +456
1x10~8 473 o451

5x10"7 473 e
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proteins per & minutes), although paper electrophoresis revealed
itwo components present in this preparation.

Before embarking into the kinetic behavior of phosphatase
towards phenyl phosphate, the influence of Mg*'! on the hydrelytic
activity of this enzyme preparation was investigated. The results
of such an experiment are presented in Table II. An increase in
the hydrolytic activity of phosphatase was produced in the presence
of 1x10™ % ¥gClge This increase was about 25% higher over the
activity of the reaction vessel to which 1-5;012 was not added., In
experiment 1, the enzyme was preincubated with MgCl, at pH 9.6 and
the reaction was commenced by adding the substrate. In experiment
2, the reaction was commenced by adding the enzyme without pre-
incubation with MgClg. The hydrolytic activity {wmole phenol per
10 minutes) in both experiments was not significantly diffexent
within the range of MgCly concentration of 1x10™° to 1x107%M. A
slight decrease in activity was noted in experiment 2, as compared
to exporiment 1, when 1.0x107° to 1x10~% MgCl, was present. Ho
sicnificant change in activity was observed between experiment 1
and experiment 2 when MgClg was not added,

From the results presented in Table II, the MgCly concentration

amployed in subsequent sxperiments ranged from 1.0x10™% to 1.5x107°H,
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The Kinetic Behavior of Alkaline Phosphatase towards Phenyl Phosphate.

The relationship of initial velocity to substrate concentration at

different pH values was investigated and the data are presented in
Table III, The buffer employed for all the pH values was
NalCO3-NagCOg. At pH 8,3 the buffer capacity of this systen
Nal03-HagCOy is very low, since the pky of HyCO, at 25°C is 10.36.
In order to keep the same buffer throughout the pH epectrum, NaH20g
adjusted to piH 8.3 with RaglOg was employed in the reaction mixture,

The results in Teble III were expressed as jmole phenol
liberated per 5 minutes and wers caloulated based on initial veloci-
ties. It was found that the imitial velocity of the hydrolysis of
phenyl phosphate (1.0x10° to 2.5x107%M) by phosphatase was linear
up to 127 hydrolysis of the substrate, With low substrate concen-
trations, Figure 3, the initial rate of hydrolysis was about 147
for 7.5x107%M, 18% and 15% for 5,0210~%M and 1x10~% substrate,
regpectively. The reaction time, where low subsirate concentrations
were employed, wae suck that the hydrolysis of phenyl phosphate by
the enzyme never exceedsd 12%.

Representative plots of the initial velocity against pH at
various substrate concentrations, Figure 4-a, demonstrated the
marked dependence of pH optimum on subsitrate concentration, Such
a change of pH-optlmmm with substrate concentration has been reported
by other workers (66,69,74). With low subsirate concentration, the
pH optimum (D and E plot of Figure 4-a and 7, 5x}.ﬂwsﬁ substrate of

Table III) was not well defined.
In Figure 4-b, the reciprocal of imitial velocity was plotied



IMBLE 11X
Relationship of Initial Veloecity %o Substrate Concentration and piH.

The reaction vessels (total volume of 3,0 ml) contained .05 M
buffer (lallCg-llagCOg) at the indicated pH, 1.0x107°M MgCly, and
7.83 g of enzyme protein. The reection was commenced by the addi-
tion of substrate (phenyl phosphate), following a preincubation
period of 15 minutes at 3&06‘. The ensymic reaction having proceedsd
for an appropriate time interval within the limits of initial rate,
was stopped with Folin and Ciocalteu’s phenol reagent and thereafter

analyzed for phenol.
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against the reciprocal of substrate concentration aceor&iﬁq to
Lineweaver and Burk (489) for various pH values of the enmyme re-
action., The equation developed by Lineweaver and Burk for the
determination of enzyme dissociation constants, describes a linear
relationship when g is plotted against 3.

