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_several criteria

T aesact

v o \

- ¢

A general procedure for the. purification of alkaline phosphatase

from human'zissues using" affinity chromatography on a phosphonic acid—

’J .

Sepharose derivative was: developed The enzymes fLom human liver”
/————————‘J R

~

I

kidney, intestine, placenta and the serum of a patient. with Paget s

disease of bone were purified to apparent homogeneity as ]udged by
. o iy

Some catalytic properties of alkaline phosphatase purified from

;Hhman liver were, studied *Undexr in*vitro conditions the enzyme

catalysed the hydrolysis of a number of phosphomonoesters whlch have

.been suggested to be p0531b1e phy31olog1cal subs rates The V ax values

Zr
J

3231milar and the lowest

for the deroly51s of most Substrates were ve

K values were obtained/at nearqpeutral pH A calciumﬁsensﬁtive ATPase

act1v1ty could not be demonstrated, even in the presence of -a calcium—

i

<dEpendent regulator protein -“Cazf and Mgz ions abolished the- ATPase

"and pyrophosphatase activitles of liver alkaline phosphatase by

formation of metal—substrate"complexes.. Phosphodiesters and phosphonic

acids were.,not substrates of the enzyme although the latter compounds
y ‘ ) ” ,"l

were-inhibitorS'. LT o T ]

The inhibition of liver alkaline phosphatase by phosphate

'(K -—35 uM) suggested that the enzyme activity in vivo may be largely

inhibited. Vanadate was a potent competitive inhibitor of alkaline

o

phosphatases™ from several sources (K values were less than 1 uM) The

‘w

inhibition at physiological concentrations of vanadate, and the reversal
3

of this inhibition by compgynds such .as L-epinephrine indicated’ that

alkaline phosphatase may bé regulated by vanadate.

-

-



d - '.‘_'_ S . Q- .

The removal of sialic acid residues from liver: alkaline phosphatase fﬁ.

by neuraminidase treatment caused the isoelectric point to” éhange from
< 1 Ty - v

4. O to 6. 5y but had ho influence on the specific activ1ty of the enzyme,w

the K ‘values for six substrates, or the Mnhibition by L—homdkxginine
Q’) .

The neuraminidase—treated enzyme was inactivated by . heating at 56 C at
- the same rate as the native enzyme, but was inactivated by SDS more

:rapldly than the native enzyme ' S »4 » 45

t

' The amino acid compositions from 13 reports of alkaline phosphatase
© from mammalian and bacterial sources were compared. :With the exception

of the enzyme from human inteStine, the results suggested that a high
: .L:A - - . - R '

v ‘ 3 L
degree of compositional similarity was present.‘ Apparent subunit“

L] N }‘ )
" molecular weight values, determined by SDS—PAGE for human alkaline ¥

(I.

phosphatases from liver, kidney, intestine,‘and Paget s serum were

similar (92000-96000).. The corresponding value for' the enzyme from
placenta was 74000 ) : ot a0 i

¢ . o ® ’.; B iy a
' Maps of the radioiodinated peptides of alkaline phosphatase purified

from human liver, kidney and Paget's . serumlwere ‘highly similar whereas
-the corresp“ﬁding maps of the enzyme purified from;intestine or placenta
were different from each other and from the maps for the enzymes from
‘the other tlisues. These results and the data from heat inactlvation
and differential inhibition studies strongly suggest¢that three
different structural;genes code for the protein moiety of the alkaline
phosphatase%present in these tissues.

'The general purificationvprotocolland the procedure for mapping

. : A !

the tryptic peptides-from alkaline phosphatase‘radioiodinated within

. polyacrylamide gels appear to be useful for the characterization and

»structural identification of "tumor-associated alkaline"phosphatases.

vi
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CHAPTER ONE
v THE ALKALINE PHOSPHATASE PROTEIN
r - j

Alkaline phosphatases (EC 3.1.3.1) are a group of apparently

non-specific phosphatases théy are widely distributed in mammalian
e
tissues and whose physi&loé{calérole(s) are not known\ Despite intensive
investigation since 1929 when the pathological gignificance of an
elevated serum alkaline phosphatase %as first recognized (Kay, 1929), a
great deal remains to be léarned about the molecular and catalytic
.properties of the enzymes. Several reviews on the subject are available
(ﬁriere, 1979; Sussnan, 1978; Fishman, 1974; Moss, 1974; Fernley, 1971)
" and thetefore 1 will limit my discussion to topics that relate
specifically to my»resea:cn. | ~
| . 7

A. CATALYTIC PROPERTIES

"j.
’ﬁ//

14

Reaction catalyzed'

Alkaline phosphatase catalyzes the transfer of the phosphqryl group
from phosphomonoesters to’water (phosphohydrolase act1v1ty) or other
hyd l-containing acceptor molecules (phosghotransferase activity)t"r
A large ambunt of 1nformation has accumulated concerning this reaction

in E. coli (Reid & Wilson, 1971a) and in mammalian tissues (Fernle),

1971; Fishman|, 1974). The phosphotransferase activity has been largely

- LA

ignored presu bly because acceptor molecules with high affinity for
~ the enzyme héve not‘been found. However it is posslble that under
physio gical conditions the enzyme may‘have significant phosnhotrans—
fera#g\activity and be responsible for the synthesis:of biologically.

importapt phosphomonoesters.

- )



Placental alkaline phosphatase contains phospnoprotein phosphatase'
activity towards some‘phosphorylated{proteins (Huang et al, 1976).
Phosphorylation and dephosphorylation.as a means of metabplic regulation
has received a great'deal of attention in recent years.(Rubin & Rosen,
1975). Thus tissue alkaline ohosohatases may have ‘some metabolic

-~ .
regulatory function as phosphoproteln phosphatases as 6ell

-

Substrate spec1f1city

Alkaline phosphatases from different mammalian tissues show

significant differences in kinetic behaviour (including pH optima,

S

magnesium activation, heat stability, sensitiyity‘to %nhibitors and
substrate specificity). Stricticomparison of the available data for
the enzyme from various tissues is impossible because assay conditions
are so variable.

Alkaline phosphatase‘catalyses the nydrolysis of several types of
phosphomonoesters (Fishman, 1974 and references therein). The enryme
cleaves the phosphoryl groGp from compounds contai:ing’P—O—C, P-F,
P-0-P, P;S or.P—N bonds. Derivatives of phosphonic acids containing the
more stable'P—C bond are not hydrolysed; The lack of availability of
~ puré enzyme preparations, especially from human tlssues, has hampered
-the determination of substrate specificity because of the presence of
‘contaminating enzyme activities. Our contribution to. this area as well
as further discussion can be found in Chapters IV & V. of this thesis.

One of the most characteristic'featnres of alkaline phosphatases
in general 1is .the increaSe of_Km andemax values nithvincreasing pH
(Fernley, 1971). Therefore at lOY 3ubstrate cornicentration the

efficiency of hydrolysis is greater at neutral pH than at more alkaline

pH. Wachstein & Meisel (1957) have demonstrated histochemically that

N

L3



human liver alkaline -phosphatase is cataiytically active at pH"7.4;> v
‘ , o - 2,

However the physiological significance of alkaline phosphatase activity

~

" has not beenrestahlished;

Mechanism of enzymic action
Alkaline phosphatase can bevphosphorvlated at:a serine residue

(see section B below) and evidence exists that the catalytic mechagdsm
1nvolves the formation of phosphoryl—enzyme (Fernley,,l97l Reld &
Wilson, 1971a). Recentfstereochemical evidence using‘a chiral [160, l70',

O] phosphoryl group supports the idea that the reaction is a 'double—
Jdlsplacement process (Jones et al, 1978) The rate-limiting stepbln‘
catalysis at alkaline pH involves conformational changes ratherpthan'
dephosphorylatdon of the phosphoryl-enzyme (Halford et al, 1569;.Reid &
Wilson, 1971b). o

