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ABSTRACT

To determine whether the‘propertieéfot‘aikaljne\phoSphatase in
human liver are altered by re]éasthg the enzyme from its native enviﬁon:
.ment, we studied the membrane-bound and purified forms, apd the'enzyms__;‘
re]eased by applying phosphat1dy11nos1to1 spec1f1c phosphol1pase C The
bound enzyme had the lowest aff1n1t1es, for eight Substrates and the ‘
compet1t1ve 1nh1b1tor pheny]phosphonaté The K. for inorganic phosphate

‘wwas”mqwer with the bound enzyme than with the purified and released
forms, whereas the va]ues for uncompet1t1ve 1nh1b1tors were the same
with a]] three. Phehylg]yoxa1 reacted with essent1a1 residues of
arginine at 51m11ar rates with the bound and pur1f1ed enzymes 'Egsen-
tial cations were readily removed and neplaced in. the bound.and released

’ forms but not from the pur1f1ed form ‘The bound enzyme was 1nsensit1ve
to changes in Mg2+ concentrat1on however when the enzyme was pur1f1ed
M92+ caused aCtivation; _The jgo]ated membranes contatned a h1gh concen-
ttatﬁon of bound M92+ which could be removed-by extensive diaTysjs;
Dur1ng remova] of. M92 , a concomitant 1035fof‘a]ka1ine phosphatase
activity resu1ted but rep]acement of M92 restored the activity tc its
‘orwg1na1 value, Arrhen1us plots of the bound enzyme gevealed two
breaks, with act1vat1on energy above the second break s1m11ar to that
of the pur1f1ed enzyme. Act1v1ty of the bound “enzyme 1ncreased when
the membrane was perturbed'by~butano1 and assayed be10w13O°C¢
‘hattve\melegular weights of membrane bound enzyme re]eased by

butano] and nonionic detergents were more than tw1ce that of the puri-

f1ed dimer?c enzyme. A1 a11ne phOSphatase released oy phosphatidyl-

inositdl specific phospholipase-C was of both hwgh and low molecular
e , o ,



-

Lf‘igh molecular weight enzyme is made up of a single pro-

tein, of théiégﬁém#olecular size as moﬁomeric‘alka1ine phosphatase,

but the former‘js less efficient at phosphohydrolysis when substrate

concentrations are low. The membrane-bound enzyme pfobably has a. lower

binding affinity for Zn2+ and is completely saturated and activated by

+ . . v ] . .
Mg% in situ. The enzyme has a tetrameric quaternary structure,in the

plasma membranevbut disso;iates into dimers when solubilized and puri-
fied. Aﬁ%?TTﬁé’EﬂSsphafase released‘by phospho]1pase-C‘aisp1ayed

' properties intermediate between the membrane-bound and purified forms;
':t@is may be a cohsequence of the presence of both tetrameric and dimericr

“enzymes in the preparation.
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CHAPTER ONE

\ . REVIEW OF PREVIOUS WORK
A. HISTORICAL ASPECTS °

The understanding and demonstration that a group of nonspecific

enzymes, the alkaline phosphatases (orthophosphoric-monoester phospho-
, .

hydro]asé, EC-3+1:3-1), hydrolyze phosphomonoesters occurred over the

first twenty years of this century [1-3]. Dr. R.H.A. Plimmer elucidated

the nbnspecific nature of the enzyme and coined the term "phosphatase"

[(2}. The mammalian enzymes were first detected in 1912, ﬁn intestinal

v

mucosa and kidney [1-3]. The phosphatases frdm mammalian bone, blood,

“liver, and placenta were discovered, in that order, over the néXth?3

years E4,§,6,7].

The original researchers of alkaline phosphatase.wod1d‘measu?e
enzyme activity by quantitation of the inorganic phosphate produced;
these assays required incubation periods of several days because of the
relative insensitivity of the available methods for phosphate determina-

tion [8].- Fortunaté?y;.{n,1933, Aaron Bodansky described an improved

assay for the enzyme in which the incubation time was reduced to one

[y

hour [9], %ﬁking it the method of choice to measuré phosphatése activity.
~Early attempts to purify the enzyme involved incubation of agueous
homogenates of tissue at room temperature to allow endogenous enzymes to

release the insoluble alkaline phosphatase [2]. In 1950, Dr. Robert

Morton suggested the so]ubi]iiatidn of alkaline pﬁosphate by n-butyl

alcohol [10]; this procedure allowed tomp]ete solubilization within one

hour and is still used in most purification protocols for the mammalian



alkaline phosphatases. ‘

The idea that the alkaline phosphatase present in various tissues,
although catalyzfng the same reaction, afe structura]]y different was
;ihtroduced by Oscar Bodansky "(younger brother.of Aaron Bodan§ky) iﬁ 1937

| [11]. Although this idea haé been verified using many different |
techniques,'recent questions still arise regarding the c]assificatﬁon of

certain alkaline phosphatases. ' : !'Ei

B. GENETICS OF THE HUMAN ALKALINE PHOSPHATASES

Oscar Bodansky's hybothesis about structural differences ameng the
alkaline phosphatases of various tissues was not reinforced until the
1950's when,empiriéa] techniqbes such as fractional precipitation,

e]ectrophbresis,'chromatograpZy, and protein denaturants were used to

detect differences [12-14]. tarch gel electrophoresis proved to be the

most -popular of thekmentioned techniques in differentiating the various
enzymes, E1ectrophoresié of enzymes from‘11ver, bone, or kidney reveal
a‘fast.mbying alkaline pﬁosphébase band, whefeas the placental enzyﬁe
haé intermediate mobility and the‘intestina1 enzyme has the slowest
mobijity [157. Raies of thermal denaturation at 56°C ﬁndicated‘that
alkaline phosphatases originating from liver, bone, or kidney were
relatively heat labile, the intestinal enzyme had intermediate stability
.and the p]acenté] enzyme was stab]e [13]. Similar results were obtained
when urea was used as the'denaturant [16]. bThese early experiments

revealed structural differences which separated the human alkaline

phosphatases into three types: liver/bone/kidney type, intestinal type,
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aﬁd placental type. The nature of the differences between the enzymes
céu]d not be discerned because the techniques emplpyed are influenced by
many faétors such as molécular size, shape, charge; amino acid sequence,
the degree of folding, and noncovaTent‘1ntramo]e;u1ar'bonding.

Exper}ments investigating specific structural properties helped
ékp]ajn the differences observed with the empirical techniques. Thé
native mo]écuIar.Qéjght of placental alkaline phosphatase was 116 k to
125 k, whereas the other types were 140 k to 170 k [15]. Unlike the
intestinal enzymé,ﬁthe 1iver/bone/kidney type and the placental type
contain sialic acid<[17]. Alkaline phosphataées from human liver, bone,
and kidney are immunologically similar. Antibodies of placental or
intestinal alkaline phosphatase.dfsp1ay partia1 cro@shreactivity but
w111‘not react with the ehzymes from liver, bone, or kidney [15].

Dr. W.H. F1shman, a pwoneer in a]ka11ne phosphatase research,
discovered that the three forms of alkaline phosphatase were d1f?eren-
‘t1a}1y inhibited by the amino acids pheny]a]an1né and homoarginine [18,
19]. PhenyTalan1ne is a strong uncompetitive 1nh1b1tor of the 1ntest1na1
and p]acenta] enzymes, while thie enzymes from 1iver, bone, or k1dney are
not affected; homoarginine inhibits the 1iver/bone/kidney enzyme but not
: tHe intestinal or placental enzymes. RecentTy, Mulivor, Plotkin and
Ha}ris reported the specific uhcompetitivé inhibition of the placental
enzyme by phenylalanylglycylglycine; using this. new inhibitor along with
homoarginine and phenylalanine, they devised a very efficient method for

categorizing unknown alkaline phosphatases into one of the three groups

[20].



To qnderstand the’gignificance of the heterogéneity, the mechanism
by which these differences appeared, had to be determi&%d. Thé’possibTé
explanations of how these differences arose are: identical alkaline
phosphatase proteins produced in the various tissues may have been :
modified afterlinitial synthesis ﬂi:e., post-translational modification);
the dﬁffzrent alkaline phosphatases represent allelic variants of one
gene; the various alkaline phosphatases are different proteins coded for
by different'genes. This laboratory attempted to determine the cause of
‘the structural differences between the alkaline phosphatases by cbmpari—
son of the primary structures of each of the fivé enzyme forms by .a
peﬁtide‘mapping procedure. The peptide méps of the enzyme originating
from 1iver, bone,'anq kidney were remgrkab]y similar; wﬁéreas, the maps’
~for intestinal and placental alkaline phosphatase were markedly'different
- from each other and from those of the other tissues [21]. From these
observations, it was conc1uded4that the alkaline phosphatases ffom
Tiver, bone, and kidney are coded for by a single structural gene and
- two sepan&te genes code fdr-the placental and intestinal enzymes.
Strﬁctura] differences amokg-the liver, bone, and kidney enzymes from
post-translational modification do arise (see Chapter 1-C).

Even though the human alkaline phosphatases are constitugnts of a

multilocus enzyme system, the amino acid residues which are essential fer,
’ T4

activity are the same for the ijferent gene products [22]. ‘Furtheﬁméfet
. the sequerjce of amino acids around the active site of the-p]gcenta] ahdléngkﬁ
bacteriall alkaline phosphatases -s identi§a1 [23]. This conservation ofv
structurg, amongst the alkaline phosphatases, infers a common ancestoral

= .

origin for these enzymes.