v Vmax (3) Vmax

¥ = initial veloecity.
(8) = substrate concentration,
Vmax = maximum velocity obtained when the enzyme is saturated
with substrate.
s = eguilibrium constant of the dissociation of ES into E and S,
Morton using a wider vange of substrate concentration shewed
that the Lineweaver and Burk plots at ﬁ@véml pH values were non-

linear (66). In the present study, the non-linearity of such plots

is shown in Figure 4-b, for pH 9%.82 and 10.0%. The plots { % vs % )

for pH 8.3 and 8.9, not shown in Figure 4-b, were linear. The pim
{~log Xm) values therefore were calculated from such plots and pre-
sented in Table III., Those (pkm values) corresponding to pH 9.4 and

9.6 were calculated from the best £it line drawn between points

-3

covering the substrate concentration of 2.5x10 = to i.xlemé‘bi.

From the well-known Michaelis equation v = -f% the follow-
ing equation was derived {24): #

p (3) = pkm + log """:“"

When v is egual to %35 then p (S) = pkm, Plots of the initial

velocity of hydrolysis against the negative logarithm of substrate




FPigure 3. Reaction-time curves for phenol liberation by intestinal
alkaline phosphatase at low substrate concentrations.

Conditicns of experiment were the same as in Table III,

Curve A. Reaction at pH 9,25 and 7.5x10 4 substrate

4

Curve B. Reaction at pH 8.90 and 5.0%107 1 substrate

-4

Curve C. Reaction at pH 8,90 and 1x10 "M substrate
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Figure 4-a. Plots of initial rates of hydrolysis of phenyl
phosphate at different concentrations, against

pHe

Curve A, Substrate concentration 2.5x10" 24
Curve B, Substrate concentration 5,0x107 M
Curve C, Substrate concentration 1.,0x10 M
Curve D, Substrate concentration 5.0x10™%H

Curve E, Substrate concentration 1.0x1ﬁ"éﬁ
Figure 4~-b. Reciproecal plots of the initial rate of hydrolysis

(%), against the reciprocal of substrate concentra-

tion (%) at various pH values of the enzyme reaction.

Figures 4-a and 4-b, were derived from the data ﬁrasenfed.in
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Figure S-a,

Pigure 5-b.

Pigure S5-c.

Varlation of initial velocity (v) with p{g) at variocus

pH values. pls) = -log (s)

Dixon plot {pKm against pH) for the hydrolysis of
phenyl phosphate by intestinal alkaline phosphatase,

pim = ~log Km

Linear zrelationship of -Dg-)f— against (B).
In this case iimax ig the apparent maximum rate of
hydrolysis of phenol phosphate obsexrved at each

substrate concentration (Table III, figure 4-a).

Figures 5-a, 5-b and S~¢, were derived from the data presented in

Table IiI,
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concentration, p (8), for different pH walues are shown in Pigure
5-a. Such plots were used to calculate the pkm values for the
range of pH 8.3 1o 10,2 (66). The pkim for each pH plot is equal to
p (3) at the point where the initial velocity {v) is one-half the
apparent maximum velocity. These plots, Pigure 5-a, showed that
the intestinal alkaline phosphatase had a narrow range of substrate
concentration over which optimal activity was cbtained, Considerable
inhibition of the rate of hydrolysis wae also noted with higher con-
centrations of phenyl phosphate.

The relation of pkm, calculated from Figure 5-a, with pH is
shown in Figure $-b, This was plotted according to Dixen (23)., I
suggested that plm - pH plots might yield information concernings
(a) the nature of the ensyme-substrate link, deduced mainly from
the slope of the curve; (b) information about the nature of the
substrate-binding groups of the enzyme, deduced from their pk values
as determined from the position of the discontinuities of the curve;
(¢} information about the nature of the activation process, dednced
from the ionizations of the engzyme-substrate complex, In the present
plot, Figure S5-b, the pkm did not change considerably over the pH
range 8,8 to 8.0 and the stmighi line drawn through those points
had & slope of sbout -0.16. The pkm at pl values greater than 9,2
changed considerably and the line had a slope of -1.2. A discon-
timnity was cbserved at sbout pH 9.2, When the pkm values (calou-
lated from Lineweaver and Burk plots) of Table III were plotted
against the corresponding pH a similar change in slope {from 0 to -1

unit) was obeserved, and a discontinuity oeccurred at pH 9.1.
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Other investigators have demonstrated such a variation of pim
with pH for intestinal and milk alksline phosphatase (66,90) and
for placental phosphatase (8B).