The detailed reaction mechanism~of alkaline phosphatase~is‘

controversial. Lazdunski et al, (1971) have proposed a fiip—flop
mechanism for E. coli alkaline phoSphataSe involving extre%e negative
ceeoperativity with effective half—of—sdtes reactivity. SeVerali
'mammallan alkaline phosphatases have also been reported to contain non-
equlvalent sites (Fermnley, 1973 Chappelet -Tordo et al, 1974; Cathala
et.al, 1975b; Malik & Butterworth; 1977). However.Bloch &mSchlesinger
(1973f'have presented strong evidence that'tightlv~bound phosphate may *
account for the apparent negative co-operativity seen in other studies
- The studies of Waight et al, (1977) do not’ support a half—31te, flip-
flop mechanism for E. coli alkaline phosphatase and Whitaker & Moss
(1976) - were unable to demonstrate that the two sites of placental

o

alkaline phosphatase had different affinities for phosphate. However

- studies on E. coli alkaline phosphatase usinnglP NMR and ll3Cd NMR

|
|




(Chlébowski et al, 1977) are consisient only with the exisEénCe'of
: . A ) : ) )

-

negétive cooperativity. Reéolution of this coﬁflict must await:
further investigation

B. STRUCTURE AND MOLECULAR PROPERTIES

L

Molecular weight: and subunit analysis

1]

. . . R f :
Mammalian alkaline phosphatases are generally considered to be

dimeric zinc—containing glycoproteins. A number of “molecular forms

of the eﬂzyme are known and are discussed in section C beld@,?.ln

*

recent years the enzyme from a number of sources has been %uxb&ieJ'

and parcially‘bharacterized. Some of the more recently reporﬁéd'

h;lécular weight‘vaers are iiéted in Table I. Although most inﬁééti—
gatofs report a dimeric structure with very similar or identlcal
subunits, Gerbitz et al (1977) and Wachsmuth &, Hiwada (1974) favour a’ :
tetrameric %tructure w1th subunlt molecular weight values of 39000 and
’32000 - 35000 for the .enzyme from human liver ‘and pig kidney respective-
ly. No molecular data is available for alkaline‘phosphatase derived

L ¥
from bone. '

-

Amino acid composition T ‘ - o {

‘The amino acid analyses of alkaline phosphatases from a number of

sources are given in Table II. There ﬁs a remarkable similarity among

(=)

the reported values for the ehzyme‘ffom mammalian tissues or Escherichia

.5 -‘ ’ B .
coli (seqﬁphapter 7 for a-detailed comparigson). Whitaker et al (1976)
have’found'tﬁéﬁ the amino acid composition of the active-site peptide

from human placental alkaline phosphataSe,Was similar to that from calf

intestine and E. coli. Serine was the only amino acid that was labelled

with’32?j0rthophosphate.in human plaéentél alkaline phosphatase which

‘o
LA



TABLE I. Molecular weight values for alkaline phosphatase preparations

Native enzyme Subuni:

Source Reference
M Hechod M Method
Human placenta 127000 : a 64000 Badger & Sussman, 1976
) 130000 c 65000 b Hirano et al, 1977
119000 b,d 64000 : b - Holmgren et al, 1977
Human liver 180000 ~ c - Sugiura et al, 1975
146000 c 76700 b Trepanier et al, 1976
135800 . ¢ - Korngold, 1976
130000 e _
135000 a 69000 b Badger & Sussman, 1976
156000 a 80000 e Latner & Hodson, 1976
160000 e
136000 a 35000 d Gerbitz et al, 1977
32000 b ) -
175000 c - Komoda & Sakagishi, 1978
Rat liver 154000 d 71200 b Ohkubo et al, 1974
155000 b o
Human intestine 130000 e - Korngold, 1976
80000 e i
. 170000 c 86000 b Hirano et al, 1977
Bovine intestine 160000 d 69000 “b Fosset et al, 1974
’ - 138000 c . 66000 ¢
’ 60000 d
Rat intestine 157000 ¢ v 64000 b Malik & Butterworth, 1976
, . 160000 £ . 79000 b i
92000 b
Pig intestine 135000 d 164000 b Colbeau & Maroux, 1978
125000 c . : -
Human kidney 180000 c - Sugiura et al,_L976
' 150000 . e : - Korngold, <1977
120000 e -
. . ‘80000 e ‘
pig kidney 153000 a,c,d 79000 b Wachsmuth & Hiwada, 1974
39000 d ,
Bbvine kidney 172000 c,d . . 87000 b,d Cathala et al, 1975a
o . . T .
E. woli 80000 d © 40000 . d Applebury & Coleman, 1969

* Molecular weights were determined by:

Sedimentation-velocity measurements

.Sodium.dodecyl : .sulphate polyacrylamide—gel electrophoresis o

Gel—germegtion chromatography o
Sedimencation—equilibrium ultracenc:ifugatiou
¥lectrophoresis in polyacrylamide-gradient gels

. Density- gradient ‘centrifugation

I e
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1961) and E. coli (Schwartz i(L;pmann, 1961).

- agrees with ‘the results for the enzyme from . calf intestine (Engstrom,

-
-

Carbohydrate composition i

Carbohydrate determinations have been reported for human alkaline

' phosphatase from placenta (Ghosh et al, 1974; Holmgren & Stigbrand,

1976; Hirano et al, 1977), liver (Gerbitz et‘al, 1977; Komoda &

e

‘Sakagishi,‘l978) and intestine (Hirano et/7¥T/1977{—RDmoda & Sakagishi,

1978). Reportst@f the total carbohydrate-content of human alkaline
phosphatases range from 2% - 20% which is within the same range
reported for other mammalian alkaline phosphatases (Dorai & Bachhawat,
191]; Malik & Butterworth, 1976; Cathala et él, 1975a; Fosset et al;
1974; Wachsmuth &.Hiﬁada) 1974) .. The suger chains are 'complex' and
ggﬁtéin galactose, mannose, fucose, N-acetylneuraminic acid (with the
egception of the intestinal eqzyme), gélactosamine and glucosaminé A
(Chosh et al, 1974; Hirano et al, 1977; Komoda & Sakaéishi', 1978).

The difference it carbohydrate composition of the enzyme’from different
tissues has not yet been esq&blishea. The values reported by various
investigators show large discrepancies“possibiy due to the use-of -
different analytical methods or to tHe ppriﬁy\éf some of the enzyme_.
preparations. In addition, it is known‘thatr;;é enzyme from some‘
tissues“such as pig kidney (Hiwada ‘& Wachsmuth, l97§b) exhibits
miérohete?ogeneitthhich is probably due to variable degrees of

glycosylation.

Metal-ion composition

It is known that alkaline phosphatases rquire both zinc and

magnesium ions for maximum-activity: zinc is essential and magnesium
s



o

’ " {

is stimulatory. Zinc is more tightly bound to the pig kidney ehzyme
than magnesium. [Dissociation constants for zinc and magnesium are
8 x 10_13 and 4 x lOT7 respectively (Ackermanné& Ahlers, 1976b).]

The zinc content of a number of alkaline phoéphatases has been

determined and the results are listed in Table ITI.

3

{

Y

TABLE IIT. Zinc’content of alkaline phosphatases

" Source Zinc MW used in Reference

content* calculation

Human placenta 125000 Harkness, 1968a

2.5
Human liver 3.5 220000 -~ Komoda & Sakagishi, 1976a
Human intestine 3.7 140000, Komoda & Sakagishi, 1976b
Calf intestine 4.0 140000 - Fosset et al, 1974 .-
Pig kidney 2.0 155000 Hiwada & Wachsmuth, 1974a
Calf kidney 4.5 172000 Cathala et al, 1975a
Cow's milk- 4.9 170000 -  Linden & Alais, 1976
E. coli 4.0

89000 Bosron et al, 1975

o

* Zinc content is expressed as g atoms/mole of protein. The value
listed is the mean value in those cases where the content was
expressed as a range. : '

Magnesium ions‘cennot replaie zine at the zinc-site to give,an
active enzyme and zinc-binding at the magnesium—site causes an
inhibition (Cathala et al, 1975b; ﬁesron et al,vl977;'PetitClerq.‘

& Fecteau, 1977; Linden & Alais,11978). E. Egli_alkaline phosphatase .
binds a total ef 4 zinc as well‘as 2 magnesium ions (Bosron et ai,
1977). ‘These.investigators have presented evidence that magnesium
regulaées the eépression of catalypic activity by'zine. PetitClerc

N .