;

By comparing the number and types of the alkaline phosphatases
present in organishs appeariné early in the evolutionary process with
those appearing later, the genetic evo1utjon of these proteins was
mapped out. The alkaline phosphatases have a tremendous distributfon in
Inature; the enzyme hqs been detected in bacteria, a1ga§, protozoa, fungi,
and vertebrates [23]. Of the alkaline phosphatases from bacteria, most
is known about the E. coli enzyme. Although structdra] variation may
oécur, only one structural gene codes for the enzyme in E. coli [24].
NThe appearance of vartants ahong this bacterial alkaline phosphata%e is
probébly due to&“trans1ationa1 am51gu1t1es"‘[25]. The alkaline phospha-
taées from algae, proﬁozoa, and fungi also appear to be cdded for by one
structural gene [23]. The multilocus enzyme system, for q]ka]ine
phosphatase, first deye]oped in fish, which contain fwo structural genes
for the enzyme [23]. . The products of the two genes appear to be similar
to the tissue unspecific alkaline phosphatase (referred to above as the
Tiver/bone/kidney enzyme) and the intestinal enzyme found, 1in huﬁans.

- The two gene system has been preserved in amphibians, repti]eé, birds,
and mamma]sv(except in the higher primates)w[ZG]; “The gene coding for
placental alkaline phosphatase, a recent product of evolution, is
lower primates [27].

. Another finding relating to the recent appearance in evq]ﬁtion of
the gene for placental alkaline phosphatase was the discovery of allelic
polymorphism with this_iéoenzyme [15]. There are three common aUtosoma]
alleles (frequency = 97.5%) and at 1easf eighteen rarer ones (fnéahency

v ='2.51) for the placental alkaline phosphaﬁase locus [28]. The hree



1, Pl?, and Pl3 account for the six

common alleles, referred to as Pl
common phenotypes: 1; 2; 3; 2-1; 3-1; 3-2; thirtyuﬁine other less
common pheﬁotypes have also been reported [28]. Individuals who dre

- heterozygous for the blaceﬂta] enzyme locus will produce both allelic
forms qf the eniyme and because the enzyme is composed bf two subunits
(see Chapter 1-C), a heterodimer will also be found'[29]. Therefore, a

1 2

heterozygous individual expressing the P1® and P1™ alleles will produce

the type 1, 2, and 2-1 form of the enzyme. The frequencies of the three

i

commén a1le1es are dependent on the ethnic origin of the population
surveyed, P13 is relatively frequent in oriental individuals; Pl2 allele
is predominant in caucasian populations; Pl1 allele has the highest
absolute frequency, among all the alleles, in all ethhic populations
[28].

In summary, there are three established genes for the human
alkaline phosphatases. 'The gene for the placental énzyme displays
fremenddus\a]]e]ic polymorphism. The enzymes from.11ver, bone, and
kidney are coded for by a single gene but poét—trans]ationa] modification

does. occur (see Chapter 1-C).> Recent evidence suggests that the enzymes

from fetal intestine [30] and testes [31] aré products of two new genes.

C. PHYSICAL AND CHEMICAL STRUCTURE

The structural properties of the phosphatases fkom placenta and
liver were the f%rst to be investigated. The native molecular weight of
£he purified placental enzyme is 116 k, and in guanidine hydrochloride
the molecular weight is 58 k, ihdicat{ng a dimeric.conformation‘of the

native enzyme [32]. The dimeric placental enzyme is stable between pH



4.7 and pH 10.3, but the dimer dissociates rapidly at pH 2.3 and slowly
at pH 10.5 [33,34]. The pH dependent diséociation was accompanied by a
loss in enzyme activity in&icating the essential requirement of a
dimeric conformation to maintain the ca£§1ytic‘function of the enzyme,
Using various techniques, thg native mo1§>u1aé weight of alkaline
phosphatase from human livel is between 130 k and 180 k [35-38] and is
dimeric [39]. The‘subunit molecular weight‘is in the range of 68 k to
72 k [35-38]. Thus, botﬁ adkaline phosphatase from human liver and
placenta are dimeric, but the liver enzyme is composed of larger subuﬁits.
The enzymes originating from human intestine, kidney, and bone resemble
the liver form with regards to native and subunit molecular weights [40],

The compositioh of amino acids of alkaline phosphatases from humans,
animals, and' bacteria are remarkably similar [23].‘ These enzymes are
especially rich in the acidic amino acids, aspartate, and glutamate [23].
The sequence of amino acids around the active site of the enzyme from
numerous sources, is Asp-Ser-Ala; the serine residue beCOmés phosphoryl -
ated during catalysis [41].//Ihe other amino acids that are important
for the catalytic function Bf the enzyme 1nc]ud¢ histidine, lysine,
aﬁginine, and éysteine [42-45].

Another essential component for the catalytic function of all
alkaline phosphatases is Zn2+ (23]. Each subunit of E. coli alkaline
phosphatase contains three metal ion-binding sites designated as A, B,
and C, 1n/descend1ng order of metal ion affinity [46]. Site A is com-
posed of three histidyl residues and is 3.9 Z from site B, which 1is
composed of one histidyl residue and a number of carboxyl functions;

site C is composed of unidentified oxygen ligands and is 4.9 A from B



and about 7 A from N [46]. Purified preparations of Lo coli alkaline
phosphatase contain 2.7 to 3.5 g-atoms of " and 1.0 to 1.8 g-atoms of
Mg2+ (471 per enzyme dimer. The dimer must contain two g-atoms of £n2+
to display catalytic function but four g-atoms are required for maximum
activity [47]. Zinc ions are qble to fill sites A and B, whereas qu+
can be bound by sites B and C [47]., In the native state, the A sites are
fil]ed.with Zn2+ and C sites with Mgz+; the occupants of the B sites are
less consistent, Zinc ions bound by site A co-ordinate the conversion
of the phosphoenzyme intermediate to a noncovalent phosphate—enzyme |
complex (see Chapter 1-D) [47]. The roles of the metals in sites B and

C are not well understood. Although this information i$ derived from the

enzyme from E. coli, it is not unreasonable to expect the human enzymes

to behave in a similar fashion, considering the similarities in the
active site region.

Magnesium ions, uniike Zn2+, are not essential for activity, but
they do enhance the activity of mammalian alkaline phosphatéses and the
presence of Mg2+ facilitates the 1ncorboration of ZnZ* into alkaline-
phosphatases which have been dep]eted of metal ions [47]. The human
alkaline phosphatases vary in their response to Mg?+. The placental
enzyme is least enhanced by Mgz+, whereas the tissue unspecific alkaline
phosphatases are almost inactive in the totg] absence of Mg2+ [23]. The
mechanism by which M92+ enhances enzyme activity is not known, but the
ions produce shifts in the circular dichroism spectra of placentai

R

alkaline phosphatase, indicating a slight separation&of‘@ubunits which

may increase access to-the active site [34].




Besides metal jons, the other nonprotein component of alkaline
phosphatase is the carbohydrate moiety, The carbohydrate Jgains are
composed of ga]actose,fmannose, fucose, galactosamine, and'qlucosamine
[481], and except for the enzyme from adult intestine, N-acetyl neuraminic
acid [49]. Human liver, kidney, and bone alkaline phosphatase differ in

carbohydrate content, but are identical in all other respects [40],

D. MECHANISM OF CATALYSIS

Alkaline phosphatases are able to hydrolyze a Qariety of phospho-
monoesters as follows: |
. ) 2-
R—O-?-O + HZO R-0H + HPO4
0~
The nature of the leaving group (R-OH) does not influence tha;ﬁ%&g//
of the phosphohydrolysis but does determine the relative affinity«?he
enzyme has for the substrate [23]. As a general rule, phosphoesters
with leaving groups which are hydrophobic and not bulky are usually the
best substrates. Phosphodiesters, such as NAD and cyclic AMP, are not
hydrolyzed by these enzymes [23]. Inorganic pyrophosphate and adenine
nucleotides are good substrates if no Mg2+ is complexed to them [50]7
The other nonphpsphoester substrates include small linear po]yphosphates.
(n<8) and esters of phosphoramidic acid and phosphorothicates [23]. |
e current proposal for the reaction mechanism-of alka]inel

.
phosphatase is as follows:
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R'-DH

C+R'=0P

The enzyme noncovalently binds the substrate, rapidly cleaves the
phosphoester bond, releasing the leaving group, and becbmes phosphoryl -
ated at the active serine residue [51]. [If this reaction is conducted
at low pH, then the ph#sphorylated enzyme is stabilized and after the
initial burst, no further phosphoesterase activity occurs [52]. At
alkaline pH, the phosphorylated enzyme intermediate isomerizes and the
active serine residue is dephosphorylated, 1gav1ng the isomerized
enzyme noncovalently complexed with HP042'. Restoration of the originai
conformation of the enzyme determines the fate of the overall reaction.
The rate determining step ﬁay be bypassed and the‘reaétion velocity
increased, if phosphoacceptors other than water are present (e.qg.,
ethylaminoethanol and diethanolamine) [51]. The écceptors react with the
phosphorylated intermediate, and the resulting transphosphorylation
reaction prevents the isomerization o% the enzyme and elhminates the
formation of the E*'Pi complex. |

The possibility that alkaline phosphatase operates as an allosteric
enzyme is a current controversy. Under certain conditions, negative
co-operativity in phosphate bfnding has been demonstrated [53]. This has
been disputed by workers who believe that the curved Scatchard plots
obtained by equilibrium dialysis experiments arisé not from

co-operativity but from residual phosphate contamination in the enzyme



preparations [h%],
The observation of the migration of metal jons from one subunit to
the other when inorqanic phosphate is introduced to the system is

additional evidence, indicating communication between subunits [547,

ATION OF ALKALINE PHOSPHATASE IN HUMAN TISSUES

Alkaline phosphatase is located on the endothelial and Kupffer cells
lining the blood sinusoids of human liver [56]. The surface of the bile
canaliculi, the central hepatic veins, and the portal veins are also rich
in alkaline phosphatase, but special fixation procedures must be used to
preserve the enzyme activity at these locations [57]. The outer membrane
of the chondrocytes in calcifying cartilage and the osteoblasts are sites
of bone alkaline phosphatase [23]. Kidney alkaline phosphatase is
localized in the microvilli of the renal tubular cells [23]. In neutro-
phdlsagglkaling phosphatase is found on the plasma membrane and in
QniqueA;esic1es termed ”phosphasomes“ [58].