Pigure S5-c was plotted according to the equation

S 38 . Im woe . dJ
s o + o where Vmax was substiftuted with Umax which is the

apparent maximum observed velocity for each substrate concentration

tested at different pH values (Figure 4-a and Table III). From the

sl of the lime which is 1 to L. and the value of KB
ope e c egual to an auom {when

Umax

«

S approaches U) the Km was found to be 4.8x10" %,
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Inhibition of the Hydrolytic Activity of Phosphatase by Cysteine and
Iodine, Figure 8 demonstrates the course of the hydrolytic activity
in the presence of cysteine fﬁ:zﬁrve C), and iodine {curve B amd’ll),
and in the absence of inhibitor (curve A), with time (in minutes),
With curve A the hydrolytic activity was linear, as expected, In
curves B and D the inhibition of hydrolysis by 1.35x10”°M iodine is
apparent, and to a greater degree in curve D. The only difference
between these two curves was that in the experiment shown by curve
D, the iodine was added to the reaction vessel which contained the
enzyme, the buffer pH 9,8 and MgCly, while in the experiment (shown
by curve B), the iodine was already present in the reaction vessel
{containing the buffer and MgCly), when the enzyme was added,

For curve D, the hydrolysis of phenyl phosphate is linear up o
15 minutes reaction time and thereafter the slope of the line changes
with time, while for curve B, the hydrolytic activity is linear with
reaction time, The decrsase of hydrolysis of phenyl phosphate after
the 15 minutes reaction period might be due %o a further interaction
of the iodine with the enzyme,

Curve C of Pigure 8, represents the experiment in which 8.0x10"%
cysteine was present in the reaction mixture., The hydrolytic activity
in this case was linear with reaction time up to 20 minutes and there-
after a slight increase in activity occurred. This might be due %o
oxidation of cysteine by air. There was no difference in activity
when cysteine was added to the reaction mixture already containing the
enzyme, or when the enzyme was added to cysteine,

In all subsequent experiments, unless otherwise indicated, the



Figurxe 6. Progress curves for the hydrolysis of phenyl phosphate
by intestinal alkaline phosphatase in presence and absence of in-
hibitors.

The reaction mixture (2.0 ml) contained .056 M NallOg-HagCOs
buffer pH 9.8, 1.5x10"u MagCly, 45.6 lig enzyme, the inhibitor as
indicated below, and phenyl phosphate 5x10~%, The reaction was
preincubated at 38°C for 20 mimutes and was commenced by adding
the substrate. At the indicated time interval, the reaction was

stopped with perchloric acid and analyzmed for phencl.

Curve A, lio inhibitor added,

Curve Bes In presence of 1.25x19"SM iodine in KI solution
{in this experiment the lodine was added to the
reaction vessel before the enzyme addition).

Curve C, In presence of 8.0x18"sm cysteine (cysteine added
to the reaction vessel following the enzyme addi-
tion).