& Fecteau (1977) have also proposed a similar regulatory mechanism



for the enzyme from rat placenta.

4

Isoelectric point ‘ S

Alkaline phosphatases are acidic proteins The isoelectric point

of the enzyme from a number of tissues 1ncluding liver, bone, intestine,

’kldney and placenta ranges from 3. 9 to 4.7 (Latner et.al, 1970;

Trepanier et al 1976 Angellis et al, 1976' Sugiura et al, 1976;
Gerbitz et al, 1977; Holmgren et al’ 1977) .- Most tissues give more

than one enzymically—active band after electrofOCU51ng Khattab &

Pfleiderer (1976) report the presence of 15 forms of human kidney

alkaline phosphatase after electrofocusing Stich heterogeneity is

probably accounted for by variable sialic ac1d content but it is -also

'llkely that loss of bound metal ions from the enzyme by chelation with

the synthetic ampholytes or electrolysis would result in enzyme forms

differing in their 1soelectr1c points.

C. MULTIPLE—MOLECULAR FORMS r
It is well known that alkallne phosphatases from various tissues
differ in molecular properties‘such'as~heat andvurea stability,

response to chemical inhibitors, immunologic.reactions and electro-

‘phoretic'mobility. The enzyme from placenta also exhiblts genetically~

determined forms. In additlon to the enzyme forms present in normal

tissues, enzyme forms associated with development as well as

K

o malignant and benign tumors have been described

T Heat -and _urea 1nactivation C _.j S L -

It is well established that alkallne phosphatases from various o

tissues exhlbits different stabilities toward heat OT .urea treatment
< s

(rev1ewed by Briére, 1979 and Fishman, 1974). Fennelly et al (1969)



have shown that inactivation by heat or -urea is correlated.. The.

¢

enzyme from bone shows the greatest inactivation and that from placenta

the least while other tissue alkaline phosphatases give intermediate . -

. values. 7

- “Differential chemical inhibition
Numerous studiesvhavejbéeg carried out to demonstrate organ-

specific inhibition of -alkaline phosphatases using uncompetitive

inhibitors such as L- phenylalanlne, L—tryptophanl L-homoarginine,
)

'L—leuc1ne,’Levamlsole imidazole (rev1ewed by‘Flshman, 1974)
- Mulivor, Plotkln & Harrls (l 78) have performed a systematlc study

_us1ng 5 1nh1b1tors 1nclud1ng L- phenylalanyl glycyl glycine and L leucyl- .

glycyl-glycine and-were unable to demonstrate any dlfferences in the

.enzymes from liver, Bone,'ot_kidney. Alkaline phosphatasevfrom intestine

3

7andiplacenta conldvbegdifferentiated from each other and from the liver/

bone/kidney group of enzymes.

-

_Immunologibal studles

General7agreement on the im@nnologieal identityhof tissue alkaline
phosphatases has not been reached. Early reports (Schlamowitz and
Bodansky, 1959) demonstrated cross—reactivity betweenlantisernm to-
bone alkaline phosphatase and thé‘enzymes trom 1iver,ykldney and

intestine. Boyer (1963) identified three groups of enzymes One class

' 1ncluded lrver, bone, spleen and the maJor kldney enzyme Intestinal

“ﬁand placental alkaline phosphatase formed théﬁother'twofolaeses and

showed;partial7eross—reactivity_with eaeh.other and.with a minot kidney
component. Cross—reactivity betWeen antisera to intestinal and placenta
alkaline phosphatase has ‘also been demonstrated (Fishman et al, l968a,

Korngold, 1970; Lehmann, 1975a; Hirano et al, 1977). Sussman’ et al (1968)

S e

10



immunologic classes of alkaline phosphatase: one enzyme form was

demonstrated that antiserum to an impure liver alkaline phosphatase
preparation'Eross—reaeted with alkaline phosphataée'from nentrophils

or kidney whereas antiserum to & liver alkaline phosphatase preparation

of highe purity?did‘not cross—-react. 'They‘ooncluded that there are
at leayt three. antigenic types of alkaline phosphatases: omne derived
from liver, one from placenta, and one or more from other organs.

P o . o ;
Pankovich et al . (1972) demonstrated the‘presenpe of four major

antigenically distinct enzyme. forms in liver, bone, intestine and
S ey : . ’ - e o

placenta. " Tissue from bone, intestine or placenta appeared to contair*

‘more than one enzyme-formi Lehmann (1975b) found that antiserum to- -

o ) 4 - : Lo ‘ <
liver alkaline phosphatase also reacted with kidney -alkaline phosphatase, -

partially‘with bone alkaline phosphatase, and not with placentalor « "
. : o : . n : A\,

intestinal alkaline phbsphatase. Khattab'and Pfleiderer (1976)-

réported that antiserum'to inteétinal alkaline phosphatase cross-reacts

' w1th placental alkaline phosphatase but not with alkallne phosphatases

derived from 10 other tissues including bone and liver. They reported
. .

that kidney contains a minor component of intestinal- llke alkallne
phosphatase and a major form that reacted with antisera to liver or
S . :

‘kidney‘alkaline phosphatase.'_Abdullah and Gowland (1977) found three

B

B detectedrin~liver;‘another form in placenta, while extracts from kidney_

o

and 1ntest1ne both contalned two enzyme forms, one of which reacted

w1th liver alkaline phosphatase antiserum and another which reacted

with antiserdmjto intestinal or plaeental alkaline phosphatase._ Most

recently Miki et al = (1978) have'found that alkaline;phosphatase

"derived from'l8 fetal‘tissues‘ean be divided into two‘claases.‘:lhe

'univerSal'type' was present in fetal liver, spleen, adrenal gland,

11
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kidney, lung, heart, pancreas, thymus and bone. This class reacted
with antiserum to purified adult liver alkaline phosphatase and was
similatlin a number of other properties to adult'liver alkaline
phosphatese,//fie\other class of"alkaline phosphatase was ptesent only
in fetallintestlne and meconium, reacted with antiserum to purified ?

-,

adult intestinal alkaline phosphatase, and was similar in a number of
other properties to alkaline phosphatase from adult intestine.

There is probably no single explanation that couid.account for
the apparent discrepancies in these immunoiogical studies -of alkaline.-‘
- pnosphatase. Perhaps the most impc- <ant factorlis’the purity ofltne
.alkaline phosphatase preparation used to produce the'antisetum.‘ In
those studies in which highly purified enzyme was used - to proonce'
antibodies end subsequently tested against the purified enzyme from

, o

various‘sources cross—reactivity was not found (Sussman et al, 1968).
ﬁowever purification of the enzyme may result in the loss‘of minor
‘components and therefore in an'incomplete assessment of the enzyme
forms aetually present in tne tissue. It is p0351ble that some of the
cross reactiv1ty can be-attriputed to common antigenic determinants
of different enzyme proteins. Indeed the production of tissue-specific
’ antiserum by adsorption with the enzyme from a different tissue .
(Pankovich et al, 1972) suggests that the antiserum -contains both
tissue-specific and non—specific_antibodies; .Another possibility is
that:the tissues syntnesize more than one form of alkaline phosphatase,n
/ ’ S =
or accnmulate the‘enzyme from the circulation. ‘This has,been‘suggested

as a possible explanation'for the presence of intesti. z-like alkaline

phosphatase in 25% of human livers (Korngold;'l976) and in human



-
B I

kidney (Korngold, 1977). A moreﬁthorough discussion of the usefulness
and possible 1naccuracy in the immunologic . analysis of alkallne

phosphatase is available (Sussman, 1978).