3

“Fhe brush border of mucosal cells in the small intestine contains

e -

Téhg intestinal enzyme [59]. Examination of these tissues by electrdn
hi§%ochemistry also reveals enzyme activity in the golgi apparatus where
1t is probably in transit to the apical membrane; lysozomal granules, the
site of enzyme degradation, also contains a]ka]%ne phosphatase éctivity
[59]. The enzyme is attached onto the 1ntestﬁna1 brush border by a 3000
dalton foot [60]. Placental alkaline phosphatase is Tocated on the
plasma membrane of the syncytiotrophoblast [61]. Most of the enzyme
molecule, including the active site, is on the extracellular side'of the

-

membrane; a 2000 dalton foot is buried in the membrane [(62].



Fo INDUCTTON OF ALKALINE PHOSPHATASL IN CELLS

Induction, in this case, is defined as an increase in alkaline
phoﬁpﬂatASQ protein in cell or organ culture upon addition ot a specitic
compound,  Many compounds are able to induce alkaline phosphatase [67 ],
the ones discussed here include: bile, cyclic-AMP, glucocorticoids, and
1,25~dihydroxyvitamin Uj.

The development of cholestasis by ligation ot the bile ducts in rats
causes an increase in alkaline phosphatase activity, of hepatic oriqgin,
in the serum [63]. The content of alkaline phosphatase in the small
intestine of mice aléo increases after ligation of the bile ducts [64],
Further experiments demonstrated thaﬁ&lhe';hcrease in bile acids, after
lTigation, is the stimulus which promotes the de novo sychesis of the
hepatic enzyme and the subsequent spi]]aje into serum [65]. Glycosyla-
tion, as well as protein synthesis, are needed for maximum induction [66].
This induction was also observed in cultured hepatocytes which were
exposed to bile acids [67]. Bile-duct ligation and exposure of cells to
bile acids also 1ncrea§es the content of intracellular cyclic-AMP, and
inhibitors of adenylate cyclase inhibit the induction of alkaline phospha-
tase by bile acidsj this suggests that cyclic-AMP is the mediator of bile

acid induction [68].

L3

“Direct induction of alkaline phosphatase by cyclic-AMP has been
demonstrated in many cell lines [62]. Preventing the degradation of

cyclic-AMP, by phosphodiesterase inhibitors, enhances the induction by
. ‘_‘ M

this hormonal messenger [69]., Inhibiting RNA and protein synthesis

blocks the induction [69] which occurs when cyclic-AMP stimulates the
.

production of mRNA which codes for the,a1ka1ine phosphatase protein‘[70].

S~
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The new1y synthes1zed enzyme requ1res a fungtlon1ng g]ycosy]at16n\’//'
.system for' the 1nterca1at1on of the enzyme into the p]asma membrane,
consequent]y, 1nh1b1tors of g]ycosy]at1on prevents the express1on of the
induced activity {717.

The administhation of g1npoc0rticoids will increase alkaline
)phosphatase activity 1n.antma1s [72] and‘humans [73j. The steroids
Agneatly 1ncreases‘production o? placental alkaline phosphatase in tumour
‘ce11s with Tow basa1 1eve1s of the enzyme but not in cells which produce
the enzyme:in a const1tut1ve fash1on [74]. Few cell 1inesnwhich produce
the t1ssue unspec1f1c enzyme respond to these 1nducers [75]. The
'1nduct1on is dependent on protein and RNA synthesis and‘on the growth

<

‘phase of the tell culture [76]. The mechanism of this 1nductipn is not

.neTﬁ"understOOd, but the participation of the g]ucocdrticoidsbin the
assemp1y ef.the dolichel- 11nked o]1gosacchar1des during prbtein g]yco~
sy]at1om may play a part [771.

1,25~ d1hydroxyv1tam1n D3r1ncreases the a]ka11ne phésphatase act1v1ty
in selected regions of the small “intestine t% rats [78] and ch1cks [797.
This vitamin D metabolite’a1sd inducés’a1ka1ine phosphatase activity in
cultured‘ostéoblast—tike cells, and the amount of enzyme produced depends
on the dose [80]. The magnitude of the reSponse to the vﬁtamin depends
on the maturity'ot'the osteobLasttc ce11s; with the ygunger ones being

.more responsive [81]. The 1nductﬁon is dependent on protein and RNA
synthesis, afid i's mediated by the binding of the vitamin«D metabolite to.

mjcytop1asm1c receptor whlch act1vates the enzyme genome and promotes the

xi‘\ . -

“de novo synthes1s of a]ka11ne phosphatase [8217.

noo
[
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G. ALKALINE PHOSPHATASE IN DIAGNOSTIC ENZYMOLOGY

/

Increased levels of alkaline phosphatase in the serum of a patient,

A

who is not pregnant, usually indicate the presence/of hepatic or bone
disease [23]. The part1cu1ar enzyme which is e]evated in the serum is
determined by the site of the disease. The greatest elevation of
alkaline phosphatase originating from liver occurs in hepatic diseases
which involved cholestasis (obstruction of bile floyw) and results in the
. 1nduct1on of the enzyme in liver cel]s (see Chapter 1-F). The chole-
stasis may occur in the b11e ducts outside of the liver (e.g., primary
biliary cirrhosis, cholangitis) or in the bile canaliculi within the

" liver (e.g., by drugs, vira1 infections, or 1nf11€?ation by malignant.
ce]]sl'[83]. Primary carcinoma otythe Tiver and secondary infiltration
(causing cholestasis) will also e1etate serum alkaline phosphatasefbf
hepatic origin [23].

Bone diseases in thch the activity‘of the bsteob1asts (cells
involved in bone formasion) is increased wd]] raise the serum ieve] of
alkaline bhosphatase from bone. Patients suffering from Paget's disease
(esteﬁtisedefprmans) usually present the highest elevations of the bone
enzyme Eé3]. The 1ncreased:osteob1astic actdvity seen in patients with
rickets and osteomalacia accounts for the high 1eve1s of the enZyme in
theit serum [23]. Osteoscarcdmas which are osteogenic (bone-forming)
,W111 raise serum levels of the enzyme, but in osteolytic (bone-resorbing)
osteosarcomas, serumufgq?ds are normal or only slightly e]evated [83].

Hypophosphatasia, afdenetic disorder, eah be diagnosed by a low

serum alkaline phosphatase 1eve1 and lncreased phosphoethanolamine and

. Ed

iq

pyrophosphate in the serum and urine [84] The d1sorder may be inherited



B
A

as an autosomal recessive or autosomal dominaﬁ£ ffa%f; and the onset may
océhr in infantile, juvenile or adﬁ]t Tife [84];f‘in the infantile
diseasé, the fissue unspecific gene is not expresséd, ?ut’there is some
coﬁpensatory expression of the 1ntést1na1 gene [85]. ‘

The discovery of an a]ka]inelphosphatase indistinguishab1§§féom the
placental enzymé‘in the serum of a patient with an oat cell carcinomaﬁbf‘
the lung stﬁmu1ated great interest in this enzyme as a tumour marker
[86]. This new enzyme was named the éegén isoenzyme after the patfehtf
The purified Regan enzyme is identical to the placental enzyme with
regdrd to subunit:size, N-terminal sequence, and 'two dimensional peptide
m;ps (87]. This éhzyme has since been detected in carcinomas ofifhej, K

pancreas, lung, breast, co]on,{Iymph nodes, kidney;‘stomach, and

bladder [88]. The Regan enzyme is most prevalent in the serum of

~.

patients with germ cell tUmour; of the testes, and ovarian and uterine
cancer [88].

Another onco-alkaline phosphatase, discovered in a patient (Nagao)
with Tung cancer, is similar 2? th not identical with the placental
enzyme [89]. The Nagao enzyme has been repbrted to be 1dent1ca1 to the

rare D-variant allele of placental alkaline phosphatase [90], but this

as been refuted £91].