Curve D, In presence of 1,25x10™ "M iodine in KI solution
(in this experiment the iodine was added to the

engyme, buffer andrﬁgﬁlz mixture).
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inhibitor was always added to the reaction mixture containing the
enzyme and the reaction period never exceeded § minutes,

The inhibition (reversible, irreversible) produced by iodine
and cysteine was investigated according toc the method of Ackerman
and Potter (l}. These investigators showed that for an irreversible
inhibitor (the enzyme is converted to a form which cannot be con-
verted back into active enzyme), a plot of the velocity of reaction
against different concentrations of the enzyme intercepted the
enzyme axis when extrapolated to zerc velocity, and the amcunt of
inhibition varied with enszyme concentration. The K;, which is the
dissociation constant of the enzyme-inhibitor complex or the
reciprocal of the affinity of the enzyme for the inhibitor, will
not be constant and it would depend on the enzyme concentration
used in the experiment., For a reversible inhibitor {the ensyme
recovers its activity on removal of inhibitor) the pleot of rate
against enzyme concentration iz & straight line passing through the
origin. Plots of enzyme activity against enzyme concentrations are
shown in Figure 7-a and 7-b.

These plots revealed that the inhibition by ilodine, Figure 7-a,
is irreversible, since the slope of the lines (O-0,H- M ) are the
same as that of the control { x - x ), and the engyme axis is out at
a point which is proportional tc the amount of inhibitor (1). With
cysteine, Figure 7-b, the inhibition seemed to be reversible, sinece
the slope of the line {A-A) is less than in the case of the
control { = -~ x ) and the line is passing through the origin. In

the presence of ?.?xlﬂ“a}![ cysteine (A -A) the curve was linear, and



Pigure 7-a. The hydrolysis rate of phenyl phosphate against
ensyme concentration, in presence and absence of
iodine,
(x»x)yuohsphenolmdpi (% - %) in the sbsence of lodine.
( O~ o) in the prosonce of 6.25x107% iodine,
{m - m) in the presence of 1,25z10~" iodine.

Figure 7-b, The hydrolysis rate of phenyl phosphate against
engyme concentration, in presence and absence of
cysteine,

{ x~ = ) no cysteine present.
{ A~ A) in the presence of 3.8x107% cysteine.
(4 - &) in the presence of 7.7x20~°M cysteine.

Pigures 7-a and 7-b. The reaction mixture (2.0 ml) contained 056 M
buffer (HaHiOg-Na,C04) pH 9.8, 1.5x107°M MgCl,, ensyme {indicated in
the abscissa), inhibitor, and substrate 2,5x10~2M, The reaction

vessel was preincubated at 38°9C for 20 minutes, and the reaction was
commenced by adding the substrate. Reaction tims 5 minutes at 38°C,

The reaction was stopped with perchloric acid,
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passing through the origin, up to 70 Pg enzyme protein and with
higher enzyme concentrations there was an increase in slope. Such
a change in slope of the line with the higher enzyme concentration,
might be attributed to a reversal of inhibition {oxidation of
cysteine to cystine) by a contaminant present in the enzyme solu-
tion,

Shuster investigated the effect of different concentrations of
cysteine on the hydrolysis of 37-adenylic acid by 3’-nuclectidase
and suggested that the inhibition produced by cysteine was non-
competitive {79). |

In the present study, plots of the reciprocal initial veloecity
(§) against various inhibitor concentrations (22) and also against
the reciprocal of substrate concentration, were made in an attempt
to elucidate the type of inhibition produced by these inhibitors,
These plots are shown in Figure 8-a, 8-b, and 8-c,

The plot of Figure 8-a, for cysteine and that of Figure 8-b,
for lodine did not show any linear relationship between the reciprocal
of initial veloeity (%) against inhibitor concentration., Therefore,
these inhibitors could not be classified as non-competitive or com-
petitive, according te Diwon’s equations which describe either case
{22). Instecad, & mixed typa of inhibition was obtained, Figure 8-g,
when % was plotted against % in the presence of cysteine (A~A) and
fodine { # - 8 ), and in the absence of inhibitor { O - 0 ). These
inhibitors may act on both Vmax and Km thus giving a mizture of com-
petitive and non-competitive effects (24).

The data of Table IV describe the effect of cysteine and iodine



Figure 8-a. Reciprocal plet of the initial rate of hydrolysis of
phenyl phosphate by intestinal alkaline phosphatase
at pH 10.2 at various substrate concentrations against
concentrations of cysteine.