Electrophoresis

Characterizatign of the alkeline phosphatases present in serum
based on their electrophoretic behaviour has been the subject of
numerous reports (reviewedfby Fishman, 1974). Electrophoretic studies
in combination with ether physical and biochemical methods have been
helpful in identificationbof the origin of serum alkaline phospﬁatase
vin pathological states. The eleetropHoretic mobility of imtestinal
aikaline phosphatase is unchanged upon treatmeng with neuraminidase
(Noss‘et al,'l966) wherees the ﬁoei%ities of other tissue alkaline
pliosphatases are decreased;' The nativeAenzymes from liver,.bone, or
kidney have different electrophoretic mobilities while the neuraminidase-
treated enzymes are almost indisfingpishable Ey electropheresis (Miki
et‘al, 1978) . Butterworth and Moss (1966) have shown that much of
the microheterogeneity of alkaline phosphatase found in kidney
extracts ean be attributed to variable amounts of sialic-acid.
Differences in sialic acid content may well account fo? ?t,1é88t1§0m?f
of.the molecular differenees seen in,;he enzyme forms.sepafaﬁedw5§
electrophoresis. Ion exchange chromatography has also been usedn
extensively to demonstrate differences in-the net molecular charge.of

o

‘the various enzyme forms.

Developmental'forms: .

Multiple—molecular enzyme forms have been -described that appear

<to be assoc1ated w1th development Whereas,the alkaline phosphatase

o



14

activity of most fetad organs appears‘to remain relatively constano
during fetal development, the enzyme activity of fetal 1ntestine and
fetal thymus increases (Miki et al, 1978; Pataryas and Christodoulou,
1970) . Fetal intestinal alkaline phosphatase shows greater electro—
phoretic mobility than the adult form (Miki et al, 1978; Mulivor, Qannig'
& Harris, 1978) and the fetal enzyme is retarded by neuramigidase treat-
ment whereas the adult form is not. Muli;or et al (1978) report that the
fetal enzyme shows greateg elecfrophoreticAﬁobility then thevadult

form even after extensive neuraminidase treatment. Adult and fetal
infestinal alkhline. phosphatase differed in heat stability and

reactivity with Concanavalln A (ngashlno et al, 1977) but could not

be dlstlngulshed by chemical inhlbltion (Higashino et al, 1977;

Mulivor, Hannig et al, 1978). It is not known if the difference

" between fetal and adult enzyme forms is due to the expression of a

different:gene_loeus Or to post-translational modifjcation;
Developmental forms of human.placental alkaline phosphatase have

been described by Fishman etjﬁl,,(l?7§)' Alkaline phosphatase present

ca

in 6-10 week placenta was heat- sen51t1ve, inhibited by L~ homoarglnine ;o o

“and migrated as 2 bands upon cellulose—acetate electrophore51s The

- fast-moving band lacked all known antigenic-determinants -and the - =

slower band possessed antigeaig sités,characteristic of. liver or bone
alkaline phosphatase. ‘Alkaline phosphatase from term placenta flrst
appeared at 11- 13 weeks and was the only.form present after 14 weeks
of trophoblast development. These developmental forms could represent

the expression of separate genes or possibly a metabolic modification

_of the enzyme.

Mdltiple:enayme'forms have also been described that appear to-be
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associated with the large increase in alkaline phosphatase activity
which occurs upon differentiation of the microvillar surface of the
duodenum in the mouse (Moog et al, 1969) and chick (Moog, 1950;
Overton and- Shoup, l9§4). In the mouse the change of‘enzyme
activity is associated with theuappearance of a variant enzyme form
having different catalytic, electrophoretic, chromatographic, and
immunologic properties (Moog et al, 1966; Moog et al, 1969). 1In the
chick the inctease-in activity is assoeiated with a change of
alkaline phosphataSe present in a large phosphatase complex to low. .

molecular weight forms (Chang and Moog, 1972a; 1972b).

Genetic forms

.Alkaline phosphatases from liver or from full-term placenta have
been shown to be products'of different structural genes (Badger &
Sussman, 1976). It is not known whether the enzyme forms from other

tissues are products of other structural genes or represent modifica-

tions of the liver and placental 1soenzymes In- addition electro-

-

phoretlc variants of placental alkaline phosphatase have<beenvdescribed -

oo

that are determined by a number of alleles at-a singleuautosomal locus_'

(Robson & Harris, 1967; Donald & Robson, 1974) . Three alleles, F, S,

and I account for the six relatively common ﬁbectrophoretic phenotypes

which are determined by the genotype of the fetus (Boyer, l961; Robson
- & Harris, 1965)- Approximately 2% of human placentae eXhiblt pheno-

types which appear to be due to combination of a rare'allcle with-one

g . . -

of the common alleles. Evidence f8T "six. rarefalleles at an autOSOmal

locus has been provided (Robson & Harris, 1967). Gene frequencies of

these alleles_show marked variations for various population groups

(Robson & Harris, 1967; Beckman et al, 1967; Beckman and Johannson,

15
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1967; Beckman & Beckman, 1969).

The appearance of intestinal alkaline phosphatase in serum is

associated with genetic factors. The intestinal enzyme is found

more commonly in the serum of -individuals of blood group type B and
0 and invindivi?uals who are ABH blood group secretorgr(Arﬁors_et al,
1963; Beckman, 1964; Sﬁreffler, 1965; Bamford et él, 1965; Evans,
1965).' Komoda and Sakagishi (1978) have recently demonstrated tﬁat

purified alkaline phosphatase from adult intestine, but not liver or

fetal intestine, is associated with blood group substances.

Tumor-associated alkalirne phosphatases

Several different alkaline phosphatases have been described that

‘are present in. the sera or tumor extracts of some patients with

various carcinomas. These oncoalkaline phosphatases- can be classified

qu’pighef~h§ving,Chafacterisfics'of alkaline phosphatase from full-term

T T P .
ra v -

'p;acenta or as not having these characteristics.

fThe'blacgntaléliké alkAIiﬁelpﬁdsphatasés,i'Regan isoenzyme'

(Fishman‘et al, 1968b)Aan"NagaO'isbénzyme’f(Nakayama et al, 1970),

"

 ¥ are the 6nes]mdsticdﬁm0nlysfound.- They are similar to placental

:élkalinevphosphatase in a number of properties sﬁch as heat inactiva- -

tion, L-phenylalanine sensitivity and immunologic reaction. The
Nagao enzyme and the rare D-variant placental enzymes (Boyer, 1961)

are sensitive to L-leucine inhibition and appearito be closely

- related-(Inglis et’'al, 1973). Benham et al (1978) have found that

T - - S _— o . .
‘the electrophoretic mobilities of the placental-like tumor alkaline

phésphaggses‘ye;e not identical to the mobilities of the common

plaéehtal élkaline pQgsphatase phenotypes and havé suggested the

possibility that tumor alkaline phosphatase may represent the-

16
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expression of rare alleles at the alkaline phbsphatase locus.

A number of frumor-associated alkaline phosphatases have been
described that c4dn be'diétinguished f;oﬁ the alkaline phosphatase
from term ﬁlace ta.. The 'Regan va;iant' (Warnock & Reisman, 1969),
found mostly inﬁhepatocarcinoma tiésué"had proé;rties of both
placental and livef‘aikaline phosphatases. The Regan varian; was
similar to the placental enzyme in immunologic reaction and
sensitivity to L-phenylalanine, but'yas éimilar to the liver enzyme
in heat—stability and some kinetic parameteré‘(Higashino et al; 1972).
It has also been reported that soﬁe hepatocafcinoma tissues contain
a fetal intestinal-like alkaline‘phosphatase in addition to "the
Regan variant and normal liver enzyme (Higaéhino ggfal, 1977).
Korngold (1976) has}suggested thét the Regan variant enzym¢ may be.