H. PHYSIOLOGICAL FUNCTIONS OF ALKALINE PHOSPHATASE

The bresence of alkaline phosphatase in organisms at eacb stage of
~evolutionary development -implies an essent1a1fro1é‘of the enzyme in some
fundamental biological process. The lack of this enzyme in humans from

birth (infantile hypophosphatasia) presents severe clinical problems and
y

15
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is often fatal. Many suggestions of the role of alkaline Qhosphatase
have been reported [23], but none have received universal support. Three
proposed roles which show the greatest promise are discussed below.

Or. Robert Robison, in“1923, speculated that alkaline phosphatase
participates in calcification of human bone by liberating free phosphate
from phosphoesters ahd thé local increase in phosphate concentration led
to the deposition of calcium phosphate salts én the organic bone matrix
[92].. Although Robison's explanation of how a]ka]ine)phosphétase initi-
ates calcification is nét possible [93], his belief in the participation
of the enzyme in ca1cjfi¢ation has been substantiated. The most
convincing evidence of the participation of alkaline phosphatase.in
calcification of bone arose from the pathologic investigation of the
infantile hypophosphatasia [84,94]. ~Patients wHo have inherited this
disease do not produce alkaline pho;phatase in their bones, liver,
kidneys and neutrophils, and majority of;%heiéA;keTeton is osteoid
(organic bone matrix-which has not been ca]cified) [84]. In the
developing teeth of rats, a]ka]fne phosphatase was concentraggd around
areas of ca]cifiéation [95].‘ The matrix-vesicles of épiphysea] cartil-
age; the initial sites of .calcification, are rich in alkaline phosphatase
[961]. vwith the demonstration of pyrophosphate hydrolysis by -alkaline ——==--
phosphatase from matrjx—vesic]es [96], a new explanation of how. the
enzyme participates in Ea]cificatioh was forwarded.A Pyrophosphate
inhibits calcification and the role of alkaline phosphatase may be to.
rémove the pyrophosphate and al]ow,the”ta1cif1cation to continue [97].

_Additional evidence was the presence of excess pyrophosphate in the

serum and urine of patients with hypophosphatasia [84]. Critics of. this

(%)
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théory argue the concentration of Ca2+ and ihofgénic phosphate in
epiphysea]lcartj1agelis high enough to essentially inactivate the
phosphohydrolase activity of the bone enzyme [98]. With therdiscovery
of specific pyrophosphatases in calcifying costal cartilage in rats and
gcapula cartilage in pigs [99], the theory was weakened further.
Although the role of alkaline phosphatas® in removing pyrophosphate
from the calcification site is sfi]] dontroversia], the partigipation of
alkaline phosphatase in the calcification process is generally éccepted.
The alkaline phosphatases from‘1jver, intestine, kidney, and
p]acenfa are associated'with microviiiig the site of extensive active.
and passfve transport. From—this observation, the possible participation
of alkaline phosphatase in transporting solutes across membranes was
presented [23]; The affinity these enzymes have for 1horgan1c phogphate
makes the ion an obvious candidate as the transported solute. Early
‘experiments demonstrated thzt the rate of synthesis of the E. coli enzyme .
is inversely proportional tc '~e phosphate concéntration in the growth

[ ]
media -[100], and strains of £ <coli which cannot produce alkaline

phosphatase will not grow in pnosphate-poor media [1C1]. Similarly,

rats feed-a phosphate-poor diet will induce the de novo synthesis of the
enzymes from kidney and intestine, and simultaneously ‘increase the rate

of phbsphate transport at these sites [103]. The addition of alkaline
phosphatase antiserum to segments of rat 1ntestﬁﬁe greatly .inhibited
phosphate transporﬁ,[103j. NAD énd NADH inhibit alkaline phosphafase

and phosphate transpbrt in the kidneys of rats [104], but other inhibitors

of a]kalinelphosphatase do not inhibit phosphate transport at these and

~other sites [105,106]. Using phosphatidylinositol specific phospho-
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Tipase-C, an enzyme which se1ect1ve1y removes aika]ine phosphatése from
various membranes [10], Yusufi et al. reported identical rates of
phosphate transport in renal brush border membrane vesicles that were
depleted of alkaline phosphatase and in uﬁtreated membrane vesicles
[108]. The experiment of Yusufi et af. provides the best evidence
against the direct involvement of alkaline phosphatase‘in phosphate
transport, assuming that the in vitro measurement of phosphate'transpbrt
is an accurate representation of the in Xixg'system.

A third possib]e'ro1e for a]ké]ine phosphatase is'participation in
reversible phosphorylation reactions which reqgulate many metabolic
orocesses. The intrinsic protein-phosphatase from ox brain cortex and
alkaline phosphatases are both inhibited by EDTA and activated by Mg2+
L109]. Placental alkaline phosphatase dephosphorylates 32P-1abeHed
histones, protamine, giycogén synthetase, casein, and phosv}tin but not
phosphorylase a [110]. Similarly, the E. EQli enzyme is able to
dephosphory1ate glycogen synthase D, histones, and phosphorylase k{nase‘
but not phosphorylase a § the dephosphory]atién of glycogen synthase D
is inhibited by glvcogen [111]. Alkaline phosphétase from E. coli,
calf intestine, and bovine liver appear to selectively dephosphorylate
the phosphotyrosine residues in phosphoryiatqd proteins [112]. "Evidence
against the parti;ipation'oan1ka1ihe phdsphatase'in rever§§b1e phos-
phorylation has not been Eeported; this proposed role shows the greétest

promise.
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“[.- PURPOSE OF THIS STUDY

Most research on alkaline phosphatase is conducted to establish
physio]ogi;a1 and biochem{ckﬂ roles for this enzyme., Previous studies of
highly pur{fied preparations have yielded much information about the
physical, chemical, énd kinetic.fextures of the enzyme, and,many suggest-
ions of possible roles have been reported (see Chapter IQH); but, none
have received universal support. The enzyme is found in the plasma
mémbrane of most cells and may have different properties 1n‘this hydro~
phgbic environment. Thus, the present study was undertaken to assess the
-effect of the plasma membrane on some properties of the enzyme. A
protocol for the isolation of plasma membranes from normal human liver,
obtained at necropsy, was estab]ishéd. The a]ka]ine phosphatase in these
membranes was exfensively studied with respect to ge%tain physical,
chemical, and kinetfc parameters, and theéé”properties Qere compared with
those of the so]ubi]ized.énd purified enzyme from this same tissue.
Evaluation of the 1ﬁformat10n obtained will, hopefully, contribute to a

better understanding of the role(s) for human alkaline phosphatase. 0



CHAPTER TWO

CATALYTIC PROPERTIES OF MEMBRANE-BOUND

ALKALINE PHOSPHATASE

A. INTRODUCTION

Most comparisons of the properties of soluble and membrane-bound
alkaline phosphafase from animal tissues have shown only minor differ-
ences [98,113-116]. These 1nc1udé different Michaelis constants for
substrate§ and cation requirements of membrane and cytosolic forms of
rat hepatic alkaline phosphatase [113], and minor differences in
inhibitor constants of the purified and menbrane-bound enzyme from'cﬁick‘
bone [98]. |

In the present study, I sought tc determine whether the ﬁroperties
of alkaline phosphatase from human liver are different when the enzyme
is in its native ényironment from when it is in pUrified soluble form.

In characterizing the membrane-bound énzyme, [ considered substrate and
inhibitor specificities, sensitivity to covalent modifications, cation
requirements; and the influence of the state of the membrane on enzyme
activity.. To Qetermine whether differences between the bound and free
eniymes arise from removal of the alkaline phosphatase from the membrane,
or from other steps in purification, I also studied the enzyme released

from membranes by phosphatidy]1nosito1—spécific‘phospho11pase-c [1077.
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Phospholipase-C (B. cereus) type V, p-nitrophenyl-phosphate,

1. Chemitals

naphthol AS-MX phosphate, .-naphthylphosphate, :-glycerophosphate,
phospho—L-serine,‘phospho-DL—threonine, phospho-DL-~tyrosine, pyridoxal
phosphate, pyrophosphate, homoarginine, phenylglyoxal, phenylalanine,
phenylalanylglycylglycine, tetramisole, and NADH were purchased from
Sigma Chemical Co. (St Louis, M0); phenylphosphonic acid from Aldrich
Chemical Co. (Milwaukee, WN); and Percoll ffqm.Pharmacia Fine Chemicals
AB (Uppsala, Sweden). All other chemicals were of highest reaqgent grade

(Fisher Scientific, Fairlawn, NJ).

2. Preparation of Plasma Membranes

Samples of liver from patients with no known disease affecting
hepatic function were obtained at necropsy within 12 h of death and were
stored at -25°C in 10% (v/v) glycerol with 0.15 mol/1 NaCl until uz»:

‘The membranes were isolated by the method outlined by Neville [117],
with some modifications. The samples were thawed, and aliquots of 6vg
were minced in a Sorvall Omni-mixer in 30 ml of cold 0.25 mol/1 sucrose,
and 5.0 mmol/L sodium bicarbonate (pH 7.5) for 15 sec. The mince was
then subjected to three strokes in a glass Potter-Elvehejm homogenizer
with a Teflon piston. The homogenate,‘consisting mainly of free intact
cells, were sonicated (Model W-375, Heat Systems Ultrasonics) for 2.5
min at setting 5, then centrifuged for 20 min at 27,000 xg. The upper

layer of the resulting pellet was suspended and was centrifuged at

27,000 xg for 20 min; the centrifugation was repeated until the

v

i\



suspension wdas no longer separated in two layers.,

The final suspension was layered onto a solution of }f& Percoll and
0.25 mol/1 sucrose (starting density, 1.051 g/ml and centriftuged at
28,000 xq for 1 h., The ultracentrifuge tube was fractionated, and the
membrane-enriched fractions were identified. Succinate dehydrogenase,
NADPH cytochrome-C reductase, and 5'-nucleotidase were assayed [&-10] as
markers for mitochondria, microsomes, and plasma membranes, respectively

(Tc’ib]e 1).