( = - x ) substrate concentration 2.5x10" 2
( 0 - 0 ) substrate concentration 1.0x10™ 21

(A - A) substrate concentration Sxia"aﬁ

Figurs 8-b. Reciprocal plot of the initial rate of hydrolysis of
phenyl phosphate by intestinal alkaline phosphatase
at pH 10.2 at various substrate concentrations against
coneesntrations of icdine,

{ O~ 0 ) substrate concentration 2.61:10”2%
( A - A) substrate concentration l.leG*ZM

( # - ®) substrate concentration 7,5x10™ "M

({0 -0) substrate concentration S.len“3ﬁ

Figure 8-¢e. Lineweaver-bBurk plots (% vs %} at pH 10.2 in the absence
of inhibiter ( O - 0 ), in the presence of 3.12x10" %y
lodine ( @ - ® ), and in the presence of I.ﬁxlﬂ“&a

cysteine (A - A).

The experimental conditions and concent¥ations of reactants {except

for changes in substrate concentrations) wera the same as in Tabkle IV,
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on the enzyme when both were added to the reaction mixture, iodine
being added before oysteine. The percent inhibition was compayed
to that caloulated from the percent inhibitien produced by each
inhibitor, The percent inhibition produced by 2.5x10"°mM fodine and
1.6::10“33:!*& cysteine, both added to the same rea,c:tian vessel, was
52.9. Uhen iodine 2.5x10™°mf was added alone, the remaining enszyme
activity in the reaction vessel was 2,401 pmoles phencl. Now, when
cysteine 1.6x107 mM added to the remmining enzyme activity (2.401
jmoles phenol) one would expect this inhibitor to produce & 35.8%
inhibition {obtained from the experiment when cysteine was added
alone to the enzyme); therefore, 2.401x0,358 = ,86 pmole phenol
will be inhibited by the cysteine alone,

The calculated percent inhibition should be equal to

0.86 % o717) x 100 . 50,6, The percent inhibition, cbtained

3.118
when both inhibitors were present in the reaction vessel, was almost

ldentical to that calculated from individual runs,

The effect of pH on the relative activity of the'plwsplutaae in
the presence of cysteine and iodine is shown in Table V, The in-
creased inhibition by cysteine (7.7x107°M) with increasing pH (8.9
to 10.4) is apparent. At pH 7.5 the inhibitory effect of cysteine
(8.0x107"M) is almost abolished, and at pH 6.1 there is a reversal
of the effect of cysteine from inhibition to activation. The
increase in pH therefore seems to produce the same result as that
cbtained by increasing the cysteine concentration at a particular
pH, These results corrcborate with those reported by Shuster, whe

suggested that the substance responsible for inhibition may be an



TABLE IV

Additive Effect of Inhibitors on the Hydrolytie Activity of
Alkaline Phosphatase

The reaction vessel (total volume 2.0 ml), contained ,0856 M
buffer (Hal0g-llagCOs) pH 10.2, 1.5x10°M MgCly, 18.1 pg enzyme
protein, the indicated concentration of inhibitor, and 2.5x10™%M
substrate.,

The inhibitor was added following the addition of the enzyme.
Pricr to commencing the reaction with the substrate, the reaction
vessel was preincubated at 38°C for 20 minutes, Reaction time 5
minutes at 38°ﬂ; the reaction was stopped with perchloric acid,

In the case where both inhibitors were added, the iodine was
added to the reaction mixture containing the buffer pH 10.2,
¥MgClg, and the enzyme, and the reaction vessel was left at room
temperature for 10 minutes, To this, cysteine was added and the
reaction vessel was preincubated at 38°C for 20 minutes, The

reaction was started by adding the substrate,
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IABLE IV
Additive Sffecf of Inhibitors on the Hydrclytie Activity of
Alksline Phosphatase

Cysteine Iodine pmoles % Inhibition Caleculated
(mix10%)  (mMx10®) phenolf tube % inhibition