-4

identical to the intestine-like liver alkaline phosphaxasg that is

/
{

“found in small ameunt in.some normal human livers.

Ano;her fumor-assogiated alkaline phosphatase has been described
(Ehrmeyer et al, 1978) that is sensitive to L-homoarginine énd has
the same electrophoretic mobility as the fas;est of the alkaline
phosphatases extracted from approximately 10-week placenta. This
enzyme may be'identical to the ea;ly placental-type alkaline
phosﬁhatase found in some human neoplasms (Fishman.et al, 1976).

The identity of most of these tumor-associated alkaline
phosphatases has not yet been conclusively established (Sussman, 1978)
although Greene & Sussman (1973) have presented evidgnce that the
peptide structﬁ;es of placental and one tumor-associated .alkaline
phosphatase were similar. It 1s generally accepted. that aciivation éf

embryonic genes is a genuine manifestation of neoplasia (Fishman &
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Sihgér, 1975) and ;ﬁat synthesis of placéntal—like alkaline phosﬁhatase.
by malignant cells of non-trophoblastic origin méy'fépreéent‘derépfesF""i
~ sion of the placenfal alkaline phosphatase strucfural gene locus in
these cells (Fishman et al, 1968a).

Sussman (1978) has receﬁtly stressed the need for baSing identifi-
‘cation of ectopically-produced alkaline phosphatases on their structur-
al éroperties. Chaptef VII of this thesis gives a coﬁpérisdn of the
peptide—fingerprints of the enzyme from several tissﬁes and describes
a general\procedufe for the structural classification of alkaline

- phosphatases.

D. PURPOSE OF THIS INVESTIGATION

The aims of this study can be-grouped‘iﬁto three broad categories:

1. To develép a general proéedure foi‘gﬁe‘pﬁ£ification“6ft_»‘ ;
alkaline phosphatase from various sources in order to faciiitate
comparative studies. |

2. To obtain a better knowledge of the catalytié prqpegties of
human alkaline phosphatases. With the exception of the eniyme from
placenta, substrate spegificity studies have not been carried dut on
'pure' alkaline phosphatasesvfrom huﬁan sources. A thorough study‘v
of*the in vitro hydrolytic activity of alk;line phosphatase should

contribute to the elucidation of the physiological rolés .6f the = - - ----

enzyme. CURTT DI e B P U Y SR
- I Cow . ool I : ‘ S izt Bon e Lo s e et .

3. To elucidate the molecular differences which ‘occur ‘amémg ™"~ " "*:
... the enzyme forms found in various tissies. "It"is not Krown 'whether

- 2 a

+ some myltiple-molecular; enzyme forms.are caused by post-tramslational ~

PN LIPS e .

..changes or differences in primary structure. . A knowledge of the nature

Tl e e e
s . o . . - S NN
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:of.the various moleCular forms of'alkalinevphosphatase-should lead - :

- to. a more thorough understanding of the 1nter—relationships of .o

'.tisSue alkaline phosphatases and the alterations in. serum alkaline

..phosphatase whlcﬁ‘otcurs in. pathological conditions

'Approach
Highly purified alkaline phosphatase preparations were

';_prerequisite to the contemplated studles Our first efforts were e

'“therefore directed to affinity purlficatlon of liver alkaline -

phosphatase and subsequently to alkaline phosphatase from kidnev,

bone, small intestinal mucosa, and placenta., Development.of'enzyme

purification procedures accounts for a considerable amount of tH

experimental effort.

Substrate specificity studies were carried out using selected
phosphoesters, some of which have been proposed as possible physio-

logical substrates. Ih_addition to the influehte‘of pH, metal ions,

and inhibitors, the effect of sialic acid residues on substrate

specificity was evaluated by comparison of native and neuraminidase-—

treated enzyme. :

P

To assess the structural relatedness of the enzyme from
different tissues subunit molecular weights were compared by SDS-

PAGE and two-dimensional maps of the peptides produced by tryptic

hydrolysié»of 125I—labelled enzyme;yetejcompa:ed}'t

ce T e anie e DL . w_..:- s L
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CHAPTER TWO

MATERIALS AND' GENERAL METHODS

MATERIALS
Chemical and biochemicals werﬁjfrom Fisher Scientific Co. or Sigma
Chemical Co., unless otherwise stated, and were éenerally éf therhighest-
Apurity available. All,coﬁpounds used éé substratés for alkaline | |
;;jggdsphaﬁ;é; were;tééfed*fér phospha;exqon;aminatipn (sgnghapper:IV54‘
.“and were ééund't& co;taiﬁ less than izﬂ<ﬁ;i/mdi)'of‘iﬁOrgaﬁic.phosﬁhaté;f

. Sodium pyrophosphate, L—arglnlne and malachite green wére from BDH
Chemlqals.  Phenylphosphonlc\acia and gganogen bfomide were f?om
Aldrich Chemical Co.‘ L—Pheéylalanine, Lipomoarglniné,‘oﬁabalﬁ and
cyclic AMP we;e from Calbiochem—Behring-Corp. 125I-—sodium iodide was
from EdmontonuPharmaceutical Center. p—Nitrophénylpheny1phosphonate was
‘frbm Regis Chemicail Co.‘ L | S o v
3—Aminobgnzylbhosphonic‘acid was synthesized a;)describea By
Kosolapoff (1948).
4—Aminobenzylphosphonic acid was prepared by hydrolysis of
diethyl—p—aminobenzylpho;phonic acid (Aldrich Chemical Co.). The diethyl
ester was refluxed for 8 h in concentrated HCl. After adjustment to
pH 4'wizh NaOH, the product was coliected by centrifugation. The fine
crystals were wasked with water and'gthanol before drying.
.('.‘;Cheﬁiéélgiqsé§ fdr the preparation of polyacrylémide gels were from
J f‘Biblkéavlébb;a20riéé;u Ampﬁolytes uged for 1soelectric focusing weré
from LKB" éoncanévalié A Sepharosé, Sepharose 4B Sephadex G—25
Sephadex G—ZOO agd DEAE Sephadex were from Pharmacia Fine Chemicals~

DEAE—cellulose (DE 52) was from Whatman Biochemicals Ltdw .w<; S
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Neuraminidase fron.Clostridium‘perfringens (6 ymol/min/mg) was from

Worthington Biochemical Corp. Trypsin (bovine pancreas, treated to
“inactivate ehymotrypsin); purified alkaline phosphatases (bovine
Aintestine and E. coli), phosphorylase a (rabbit muscle), bovine albumin,

glutamate dehydrogenase (bovine liver) and aldolase (rabbit muscle)

"were from Slgma Chemical Co. Partially purified alkaline phosphatase

‘o

from human placenta (19 umol/min/mg) was obtained frombcalbiochem—Behring‘
-Corxp. - Endoglyc051dase D was from Miles Laboratories. Caltium—dependent
, -regulatdr protelnanonlne brain)“uas’a~generous gift ffom'bt. T:-Vananan;"
»_unless‘otherwise stated,. the pH of all buffers was adjusted with
HCl.or NaOH solutions. | |
GENERAL MtTHbﬁél

Alkaline phosphatase assays

Unless otherwise stated alkaline.phosphatase was assayed as
described-by‘prers & McComb El9§6) at‘lpfb in anheeknan‘AetaﬁCIllw
ispectrophutometer eduibped'with"seale'expansioniand_a‘temnératunef ;'
controlled cuvette holder. The assay medium contained ld.nM p;hPéland =
1.5 mM MgC12 in 0.8 M MAP buffer (pH 10.3). The\%fte-of the reaction
vwas monitored continuously at 404 nm and the calculations were based
on a molar extinction coefficient of 16700 (1 cm lightpath) for
p-nitrophenol. (Halford, 1970). In order to obtain linear reaction-rate
curves, the reaction was initiated with substrate after a 10 min
preincubation of the enzyme solution in 0.8 ﬁ MAP buffer (pH 10.3) that
' contained 115.53 thlz; One unit of enzymie activity corresponds to-
one umol of substrate'h&drqused/min.