3. Preparation of Enzymes and Assays

Alkaline phosphatase was purified to homogeneity, as judged by gel
electrophoresis on sodium-dodecy1 sulfate as described previously [121].
Phosphatidylinositol-specific phospholipase-C was obtained by purifica-
tion from a commercial oreparation of non-specific phospholipase-C [122].
Phospholipase-C (6 .g protein) was aned to liver membrane fractions (4
mg protein, suspended in 4 ml of 0.25 mol/1 sucrose and 50 ﬁmo1/1 Tris,
pH 7.6. The mixture was incubated at 30°C for 1 h, then centrifuged at
100,000 xq for 20 min. Tne supernatant fluid containing the released
alkaline phosphatase was stored at 4°C until used.

Activities of the purified and membrane-bound alkaline phosphatases
were determined in medium containing 10 mmol/1 pfnitrophenylphosohate,
50 mmol/1 sodium bicarbonate, 1.5 mmol/1 magnesium chloride, and 0.25
mol/1 sucrose (to maintain iso-osmotic conditions), pH 9.0 at 30°C.
Purified enzyme (50 .1} or membrane suspension (5 .g protein) was added
to 1 ml of assay medium, and the increase 1in absorbanée at 404 nm was
monitored in a spectrophotometer {Varian Model 2200). Enzyme activity

was expressed as micromoles of p-nitrophenol released/min. When sub-



strates other than p-nitrophenylphosphate were tested, incubation was
tor 15 min at 30 °C, the reaction was stopped with trichloroacetic acid,
the inorganic phosphate produced was determined [123] and activity was

. . : 2+ _ .
expressed as micromoles of P_i released/min., Mg~ concentration in
membrane preparations and detergent extracts was determined by atomic
absorption spectrophotometry (GBC Model 902), according to the procedure

outlined in the GBC manual.

4. Phenylglyoxal Reaction with Arginine Residues

To determine the reaction of phenylqglyoxal with arginine resﬁdues,
4 mU of purified or membrane-bound alkaline phosphatase was .incubated at
30°C in 0.4 ml of a solution contajning 0.125 mol/1 sucrose, 62.5 hmo1/\
sodium bicarbonate, and 0 to 10 mmol/1 pﬁeny1glyoxa1, at pH 8.3.
Activity was monitored tor 36 min. (The concentration of phenylglyoxal
was kept low to reduc; perturbaﬁion of the membranes.) Second-order

rate constants were determined from the slopes of the graph of pseudo-

first-order rate constants vs phenylglyoxal concentration. \

C. RESULTS

1. Preliminary Characterization of Plasma Membranes

The degree of plasma membrane purification is givén by the enrich-
ment of enzyme markers specific for various organelles; these are calcu~
lated from specific activities determined before and after purification
(Table 1). For alkaline phosphatase, this enrichment was 15-fold.

Experiments investigating the properties of alkaline phosphatase

bound to plasma membranes did not solubilize the enzyme; centrifugation
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TABLE

ENRICHMENT OF MARKER ENZYMES:

PREPARAT LON

24

o,

CRITERTA OF PURITY -OF FINAL MEMBRANE

Organelle

Marker Enzyme Enrichment®

Microsomes
Mitochondria’

Plasma membranes

Plasma membranes

NADPH-cytochrome C 1.8£0.,27
reductase
Succinate-cytochrome C 0.77+0.053
reductase
Alkaline phosphatase 15#6.1
\
5'-Mucleotidase 7.4%2.2

2 The enzyme's specific acti
fraction, divided by its s

genate. MeanzSD (n=5).

Qity (U/mg protein) in the final membrane

/

pecific activity in the whole-liver homo-



cr the membrane suspension after coucludiﬁg the experimeﬁt revealed -5
«lubitization of the enzyme. Treatment of plasma membranes with
phospholipase-C released variable amounts of the bound alkaline phospha-
tase (Fig. 1), dependent on the amount of phospholipase-C protein added;
the unsolubilized activity was recovered in ﬁhe pef]et. Measurement of
phosphohydro]}tic activity as a function of pH confirmed that activ}ties
in the purified and enriched-plasma membrane fractions were from a]ka];ne
phosphatase. Both the purified and fhe membrane-bound enzymes were most
acti;e in the ;1kaline region and no difference in pH profile was
observed. The profile obtained w;th gene-specific inhibitors (homo-
arginine, phenylalanine, and phenylalanylglycylglycine) confirmed that
the purified enzyme and the membrane—b%und activity were the same 1so-

enzyme, products of the gene for tissue unspecific alkaline phosphatase

(21,1247,

2. Investigation of Active and Inhibition Sites

The bound enzyme sﬁowed no altered preference for any of the sub-
strates examined (Table II), but the Km values were 2.3 + 0.91 (SD)-fold
higher than the values for the purified enzyme. The release enzyme had
Km values intermediate to those of the other two forms. In the inhibition
experiments (Téb1e IT1), the apparent K. for pheny]phosbhonic acid was
2.4-fold higher for the membrane-bound alkaline phosphatase; this is
ciose‘to the substrate Km ratios of the phosphoester substrates. The
constant for ;norganic vanadate was not very different for the purified
and membrane-bound activities. However, the constant for inorganic
phosphate was 1.78-fold lower for the bound enzyme than for the purified

form, the reverse of the Km ratios of the substrates. The phosphate Ki
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Figure 1. Release of alké]ine phosphatase by phospholipase-C. Aliquots
of isolated membranes in 6.25 mol/1 sucrose and 10 mmol/]
Tris (pH 7.€) were incubated with various amounts of phospho-
lipase-C for 36 min at 30°C and then centrifuged for 10 min
at 100,000 xq. Alkaline phosphatase activity in the super-
natant fluid was expressed as a percentage of £he'act1v1ty in

the sample before centrifugation.



for the released enzyme nas simiJar to that for the -purified form, and
the uncompetitive inhibitors were equally effective against both.
\'Decay in activity resulting from phenylglyoxal reaction wigm{

‘arginine residues in the enzyme demonstrated similar rates of inactiva-

tion for both the bound (Fig. 2) and the-soluble forms, the second-order

rate constants being C.044 (m01/1)"1(s)'1 and 0.035 (mo1/1)'1(s)'1,

“ respectively.

3™ Interaction of Metal Ions

Incubation of membrane préparations,'re1eased enzyme, and purified
a]ka11ne phosphatase in an iso- osmot1c EDTA solution reduced activity by

50% in 8, 4, and 60 m1n, respect1ve1y (Fig. 3). When the EDTA treatment

was continued until only "10% of‘the or1gina1 activity remained (105 min -

for the purified enzﬁme), the add1t1on of 0. 30 mmol/1 énClz restored
activity to 70‘ of its or1g1na1 activity 1n the bound and- released

forms (Fig. 4), but- th1s and other concentrat1ons had no appreciable -
effect on the purified enzyme Compared w1th the membrane bound enzyme,
the released form apbeared less sens1t1ve to inhibition by h1gh concen-
trat1ons of anf. When membrane preparat1ons were treated w1th EDTA for
5, 20, 30 45 and 60 min, Zn2 reconst1tut1on restored a constant per- .
centage of act1v1ty, 1ndependent of EDTA incubation time (data not
“shown) .. | ~

’Mgz+ increased the activity of purified alkaline pbOsphatase )

fold_and the phospholipase-C released enzyme by -1.2«fold, but had little

effect on the»membrane—bound<form (Fig. 5). The M92+}concentration in the

membrane preparat1ons was 75 nmol/mg of membrane prote1n Dia]ysis of

the membrane preparation resulted in coincident rates of removal of Mg2
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TABLE I1

SUBSTRATE SPECIFICITIES OF PURIFIED AND MEMBRANE-BOUND ALKALINE PHOSPHA-
TASE , |AND THE FORM RELEASED BY PHOSPHOLIPASE C

‘,“ o : )
Kﬁ values for acid-stable phosphoesters were determined from doubtle
reciprocal plots. For the acid- labile phosphoesters (phospho -DL-
_ threon1ne, phospho-DL-tyrosihe, and pyrophosphate),.apparent K values
were determined from Dixon plots, using p- n1tropheny1phosphate as the ¢
competitive substrate n.d., not determined.