- - 3,12 - -
0.8 - 2.82 9,43 -
1.6 - 2,00 3548 =
2.0 - 1.64 47,3 =
3.2 | " 1.11 6444 ;
4,0 - 0892 71e4 -

- 2.5 2.40 23,0 | >

= 3.1 2.08 33.8 -

- 540 04817 73.8 -

- 6.2 0,412 86.8 -
Ge8 2.5 2,04 3444 30,2
1.6 2.5 1.47 5249 50.6
2.0 3.1 1,04 66.6 65.1
3.2 5.0 00254 91,9 90,7
4,0 6e2 04107 96,6 96.2
1.6 5.0 0e441 85,9 83,2
8.2 2.5 0,842 73.0 7246

4,0 25 0.638 7945 77.6



TABLE ¥V
Inhibitien of Alkaline Phosphatase by
Cystoeine and Iodine in Relation to pH

Reaction mixture {2.0 ml) contained 056 M (HaHCOg-NagCOg)
buffer for pH 8.9 to 10.4, or .056 M NailOg buffer (pH range
6sl to 7.5) adjusted to the indicated pH with dilute L,
1.5x107%K MgCl,, 21.1 and 22,6 g enzyme protein for ph 8.9 to
10,4 and pH 6.1 to 7.5 respectively.

Following the ensyme addition the inhibitor was added and
preincubated at 38°C for 20 mimutes. Reaction was commenced by

%) phenyl phosphate)

adding substrate (final concentration 2.5x10"
and stopped 5 minutes later at same temperature with perchloeric

a@id-
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TABLE VI

Inhibition of Phosphatase by Mercaptoethanol and Thioglycolic Acid

Reaction mixturé (2.0 ml} eenté.:inad . 056 M buffer
(FaHCOg-NagCls) pH 10.2, 151073 MgCly, 18.1 jg enzyme
protein, inhibitor at the indicated concentration, and
phenyl phosphate 2. 5}:163'22»5‘;. Prior to the addition of
substrate to commence the rea.ctim}, the mixture was pre-
incubated at 38°C for 20 minutes.

The reaction time was 6 uminutes and it was stopped

with perchloric acid.



Sl
TRBLE VI
Inhibition of Phosphatase by Mercaptoethanol and Thioglycclic Acid

Inhibitor Hydrolytic Activity Relative activity
concentration pmoles ; A
(11} phenol[tube

Hone 3453 100
Mercaptoethanol

2,96x10™° 3.24 61,7
l.48z107% 2,95 83.6
2.96x10™% 2,49 7044
5.93x10™% 1.78 50,4

Thigg}.}:c_elic Agid
1.32x107° 2,72 77.0

2.65x10™° 2,49 7044
1.32x10™4 0.233 6460
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ion whose relative concentration increases with increasing pH (79).

The inhibition of phosphatase by iodine did not show such
dependence of inhibition on pH. An increase in relative activity
however, was cbserved when the pH of the reaction mixture was less
than 2.6,

Inhibition of phosphatase by other mercapto-compounds is shown
in Teble VI. DMercaptoethanol and thioglycelic acid were also
teated and found to be potent inhibitore of the enzyme,

Thicglyecolic acid {1.323;19"%‘5) secmed to be a more potent
inhibitor (relative activity = 6.6%) when compared to mercapto-
ethanol (1.48x10~%M, relative activity = 847) but less effective
when compared to cysteine (Table V, pH 10.2). Such differences in
the potency of these inhibitors might be due to the relative cecur-
rence of R~ species which result from differences in the pi (-SH)

values of these compounds,
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Phosphotransicrase Activity of Intestinal Alkaline Phosphatass

a) General Properties. The properties of the transferase reaction

of phosphatase have been thoroughly investigated by Morton, using
phosphocreatine as the donoy and a variety of acceptors (67).

In the present study, some of the important properties of the
transforase reaction were reinvestigated using phenyl phosphate as
the donor and glucose ag the aceeptor,.