" BProtein _concentration

" Protein coneentrationsfwere determined by the:method.qf,Schacterle"

e -



& Pollack (1973) with bovineqserum albumln as standard Samples for

,a'

protein determination were dialysed against 50 mM sodium phosphate

E]

buffer, pH 7.6 to avoid 1nterference from the buffers Alternatively,

“protein concentrations were estimated by measurement of the absorbance_

1%
1l cm

by Kalb & Bernlohr (1977)

'at 280 nm (assuming an E.

Polyacrylamtﬁ e-gel electrophoresis (PAGE)

Analytlcal disc electrophore51s was run in 7 o7 (w/v) -acrylamide -

gels in Tris- borate buffer, pH 9.5, by the method of Green et al (1972)

Alkaline phosphatase samples (O 003 units of enzyme activ1ty or 1 -5 ug

of protein) that contained lO/ (v/v) ‘glycerol were applied to the top
of cylindrlcal gels (0.5 cm x 6.5 cm) and electrophoresed at 2.0 mA/gel
for 45 min. Enzyme activity was located as described below and protein

was stained with Coomassie Brilliant Blue € (Diezel et al, 1972).

Sodium dodecyl sulphate—polyacrylamide gel electrophoresis'(SDs—PAGE)

SDS~ PAGE was performed in gels with acrylamide concentration from

‘;4/ to 7 5/ (w/v) as descrlbed by Weber & Osborn (1969) except that

0.05 M phésphate buffer (rather than 0.1 MY was used : Alkaline phospha—

tase samples (1 - 5 ug) were dialysed against 0.01. M phosphate buffer..f
containing 0. l/ (w/v) SDS and 0.1% (V/v) 2~mercaptoethanol and denatured
by incubation at 100°C for 2 - 5 min in buffer containing 1% (w/v) SDS
and 1% (v/v) 2-mercaptoethanol. ‘If alkaline phosphatase samples were
incubated at room temperature rather than 100°cC, they were not fully (
ndenatured, and a slow—moving enzymically active band c0uld be.
demonstrated.- The standards used for the determination of apparent

‘ .subunit molecular weight values were : phosphorylase a (rabbit muscle),

100000; albumin (bovine serum), 68000; glutamate dehydrogenase (bovine

-

f lO) or at 230 nm and 260 nm as described
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liver), 53000;.and~ald0lase (rabbit muscle),'AOOOO Protein was stained o

“w1th Coomas51e Brilliant Blue R (Fairbanks et al 1971) S ;N

‘Isoelectric focusingﬁon polyacrylamide gels

. i » . O
i Electrofocusing was carried out on ‘a MRA electrofocusing apparatus

. (Metaloglass Inc., Boston, Ma) at O C over the range from pH 3 to pH lO )

23

ig cylindrical gels (3 mm 'x 93 mm) which contained 54 (w/v) aCrylamide, 7

LS

2% (w/v) Ampholine, lO/ (v/v) glycerol and 0.25 mM~ ZnCl2

was 0. 02 M NaOH and the anolyte was 0.01 M'H PO4 which contained 0. 25 mM

3

:rIZnCIZ. ‘Cels were prefééUsed for 1.h (maximum of 0.5 mA/gel or 400 V)
and alkaline phosphatase samples (0. OO3 units of enzyme activity or up
to 5 ug protein) that contained 10% (v/v) glycerol in a total volume of
75 ul or less were layered on the top of the gel beneath_the catholyte
- solution. " The samples were electrofocused for 16 h :at 400 V Enzymic a
,;act1v1ty was located as” described below and proteln was stained u51ng
Coomassie Brilliant ‘Blue R (Allen et al, 1974). ,

The pH gradients were measured u31ng a- Radidmeter model 26 pH“

7'meter after elution of 3 mm gel segments for 2 h with deaerated lO mM

Kcr. I - ‘ ‘-(

Eocaliaation‘or enzymic activity in polyacrylamide;gelsv,

a Alkaline phosphatase activity was detected in polyacrylamide gels
after PAGE, SDS4PAGE or isoelectric focusing by immersion of the:gelS' .
in a solution which contained 6 mM naphthol AS— MX phosphate, 1.5 mM

'Mgc12 and 0.1 mM ch12 in 0.8 M MAP- buffer (pH 10.3). Fluorescent

bands ~developed in less than 10 min and were photographed under uItra—-"

_Violet light with a Polaroid camera. Alternatively the enzymic activity

was detected as described by’ Smith et al (1968). The gels were placed
in a solution that contained 2- naphthyl phosphate (2 mg/ml) and Fast

Blue BB salt (1l mg/ml) in 60 mM borate buffer (pH 9.7) and incubated'in

o

The catholyte'
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the dark until the bands were sufficiently developed. The gels could -
.then be stored indefinitely‘in 7% (v/v)_acetic acid.

Neuraminidase. treatments

) Removal of sialic acid re91dues with neuramlnldase was‘generally
nrcarrled out at 30 C in 10 mM Mes bnffer (pH 6 0), containing 30 mM

NaCl, 1 mM CaClz, 0.1 mM MgClz, 0.02 mM ZnClz and_0.0ZA (w/iv) sodium

azide. The amount of alkaline phosphatase protein was 25 times greater

than that of neuraminidase ’ The progress of the desialylation was | "

monitored by isoelectric focu51ng in polyacrylamide gels and was Judged

- to be complete when the pattern of the enzyme actlvity bands became

2 -

constant For the experiments described in Chapter VI the conditions ~;;f’$ﬂ"d"”

”'Lfor neuramlnldase treatment were dlfferent and are described in the.
‘ v -
Methods section for that chapter.



CHAPTER THREE

PURIFICATION OF HUMAN ALKALINE PHOSPHATASES

Comparative‘studies on the molecular4propertiesvof alkalioe
phosphatase from human tissues have been severely hampered by the lack
ot'pure enzyme preparations and the small amounts of protein obtained.
Proceduree for the porification of placental alkaline.phosphataee have
been ava;lable for»several’years (Harkness, 1968a) and more recently
procédures have been published for the purificatioo of'thelenzyme from
small—intestinal mucosa (Sugiura-et al, 1975; Komoda & Sakagishi
l976b), kldney (Suglura et al, 1976) and liver (Latner & Hodson, l976 ~r

o a s Badger & Sussman, 1976 Gerbltz et al 1977) However, the" reported
recoverles are low and the degree of purity of the 1dtest1nal and
kldney preparatlons have not been conclu51ve1y establlshed

.-In thls chapter a general procedure for the pur1f1catlon of.
alkailne phosphatase from human‘tlssues is descrlbed |

a

.- - METHODS

o L ) - '
Synthesis of tyraminyldiazobenzylphosphonic acid coupled .to Sepharose

‘ (phoSphoniogacid—Sepharose derivative)

The procedure for the preparation of the phosphonic acid—Sepharose
derivative is described in detail in sectioné 1 to 3 below and

represented schematically in Figure 1.