Substrate - , K or apparent Ko (mmo1/1) ' Kmfkatioa:
FUr1f1ed’ ReTeased Tembrane- bound
. enzyme enzyme enzyme

p-nitrophenyl phosphateb ©0.088. 0.15 '0.39 ’ 4.4

: ' : +0.006 +0.022 +0.018 i '
3-Naphthyl phosphate 0.026  0.059  0.078 3.0
, 5-G1yceroﬁhosphate 1.5". 2.2 3.0 2.0
" Phospho-L-serine 0.38 n.d 0.68 1:8
Pyridoxal phosphate 0.20 n.d 0.37 - 1.8
Phospho-DL-threonine o 0.39 n.d. 0.90'/ 2.3
Pyrophosphate 0.12 n.d 0.21 . 1.7
Phospho-DL-tyrosine | . 0.40 ’ n.d - 0.72 1.8

| Y

‘a"Km (bound enzyme)/Km (purifiéd enzyme)

b values are meansSD (n=5)



TABLE III

INHIBITION SPECIFICITIES OF PURIFIED AND MEMBRANE-BOUND ALKALINE
PHOSPHATASE, AND THE FORM RELEASED BY PHOSPHOLIPASE-C

K, values for the comﬁetitive inhibitors were determined from Dixon

plots. The Kii for each uncompetitive inhibitor was determined from

double reciprocal plots, using five concentrations of both the substrate

and the -inhibitor.

p—Nitrdphenyipﬁosphate was the substrate; n.d., not

~ NADH

pey

determined.
 &nhibftor Inhibitor constant (mmol/1)
\ N Purified Released Membrane-bound
enzyme, - enzyme enzyme
: Comgétitive
-Phosphate 0.96 1.09 0.54
Vanadate 0.044 n.d. 0.065
Phenylphosphonate 0.25 n.d. 0.60
Uncohpetitive
Hoﬁoargipihe 0.91 n.d. 0.87
Tetramisole - 0.012 n.d. 0.015
0.45 n.d. 0.37
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Activity decay curve of membrane-bound a]ké]ine phosphatase by

reactiOn"with'pheny]g1yoxa1. Membrane suspension were incu-

bated in 0.125 mol1/1 sucrose, 62.5 mmol/1 NaHCO, (pH 8.3), and

3
phenylglyoxal in a-concentration (mmo1/1) of: @, 0; . 2; A

4,0, 6], 8; or /\, 10.
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and loss in alkaline phosphatase activity (Fig. 6). If 5 mmol/1 Mgz+

was added to the dialyzed membrane preparation, then enzyme activity
returned to the original level. Dialysis of Nonidet P-40 solubilized
enzyme resulted in faster rates of M92+ removal and loss in activit;,
but addition of 5 mmol/1 Mgz+ did not restore a11'ef the original

activity.

4. Membrane Fluidity and Enzyme Activity

Arrheniu; plots of the membrane-bound and purified enzyme (Fig. 7)
showed the former to have a major and a minor break, at 15.7°C and 26.2°C,
respectively. The activat%on'energy of the reaction it catalyzed at
temperatures above the second break was 10.98 kcal/mol, very similar to
that obtained with the purified enzyme (11.71 kcal/mol), indicating thaﬁ
both forms are equally efficient catalysts at higher temperatures,

. Measurenent of the activity after”the application of either butanol or
pentano1, on the assumption thaf their perturbant action would increase
f]u{dity of the membrane, showed that the membrane-bound form responded
' to changes in fluidity by increases in activity only at lower tempera-
tures (Fig. 8). Repetition of the experiment with pur1f1ed enzyme
reveé{ed no changes in activity, and incubation of membrane fractions in
the butanol so]ut1ons showed no so1ub111zat1on of alkaline phosphatase.
Direct inhibition of enzyme activity prevented the use of benzy1 alcoho]

T

D. DISCUSSION.

Substrate and inhibitor studies (TabTes I1 and 1I1) show reduced

binding affinity of phosphoesters and phosphoester analogs, but not of
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Figﬁre 3. Time course of alkaline phospﬁ%tase inactivation by EDTA.

Alkeline phosphatase activity in solutions containing 1.0

 mmol/1 EDTA, 0.25 mol/1 sucrose, and 10 mmol/1 Tris (pH 7.2),

with various enzyme forms, was monitored as: @, membrane-

bound enzyme;A, phospholipase-C-released enzyme; I,

'-purifiéd enzyme; C), control containing no EDTA (the same

curve was obtained using all three enzyme forms).
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Reactivation of EDTA-treated alkaline phosphatase by Zn2+.
EDTA-treated enzyme was assayed in sténdard assay medium
supp]emented with 0 to 0.5 mmol/1 ZnC]Z. ’ , membrane-bound
enéyme;‘, phospho11"p‘ase—C—r'“e1eased enzyme;. , purified

enzyme.
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Figure 5., Effect of M92+ on alkaline phosphatase activity. Various
enzyme forms were assayed jn medium containing different
" concentrations of MgC]Z. o . membrane-bound énzyme;- ,

purified enzyme;A, phospholipase-C-released enzyme.
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Figure 6.
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Dialysis Cycles

Loss of endogenous M92+ and alkaline phosphatase activity by
dialysis. A: plasma membranes in 0.25 mol/1 sucrose and 10
mmol/1 Tris, pH 7.6 (10 m1) were dialyzed at 4°C against 1
litre of the same buffer for 72 h; the buffer was replaced
every 24 h. 1 ml aliquot of sample was withdrawn eVery time
the buffer was replaced and the Mgz+ concentration and enzyme
activity was measured, Exogenous MgC]2 was then added to the
aliquot to a concentration of 5 mmol/1 and after 30 min at
30°C, the enzyme activity was measured again. B: same as A

0 was added to sample and buffer: I,

except 12.5 mmol/1 N

;@ enz me—attivity;A , enzyme activity

)

M92+ concenty

after addition of MgC1 -
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Figure 7.
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Arrhenius plots of alkaline phosphatase activity. Curve A
represents purified alkaline phosphataSe, and the activation
energy (E) is 11.71 kcal/mol. Curve B represents membrane-
bound alkaline phosphatase; E = 10.98 kcal/mol at temperatures
above 26.2°C; E = 14.92 kcal/mol at temperature between 15.7°C
and 26.2°C; £ = 32.17 kcal/mol at temperatures below 15.7°C;

r, coefficient of correlation,
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butanol on membrane-bound alkaline phosphatase activity.
Membrane fractions were assayed in medium éupp1emented with
various concentrations of butanol, at 14°C (@ ), 22°C (A,

and 30°C (.)-



the inhibitory small molecules (phosphate and yanadate), when the enzyme
is membrane-bound. My results show that NADH, like the other uncom-
petitive inhibitors tetramisole and homoardinine, can requlate the
activity of human liver alkaline phosphatase and that membrane attach-
ment does ndt hinder this, Others have found that NAD and NADH regulate
phosphate transport and alkaline phosphatase activity [104, 1257. An
essential arginine residue similar to that in alkaline phosphatase from
pig kidney [43] was detectable in the human liver enzyme (Fig. 2). As
access to this residue}by phenylglyoxal was not limited when the enzyme
was membrane-bound, [ conclude that the active site, and perhaps regula-
tory centers, are equally exposed in the membrane-bound and purified
enzymes but that the formeg is less efficient at nhosphohydrolysis when
substrate concentrations are low.

Zinc cations, which are essential for alkaline phosphatase activity,
facilitates phosphohydrolysis by inducing conformational changes. There
are three Zn2+-binding sites per monomer of Ef-ggli enzyme, and the sites
vary {n_their affinit  for Zn2+ and other metal 1055 (see Chapter 1-C).
In this study (Figs. 3 & 4), removal and replacement of zinc ions of
human Tiver alkaline phosphatase were more efficient when the enzyme waé
bound to membranes or released by phospholipase-C thar when it was
purified. This indicates that the bound and released énzyme forms bind
Zn2+ less tightly than the purified form. Also, purification induces
Certain structural changes or removes protective components from the
enzyme whicn does not occur when selective rémova] by phospho]ipase—C is
employed. -

_ o .
The enhancement of alkaline phosphatase activity by M92 has been



reported as early as 1931 [126]. The ions are thought to bind
reversibly to the enzyme, causing a slight separation ofvthe subunits
which increases the accessibility to.the active site and thus improves
the catalytic ability of the enzyme (see Chapteg 1-C). My findings .show
that exogenoué M(fT+ does not enhance the alkaline phosphatase activity
of isolated plasma membranes because the enzyme is completely saturated
and activated by Mg2+ in Eiﬁﬂ (Figs. 5 & 6). Removal of endogenous M92+,
by dialysis, from isolated membranes results in a coincident loss of
activity. The rate of Mg2+ removal is higher if the enzyme:has been
removed from the membrane, indicating that M92+ is less available for
removal when the enzyme is membrane-bound. |

Arrhenius plots of alkaline phosphatase activity from renal brush-
border membranes of pigs and dogs revealed one break ét 12.47°C [127] and
26°C [128], respectively. [ noticed two breaég in the Arrhenius plot of
membrane-bound alkaline phéspﬁatase from human hepatocytés (Figf 7); the
second break, although minor, was affirmed'by statistical analysis and by
similarities between the activation energies of the bound and free eﬁzymes.
The breaks in the Arrhenius plot are due to interactions with membrane
components and do not arise from conformational changes Qithin.the enzyme
because'the plot obtained with the purified enzyme was linear. Although
alkaline phosphatase, like pho;phodieéterase [ and Mg2+-ATPase (1293, has
prominent breaks in its Arrhenius plots, the enzyme is probably quite
loosely constrained in the membfane and i~ :ctive center may protrude
from the bilayer,

n -
This investigation has revealed certain unique properties of

membrane-bound alkaline phosphatase; these disappear during purification.
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Also, the use of phospholipase-C to release the enzyme displays a
technique by which alkaline phosphatase can be obtained in a form which
has properties intermediate between the membrane-bound and purified

A

states.