Figure 8, shows the rate of formation of phenol {eunrve A), in-
erganic phosphate (curve B), and of gluccse~f-phosphate (curve C),
in the presence of 1.5 M glucose, Curve D of Figure 9, represents

the percent phosphate transfer from phenyl phosphate to glucose

\/ I.Inn;e g—-hg-?l )x 100 . The rate of formation of glucose-f-phos-
pmole no

phate curve C, is linear up to about 20 mimutes at which time the
degree of hydrolysis, as measured by the phenol liberated, is approx-
imately 9% of the total substrate added at the start of the reaction.
After 50 mimutes, the glucose-6-phosphate reaches a meximum value and
thereafter (up to about 90 minutes) it remains constant. The imoxganic
phosphate formed, curve B, is linear with time up to about 10%
hydrolysis of the substrate,

Morton found that glucose-G-phosphate is the major product in the
transferase reaction with glucese (67)s In the experiment reported
here, Figure 9, a major portion of the ester(s) formed (jmole phenol
less jmole inorganic phosphate = glucose phosphate) could not be
accounted by the glucose-G-phosphate formed when measured ensymatic-

ally. This has also been cbserved with other experiments presented



Figure 8, The hydrolytic and phosphotransferase activities of

intestinal alkaline phosphatase in relation to reaction time,

Curve A, pmoles of phencl per reaction vessel,

Curve B, pmoles cof inorganic phosphate (Py) per
reaction vessel,

Curve C, Jmoles of glucose-G-phosphate (6-6-P)
per reaction vessel,

Curve D, 6-6-P formed as 7, phosphate transfer.

Ihe reaction mixture (2.0 ml) at pH 9.25 contained 1,5 ¥
glucose, 042 M (NaHCO;-NagCOg) 1.5x107°M MgCly, 19.8 g enzyme
protein, and 2.5210" %1 substrate.,

Following a 15 minute temperature equilibration of the
reaction vessel at 38°C, the reaction was commenced by the
addition of substrate. The reaction was stopped by heating the
tube for 30 seconds in a boiling water bath.
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TABLE VIX
Hydrolytic and Phosphotransferase Activities of Alkaline Phosphatase

in the Presence of Varying Concentrations of Glucose

Reaction mizture (2.0 ml) contained different concentrations of
buffered glucose at pH 9.8. The total concentration of HaHlOg-NagCOg
buffer being .04 to .06 M for the 2.7 to 0.3 ¥ gluccse, Magnesium
chlcsricié 1.5xw"3i . enzyme protein 21.1 pg, and Z.leﬁ”zﬁ phenyl
phosphate.

The reaction mixture was equilibrated at 38°C for 15 minutes
before commencing the reaction with the substrate, Reaction time
was 6 minutes at 38°C. The enzyme reaction was stopped by heating

the tube for 30 seconds in a boiling water bath,.
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later, No attempt was made to identify or measure the non~
glucose-B-phosphate ester(s) synthesized by phoephatase,

The effect of glucose concentration on hydrolytic and phospho-
transferase reaction of phosphatase is presented in Table VII, With
increasing concentration of glucese up o 1.5 M an increase of
glucose~G-phosphate was cbserved, A further increase in glucose
from 1,5 to 2.7 M there was a degrease on the rate of glucose-B-
phosphate synthesis, The percentage phosphate transfer increased
with increasing glucose concentration., There was an initial increase
on the rate of phenol production with glucose concentration up to
«75 M and thereafter the increase of glucose concentration inhibited
the rate of phenol liberation, The rate of formation of inorganic
phosphate was increased from 4,13 Umole {reaction vessel contained
no glucose) to 5.00 pmole in the presence of 0.3 ¥ glucose, At
higher concentrations of glucose a constant decline of the rate of
inorganic phosphate formation occcurred,

The effect of varying the substrate concentration on the ratio
of substrate to initial velecity (3), for phenol, inorganic phosphate
and glucose-6-phosphate is shown in Figure 10. The rate of phenol
liberatio