1. Diazotizatiou of p-aminobenzylphosphonic ‘acid. -Immediately -

before use p aminobenzylphosphonic acid (0.2 g) was dissolved in 1 M HCIL
(10 ml) and chilled to 0°C. Sodium nltrlte\solutlon (490 mg in 1 ml)
was added to the stirred solution at 0°C over 1 minute and the mixture

incubated at 0°C for .8 ‘min.
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Sepharose
CNBr

CNBr-activated Sepharose

HZNCHZCHZ Og

tyramine
v Y

P2 |

~0~C-NHCH, CH OH
2\/‘

tyraminyl — Sepharose

|
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+
H N CH —P OH

p-aminobenzylphosphonic acid

NaNOé
HC1
@»CH —P OH )

diazonium salt of

p-aminobenzylphosphonic acid

H
0- C—NHCH CH —4<::::j>—

—— 0 -

51
=N CH,-P-OH
/s

OH

tyraminyldiazobenzylphosphonic acid — Sepharose

Fig. 1. -Synthesis of tyramigyidiazobenzylphosphonic acid-Sepharose

The product is referred to in the text as the bhosphonic acid-

Sepharose derivative. The Sepharose matrix is indicated by

the hatched line. )
. /\ - » ’

[



2. Preparation of tyraminyl-Sepharose. Tyramine-HCl (1.3 g) was

dissolved in 0.1 M NaéCO3 (pH 10.0) which coﬂtained 40% (v/v) N,N—-dime-

thylformamide and added to 25 ml of Sepharose 4B that was freshly

aétivéted with CNBr as described by Cuatrecasas (1970). ‘The reéctiod
N

mixture was mixed gently for 12 h at 4°C. The tyraminyl-Sepharose was

thgn filtered and washéd Qith'O.l M Na2CO3 buffer (pH 10.0) with and

withaut 407% N,N-dimethylformamide.

3. Coupling of diazotized E:aminobenzx}phosphonic'acid to tyraminyl-

Sepharose. Freshly diazotized p-aminobenzylphosphonic acid (see section

1 above) was added with gentle stirring to tyraminyl-Sepharose (see

1

section 2 above) suspended in 25 ml of 0.1 M Na CO3 (pH 10..0) at 0°C.

2
The pH was immediately adjusted to 9.3 with NaOH and the mixture incubated

with gentle mixing for 4 h at 4°C.

4. Preparation for use. The phosphonic acid—Sepﬁarosé derivative

was washed &ith 600 ml of 0.1 M NaZCO3 (pH 10.0) followed by the same
volume of 0.1 M acetate buffer, 0.5 M NaCl (pH 4.0) and then with 0.1 M
Tris-HCl buffer, 0.5 M NaCl (pH 8.0). The gel was equilibrated with

10 mM Mes buffer (pH 6.0) which contained 0.1 mM MgCl, and 0.02 mM
ZnCléc;nd kept at 4°C until required. Under these conditions the gel
was stable for more than 2 years. After use the gelrwés regenerated

by repeating the washing procedure.

Quantity of ligand bound to Sepharose

The amount of the phosphonic acid bound to Sepharose was estimated

[

by digestion of the gel followed by phosphate analysis. then et.al, 1956).
The gel typically contained 10-15 ymol of phosphorus per ml of packed
gel. u . .

.ot : . “2‘1, '; ’ ¢

>
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RESULTS

+ " The putrification of human a&kéline phosphatases is described uﬁder.'
. the hegdings:of (l} pﬁr%ﬁicag%gn of_%igeg a}kakine;phpspbatase (Mefhod. .
UA)Y, (2) deQelgpment of anrimproved procedure for the purificafion of
liver alkaline phosphazase.(ﬁethod B), and (3) purification of alkaline
phosphatases from other tissues.¢ An evéluation'df the purity of. the
enzyme preparations 1s found at the end of this section.

L4

1. Purification of liver alkaline phosphatase

(Method A)
The preparation of the enzyme was followed in all steps by the

measurement of specific activity (ymol of p-NPP hydrolyzed/min per mg of

protein). All procedures were carried out at 4°C unless stated otherwise.

Enzyme extraction . ¢

Human liver, obtained at autopsy within 12 h of death from speéimens
that appeared 'mormal', was stripped of most vessels and the outer
membrane and sliced into -cubes (2.5 cm). After washing with 0.9% NaCl
to remove blood, the tissue was frozen at -70°C until required. A sample
(500 g) was thawed and homogenized in a Waring Blendor in 1 litre of lQ
mM Tris—-HCl buffer (pH 7.6) which contained 0.1 mM MgCl2 and 0.02 mM
ZnClZ, for 5 min at low speed ﬁﬁllowed by 2 min at high speéd. This
homogenate was treated with l1-butanol to releése the.membrane—bound
enzyme as described by Morton (1950). Butanol (750 ml) cooled to —-20°C
was added over ‘a period of 30 min to the stirred suspension. The mixture

was stirred for a further 30 min and then centrifuged at 9000 g for 30

min at 4°C. One litre of aqueous layer was recovered.

28



3

Acetone fractionation

Acetone (430 ml), chilled to -20°C, was added to the stirred
';queous solution at 0°C to give a final cgncentration of 30% (v/v)
acéténé;“ Thefmixtufe»was‘gently'stirred*for an‘addition31“15 min, and
then centrifuged at 9000 g for 20 min. The supernatant (1400 ml), which
contained the alkaline phosphatase activity, was made 50% (v/v) in
acetone by the slow addiﬁion, with stifring,‘of 550 ml éf'aéetone.

After centrifugation at 2000 g for 20 min, the pellet was recovered and
suséended in 60 ml of 100 mM Tris-HCl buffer (pH 7.6) which contained
100 mb NaCl, 1 mif MgCl,, 1 mM Mﬁc12, 1 mM CaCl, and 0.02 mM zr;c12- The
mixture was centrif;géd at”9000 g'for 20 min to remove undissolved

residue.

Chromatography on Concanaﬁalih A-Sepharose

The magerial from the dissolved acetone pellet was applied to a
column (2 cm diameter x 13 cm) of Concanavalin K-Sepharose equilﬁprated
. Y
at 4°C with same buffer in which the acetone pellet was suspendeg. The
column was washed with the column buffer until the absorbance at 280‘nm'
began to fall and was then eluted with 500 ml of the same buffer

containing mannose in a linear gradient from O to 0.1 M at a flow rate

of 85 ml/h. A large amount of pProtein was not retained by the column

~and alkaline phosphatase was partjally separated from some glycoproteins

‘that were more tightly bound to the column (Figure 2). The specific

activity was increased 17.5 times by this procedure.

. S y
~Chromatography on DFAE-cellulose

The fractions with the highest specific activity from the Concanava-
1in A—Sepharose column were pooled and concentrated byfultrafiltration
using a PM—lO membrane in an Amicon stirred cell (Amicon Corp., Lexlngton,

Ma) The concentrate was equilibrated with 10 mM Tris-HCl buffer (pH 7. 6)
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ALKALINE PHOSPHATASE ACTIVITY (U/ml)

Fig. 2.

30

Chromatography of alkaline phosphatase from liver i

on Concanavalin A-Sepharose
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absorbaéce ét ZéO nm (o)
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a linear gradient of mannose
from 0 to 0.1 M in 100 mM
Tris-HCl buffer (pH 7.6)
which contained 100 mM
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CaCl, and Mnc12'.
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ALKALINE PHOSPHATASE ACTIVITY (U/ml)

Fig. 3.

Chromatography of alkaline phosphatase from liver

on DEAE-cellulose
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ABSORBANCE (280 nm)

Enzymic activity (e) and
absorbance at 280 nm (o)
were monitored  throughout

a linear gradient of NaCl

© from 0 to 0.2 M in 10 mM

Tris-HC1l buffer (pH 7.6)
which contained 0.1 mM

MgCl, and 0.02 mM ZnCl,.