CHAPTER THREE -

MOLECULAR SIZE ‘OF ALKALINE PHOSPHATASE IN

PLASMA MEMBRANES OF HUMAN LIVER CELLS .
n

“A. INTRODUCTION . Ty

Certain chemical and kinetic differences between membrane-bound and .
purified\glkaline phosphatase were outlined in Chapfer 2. Determining if

» oY)

these differences arise'from bindfng of the enzyme ththe plasma membrane
or from a physica].difference between the membréne-bogpd and purified
forms, the molecular size of alka]{ne phosphatase, in the plasma membfane
.of human 1{vef ce11s_was investigated. Various detergents, bﬁ£ano1, and
phosphatidylinositol specific phospholipase-C were used to reiease the

enZymé from the plasma membrane and the molecular size of the different

reledised forms was determined.

o

—

B. MATERIALS AND METHODS

i. Chemica]s -

Phospholipase—c (Bacillus cerehs) fype I%I;,p-nitropheny1phosphaté,

naphthol AS-MX phosphate, NP40, and the molecular-weight markers for
chromatography (thyrog]obu]ij, apoferritin, :-amylase, alcohol dehydro-
genase, andgalbumin) Wen@,purchased ffoﬁ Sidma Chemical Co, (St Louis, 
MO); Triton X-100, sodium dodecy]l squate,“ﬁhd CHAPS from Bio—radeabora-
tories (Richmond, ék)g‘Octy]—&-D:g]ucépyranoside from Calbiochem-Béhring

Corp. (La Jolla, CA); ethylaminoethah@] frbm-A]drich Chemical Co.

A
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(Mj]waukee, WI); Sépharose—63: and the molecular-weight markers for
e1ectrophorgsis (thyroglobulin, ferr%fin, cataTase, lactate dehydrogeﬁ—
ase, and bovine serum albumin) from Pharmacia Fine Chemicals AB
(Uppsa]a; Sweden); 2.5-27 polyacrylamide gradient gels from Isolab
(Akroq, OH). A1l other chemicals were of highest reagent grade (Fisher

Scientific, Fairlawn, NJ).

2. Plasma Membrane and Enzyme Preparation, and Assays N

Procedures for the isolation of plasma membrdnes and purification of

©

alkaline phosphatase and phosphatidylinositol Specific_phosphofipase-c
. ~ . :
are;gescribed in Chapter 2-B. Alkaline phosphatase was assayed in

~ medium. containing 10»mmo1/1 p-nitrbphenyﬁphosphate and 1.0 mol1/1 ethyl-

\
1

aminoethano], pH 10.3 at 30°C; the increase in absorbance at 404 nm was
monitored in a spectrophotometer (Varian»Mode1 2206). Units of enzyme

.- activity were expressed as micromoles of anitrophenol released/min.

'1 Protein concentrations were determined using the Markwell modification of

the Lowry procedure [130].

3. Solubilization of Alkaline Phosphatase
[solated plasma membranes (1 ml) qontainingE@.S U of alkaline
phosphatase activity, in 125 mmol/1 sucrose, 50 mmol/1 KC1, 25 mmol/1

0.1 mmo1/1 ZnC]

Tris—HC1, 1.0 mol/1 MqC1 and 0-125 mmol/1 detergent
. B 14

2° 2°
(pH 7.6) were incubated for 1 h at 4°C with, continuous gentle mixing
followed by centrifugation at 100,000 Xg for 10 min to recover the
released enzyme. The detergents used included: CHAPS (zwitter-ionic),

" SDS (ionic), NP4Q, Triton X-100, £-octylglucoside (non-ionic).

*



43

When’ phosphatidylinositol specific phospholipase-C was used as the
solubilizing agent, 2 ug o% phospholipase-C prot2in was added to isolated
 plasma membranes (containing 0.5 U of alkaline phosphatase activity)
suspended in 1.0 ml of 0.25 mol/1 sucroselahd 50 mmol1/1 Tris—HC1, pH 7.6.

The preparation was incubated for 1 h at 30°C fo]1owed by centr1fugat1on

+at 100,000 xg for 10 min to recover the released enzyme.

Butanol treatment 1nvo1ved adding 3 ml of the solvent to 1 ml of
membranes suspefided in O 25 m&g‘1 sucroie and 10 mmol/1 Tris—HC1, pH 7.5;
gentle mixing for 1 min was fo1]owed by centr1fugatwon for 10 min at 3500
Xxg. The bottom faqueous).]eyer of the centrifuged preparation was

divided into two a]iquq%s‘and CHAPS detergent was added to one of the.
_R{;.' . . .

aliquots to a final concentration of 25 mmol/1.

L&
4, Molecular Weight Determinations S

Mo]ecu1ar weights were determined for samp]es (100 L, 0.05 U) of
both solubilized alkaline phosphatase and thgqpur1f1ed enzyme by electro-
phores1s in gradient polyacry]am1de gels.. for 24 h at 150 V in 0.09 mol/1
Tris and 0.08 mol/1 borate buffee, pH‘8.3 [35]. MQ1ecu1ar—weight markers

were added to the sample before electrophoresis. | After e]eCt?ophoreSis;
the gels were stained for activity in naphtho] AS MX phosphate (I mg/ml)
in 1.0 mo1/7 ethylam1noethano1, pH 10.3, and viewed under UV 1ight until
band(s) of alkalinesphosphatase became detectab]e [38].” Then the gels

were stained for protein using-a rapie Coomassie blue R-250 stain [131].

-The mo1ecu1er weight of alkaline phosphatase so]ybi]ized by 17
'mmo1/T Nonidet P40 was determined usihg chromatography on Sepharose768

equ111brqted in 50 mmo1/1 Tris—HC1 and 1.7 mmol/1 Nonidet P40, pH 7.6. A

Pharmacia K 16/100 column was employed, the total bed volume was 175 m]

]
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and a fiow rate.of 8 ml/h was used. MO]ec’weights were calculated

from a standard curve of L0@~M+ VS Kav’ usin 'holecu1ar—weight markers.

- —

Markers and samples were run iff'triplicate.

5. Purification and SDS-polyacrylamide-gel-electrophoresis of high M_

é]kaline.phosphatase | : Y

Two millilitres of plasma membranes, solubilized by NP40 (12.5
mmol /1), containing 1.0 unit of alkaline phosphatase activity, was
applied to a 7 ml phesphonic acid-Sepharose column [12], equilibrated in

10 mmo1/1 Mes, 6.25 mmol/1 Nonidet P40, 1.0 mmol/1 MgCl,, 0.1 mmol/]

2
ZnCl,, pH 6.0. After washing the column with 100 mmol/1 NaCl in equi-
Iibration buffer, the a]kd]ine phosphatase was se]ective]y eluted with
:—naphthy]'phosﬁhate (25 mmo1/1) 1in equilibration buffer. Fréctions
containing enzyme activity were pooled and three aliquots of 200 :L were
subjected tb gradient gel electrophoresis and the resulting high ﬂr—'
weight band of alkaline phosphatase was cut out. “The three gel slices
were suspended in 1.0 m{ of 10 mmol/1 Tris, pH 7.6, and homogeniged in a
Potter—ETvehjém homogenizer with a Téflon piéton; ]yophi]ization of the
homogenate followed. The lyophilized powder was chemically iodinated

with Na 1251 (specific activity, 17 Ci/mg), using Chloramine T [132] and

125I.

dialyzed against 107 methanol in deionized water to remove any free
The resulting radio-labelled gel slurry was subjected to discontinuous
SDS—po]yacry]amide-gel—e]ectrophoresis [133]. After electrophoresis, the
protein bands in the gel were e]ectrophoreﬁica]]y transferred onto a
nitrocé11u1ose sheet [134] using a Trans blot cell (Bio-fad Laboratories).

The nitrocellulose sheet was autoradiograbhed [135] on X-ray film (Kodak

XAR-5).
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C. RESULTS

Various detergents were employed in solubilizing alkaline phospha-
tase from plasma membranes (Fig. 9). NP40 and Triton X-100 were most
efficient at go]ubi112atibn§ higher concentrations of CHAPS and g-octyl-
glucoside were necessary to cohp\ete]y so]ubﬁ]ize thq enzyme. Gradient
ge1-e1ectrophoresis revealed that onTy the nonionic detergents NP4O,
Tr1ton X-100, and z-octylglucoside 11berated alkaline phosphatase of
homogenous M¥~(Tab1e [V); CHAPS and SDS solubilized enzyme ran as a
smear on top of the gradient gels. Butano1'treatment’rf]eased atkaline
pho;phatase from membranes but these enzymes entéred the gel only in the
presence of CHAPS detergent and had a Mr similar to the form solubilized
by the nonionic detergents (Table IV). Phdsphatidy]inosito} specific
phospholipase-C released alkaline phosﬁhatase species of both high and
low molecular weights, their values being 350 k and 173 k, respectively
(Plate 1). | \

Precipitation of the enzyme released By Qetergent and phospho-
lipase-C in 757 acetone converted the high Mr enzyme to the. low ﬂﬁ form.
TheAhigh Mr‘form in NP40O waé stable from pH 5.0 to 10.0 for 24 h, but
some conversion to the Tow ﬂr form occurred after heating the prepéra-
tion at 40°C for 24'h (P1até 1). Removal of detergent by ge1—permeaﬁion
chromatography renderéd the eni&mé unable to enter the electrophoretic
gels, but when the dgtergent was replaced, the high M species returned
(Plate 2). - Ne1ther the purified enzyme nor the detergent- so1ub11wzed

form treated with acetone changed their Mr in the presence of detergent-

(Plate 2).
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Solubilization of>a1ka11ne phosphatase by detergents. Membrane
preparations were solubilized (1 H at 4°C) with various:deter—
gents: @ NP40;.., Triton X-100; O, CHAPS;AI, .-octyl-
g1ucoside;£ﬁ&, SOS., After §o1ubilization, the samples were.
centrifuged at 100,000 xg for 10 min. Alkaline phosphatase
activiéy in the supernatant was expressed as a peréentaée of"

the activity in the suspension before centrifugation.
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TABLE IV

RELATIVE MOLECULAR WEIGHTS OF PURIFIED AND DETERGENT SOLUBILIZED
ALKALINE PHOSPHATASE

M. were determined by gradient polyacrylamide (2.5-27".) gel
electrophoresis. Alkaline phosphatase was located by staining f

activity with naphthol AS-MX phosphate. ﬂr values given as mean

SD (n=5).

or

+

Form of Enzyme M x 10'3
Purified 176%13
Released by:
Nonidet P40 411£38 -.
Triton X;lOO 417+37
:~0ctylglucoside - 567+40
Butanol* 380+32
Phospholipase-C 350. & 173

* Required 25 mmol/1 CHAPS to enter gradient gels
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Flate 1. Electrophoresis of various alkaling phusphatace “ome oo
gradient polyacrylanide gels. Gel a, HP40 soiuﬂm);jt
enzyme; b, phosphiolinase-C solubilized enrvime; ¢ whr;:"-
lipase-C solubilized enzyme DV&LiP]tdtéd o7 acetarn e,
and redissolved in eicctrophoretic huffer, d, purificd

enzyme preparation; e, NPAO solubalized enzyme heated for

24 noet 40 L. Activity staining'fo11owed electrophoresic,
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gradient pmlya(ryléride gele,  Cel g, TS cata s

enzyme after detergent removal b, Seoravoe-bl o

graphy; b, sample from gel a plus 1205 oot 1 0.

puritied enzyme, d, purified enzyme plus 10,7 mmd

e, buritied enzyme plus NESO solubiiazes enoyoe, .

solubilized enzyme,

rhoresis.
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Plate 3. Autoradiography of purified high Hr enzyme after SDS-

electrophoresis. Numbers on the left margin represent ﬂr.



Moleculqr weights were confirmed using gel-permeation chromato-
graphy on a calibrated Sepharose-6B column, for the purified enzyme and
- for membrane—bound alkaline phosphatase solubilized in NP4O ﬂr values
were 198 k and 476 k, respectively.

Electrophoresis, under denaturing conditions, of the purified high
ﬂr species of alkaline phosphatase revealed only one protein band of

ﬂr 70 k (Plate 3).

D. DISCUSSION ¢ «

The native molecular weight of a]kg]ine phosphatase purified from
human liver has been reported in the range of 130 k to 180 k, and in
most instances the native enzyme has been described as a dimer [35-38].
The molecular weight of 176 k reported here is within this range, but
the molecular weights of the enzyme fé1eased by butanol and nonionic
detergents were more than two-fold higher (Table IV). [ believe that
the high molecular weight species represents a tetrameric conformation.
Heating at 40°C or acetone treatment resulted in dissociation of the
complex (Plate 1). This enzyme complex,. unlike the dimeric form,
requires the presence of detgrgents to remain soluble (Plate 2), and
is composed of one type of protein (Mr 70 k) (Plate 3).wh1ch is the
same molecular size as the monomer of alkaline phosphatase from human
Viver [35-38]. | |

[t is unlikely that the species of high molecular weight resulted
solely f}om an association of the dimeric enzyme and.detergent,
because neither the purified nor the acetone-treated enzyme had

any affinity for detergent molecules (Plate 2). An enzyme dimer-
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detergent complex of a size similar to the alkaline phosphatase solubil-

—_e

zed by s-octylglucoside would require the enzyme to bind more than twice

its weight in detergent molecules. The presence of the high molecular

weight alkaline phosphatase in the (detergen treé) phospholipase-C

released preparation obviates the}possibi]ity of enzyme-detergent

complexes. The amount of detergent bound to the high ﬂr enzyh% most

1ikely accounts for the difference in the molecular weights of the enzyme

solubilized by detergents and the enzyme released by phospholipase-C.
Alkaline phosphatases of high molecular mass have been identifiedrin

the serum of patients with 1ivér disease and in normal hepatic bile [136].

These high ﬂr alkaline phosphatases are thought to be mu]ti-enzyme

complexes which also comprise.5'-ﬁuc1eotidase, v~glutamyltransferase,

and leucine-aminopeptidase, and_probab1y represent fragments of the liver-

cell membranes [137,138]. The addition of Triton X-100 to these

complexes liberates alkaline phosphatase of Mr 410 k [137], similar to

the detergent-solubilized form reportedAhere.

' There are several reports in the literature suggesting the presence

of tetrameric alkaline phosphatase. The E. coli enzyme dimer can form

+tetramers at pH 8.3 in the presence of excess Zn2+ [1397. Alkaline

phosphatase from Pseudomonas aeruginosa has bgén.reported to contain

minor amounts of tetramer [140]. The enzymes from human placenta, pig
kidney, chick kidney, and chick epiphyseal cartilage have been reported

to be purified in a tetrameric state [141-1447.

52

These studies show that alkaline phosphatase operates as a tetramer ;ff

in the plasma membrane. Detergents are required to keep the tetrameric

enzyme soluble outside of its membrane environment. Acetone precipita-
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tion probably disrupts the noncovalent and hydrophobic forces, which

stabilizes the.tetramer, causing dissociation; solubilization of the
acetone pellet results in dimeric alkaline phosphatase which is soluble
jn aqueous media. The tetrameric conformation of the membrane-bound
enzyme may explain some of the differences between the properties of the

membrane-bound enzyme and the purified form, discussed in Chapter 2.



CHAPTER FOUR

GENERAL CONCLUSIONS

The primary goal of this study was to determine whether the
properties of alkaline phosphatase was altered by releasing the enzymé
from fts'native environment. Differences have been found but, how does
this 1nformat{on contribute to a better understanding of the role(s) for
alkaline phosphatase?

The membrane-bound enzyme has similar affinities for phosphomona-
esters;(substrates) and inorganic pHOSphate (competitive inhibitor) at
pH 9.0. Decreasing the pH to physiological levels will increase the
affinities for phosphomonoesters and inorganic phosphate to the same
extent [50]. The physiological concentration of inorganic phosphate is
much higher than that of phosphomonoesters; consequently, alkaline

- phosphatase is probably saturated with inorganic phosphate in vivo,

Thus, the ability of the enzymé to nonspecifically hydrolyze bhospho—
monoesters 1s probably not physiologically important. The enzyme may
act as a phosphohydrolase of a specific substrate or group of substrates
(e.g., phosphoproteins) if it can bind the substrate with high af%inity
or if the substrate has a high local concentration.

The demonstration that alkaline phosphatase is a tetramer in the
plasma membrane is a noteworthy finding in this study. To determine
whether the differences 1n@éhem1ca1 and kinetic properties between the
~membrane-bound and purified enzymes arise as a re5u1£.of the tetramd¥ic
structure of the enzyme, the latter must be purified and studied. The
tetrameric conformatioﬁ;wi11 prbbably need stabilization before purifi-

cation, this may be achieved by chemically crosslinking the tetramer.



The possibﬁ]ity of crosslinking.other proteins to alkaline phosphatase
will be reduced if the procedure is Qerformed whi]e the’tetramer'is
'bound‘to fhe membrgne matr1xl Thé tross]inked tetramer may require
detergents to'remaiﬁ soluble outside of the plasma membrané.‘ The
detergent chosen ;hou1a:‘-Preserve activity, be compatible with puri-*
fication procedures,\aﬁthave a high critical miceilaF concentration to
facilitate its removal. The zwitterionic detergent, CHAPS, fulfills
}these requirements. . | . ' RS

" Applying the 1nformation gathered in this Etudy and other previous

work, a conceptua]Amodel'of alkaline phosphatase in the plasma membrane
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can be-constructed (Fig. 10). The hydrophobic tg@@'attdching the enzyme

to the p]ésma,membrane is probably of.ﬁr 2-3K similar to those of the
p]acentél ahd intestinal ehzyme§ and based on the siéha] hypothesis,
this would comprise approximately the f{rStAZC amino acids of the c-
térmﬁna].‘ The bind{ng_of nonionic detergents protects the hydrophobic
region of the'tétramer 6ut§1de the membréne enJironment and acetone
treatment will dissociate it, and may- remove the bound deteréent.. The
-acetone treéted enzyme does not require detergents to remain soluble;
thus, the hydrophobic tail may“have been internalized into the cSre of

o
Jx«)

enzyme,



MEMBRANE -BOUND
TETRAMER

SOLUBILIZED
TETRAMER

Figure 10. Conceptual model of membrane-bound and soluble alkaline

» -phosphatases.
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