2 2
The gradient was started

.after a buffer wash of

320 ml subsequent to

sample application.
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which contained 0.1 mM MgCl, and 0.02 mM ZnCl,, by repeated dilution and

2 2’ _
concentration in the cell. -Thisqmaterial was»applieq_tqla_column.(l;S_cm:

.. odiameter

- B oor T gy
LT e . w

@ e LT e gt

4°C. -The column Qaé washediwith'2 column volumes of buffer and eluﬁed
-with 1 litre of buffer which contained ‘NaCl in a linear gradient from O

to 0.2 M. at a flow rate of 40 ml/h. -Alkaline phosphataée,WaF éep?rated»v«
from a larée amount of protein that was not Bgund by the coiumn and
partially separated from'ﬁrotein impurities that were eluted by the NacCl
gradient (Figure 3). This step resu1ted in an increase in specific

<

activity of 11.6_ times. B o

Gel-permeation chromatography

‘Thevfractions with éhe highest_specific activity from the DEAE-
cellulose column were concent;ated to 5 ml invan Amiéqn stirred ce}l 
witH a PM;lO membrane aﬂd apgiied to a column (2.5 cm diameter X 90 cm)

of Sephadex G-200 equiligrated with 100 mM Tris-HC1 buffer (pH 7.6)

which contained 100 mM NaCl, 0.1 mM MgCl,, and 0.02 mM ZnCl,. A 3-fold
increase in specific activity was obtained and the enzyme was partially

resolved from both smaller gnd larger molecular weight proteins'(Figure

4).

Chromatography on DEAE-Sephadex

The most active fractions from the peak that contained the alkaline

phosphatase from the Sephadex G-200 column were pooled and equilibfated

\

with 10 mM Mes buffer (pH 6.0) which contained 100 mM NaCl, O.l‘ﬁM MgCl2
and 0.02 mM ZnCl2 by repeated concentration and d;lution in an Amicon.
stir;ed cell with a PM-10 membrane. .The material was applied to a
column (1.5 cm diameter x 25 cm) of DEAE-Sephadex A-50 equilibrated with

the same buffer at 4°C. The column was washed with 1 column volume of

buffer and eluted with 200 ml of buffer that Eontained NaCl in a linear

: X~90.cm)uof%DEAE—gelLploée?éguiiibratéd withthg~qa@e buff§f:apf;-

@ -
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ALKALINE' PHOSPHATASE ACTIVITY (U/ml).

Fig. 4.
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~gradient from O.l_to 0.2 M at a flow rate of ZO'ml/h'(Figure 5). The
: higheStfactiVity'fractionS'were pooled $o that 50% of the eluted
. N - ‘~ - ~. - . 5 Ay

activity was recovered The pooled fractions were agaln concentrated

..

by ultraflltratlon and dialyzed for 24 h agalnst 200 ml of 10 mM Trls—e
HCL butfer™(pH 7.6)" which contained 1oo w.NaCl, 0,1, m MgCl 0.02

mM ZnClz, 10% (v/v) glycerol ;;d 0. 024 sodlum 321de,‘and stored atVA”
4°C.

"'Summary of the"purification\of,alkaline phosphatase from liver

by Method A

v

Table IV«~is ; summary of.a typical purification of alkaline
phosphetese froﬁ human liver by Method A. The recovered enzyme
activity:represented 6% of the ofiginal actiyity and had a.specific
activity of 650 units/mg. ‘[Protzin was determined colorimetrically by
the method of Schacterle & Pollack (1973)]. Approximately 0.25 mg of
alkaline phosphatdSe protein was‘ootained from 500 g wet weight of
liver tissue.i This represents a purification of 2200 times over that

™

L NPIN ‘
of the butanol-treated homogenate.

TABLE IV. Purification of human liver alkaline phosphatase by Method A

Total Total: Specific _
protein activity activity Yield Purification

Procedure (mg) (units) (units/mg) (%) factor
Butanol-treated 7200 2110 0.3 100 1
homogenate .
30-50% Acetone =~ 3650 1410 0.4 67 1.3
Concanavalin ‘ 160 1110 ,_# 6.8 53 " 23
A-Sepharose C ' ! T
DEAE-cellulose 4.5 356 80 17 260
Sephadex G-200 1.2 279 230 .13 780

DEAE-Sephadex 0.21 136 650 6 2200
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2. Development_of:an-impfovédﬂprocedure.Yor“the'purification'

of liver alkaline phosphatase

(Method B)

Although"pure' alkaline phosphatase from liver was obtaineddusing
Method A (see section 4’below); the yleld was only 6% and thus a more
eff1c1ent puriflcation procedure was requlred Id thiswsection_theA
biospecific elutlon of liyer alkaline phosphatase‘from the phosphonic
acid—Sepharose derivative is described. This afﬁinity chromatographic

I'purlficatlon of the enzyme has resulted in a con51derably 1mproved yield.

Condltlons for adsorption and elution of alkallne phosphatase

The.optimal conditions for chromatography of alkaline phosphatase
were determined using a column (0.9 cm diameter x 16 cm) of the
phosphonic acid-Sepharose derivative equilibrated at 4° C with 10 mM Nes

buffer (pH 6.0) which contained 0.1 mM MgCl2 and 0.02 mM ZnC1l: An

2°
aliquot (25 ml) of impure alkaline phosphatase (0.7 units/mg) obtained
after the acetone—fractionation step (see section 1 above) was applied
to the column and washed with 2 columm volumes of buffer. Almost all
of the applied protein and alkaline phosphatase were retained by the .
‘column. Conditions were therefork sought that would selectively elute
the enzyme and are described below.

Ten column volumes of a linear gradient of 0-0.1 M phosphate
(pH 6r0) failed to elute either alkaline phosphatase or other adsorbed
protein. Less than 30% of the applied phosphatase activity was eluted
with ten column volumes of a linear gradient of 0. l 1.0 M NaCl (pH 6. O)
Hydrophobic 1nteractlons were not responsible for the adsorption of
proteln since forty column volumes of a linear gradient of 0-50% (v/v)
ethylene glycol (pH 6.0) failed to elute a significant amount of

'enzyme activity or protein. However, quantitative elution of both

'y
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the adsorbed protein and alkaline phosphatase a;tivity was obtained
'w%th 50 mM Tris-HC1l (pH 9.0).

| -Algaline phbsphatése was seléctively eluted with 2—naphthylphos;
ph%;f at pH 6.0 (Figure 6). The enzyme was rec;vered~iﬁ é9% yield in
a volume of 240:ml. After éoncentfation and dialysis to rebove
%—paphthylphosphate, the specific activity was found to be 300 qnits[

!

- mg. This-repreSéhtEd a -400-fold purification_of”thé”enzymef

¢
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Fig. 6. Substrate elution 6f liver alkaline phosphatase

from the phosphonic acid-Sepharose derivative

The arrows ihdiéate the start of the following:

(1) sample application; (2) buffer wash; (3) elution
with 25 mM 2-naphthylphosphate in 1O mM Mes buffer
(pH:6.0);_(4) buffer &ash; and (5) regeneration witi 50
mM Tris-HCl buffer (pH 9.0). Enzyme activity is
representeﬂ by (5) and the absorbance at 280 nm by (o).
The substrate, 2-naphthylphosphate, absorbs strongly at
280 nm and interferes with the detection of protein.

Essentially all of the protein impurities were present

in the pH 9.0 eluate.
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- .Othef substrates and phééphénic acids also eluted the alkaline
phoéphatase,activity and“séléétéd‘profiiésbéfé ;ﬁown in Figure 7.

The best eluant, Z—naphthylbhOSphate, had the highest affinity for fhe
enzyme: the Km values qetermined at pH 9.0 for 2-naphthylphosphate
aﬁd 2—phbsphoglycerate were 4 UM and 78 uM respectively (see Chapter
IV), and the Ki value atrpH 9.0 forh;h? qo@Petitive inhibitor,

»phenylphosbhoﬁié-acid, was 75 UM (see Chapter V). A combination éf;-

10% (v/v) dimethylformamide and 180 mM NaCl eluted the enzyme

d
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Fig. 7. Elution of human liver alkaline phosphatase

from the phosphonic acid-Sepharose derivative

Samples containing 35 mg of protein and 23 units of
alkaline phosphaiase were applied to a column (0.9 cm
diameter x lé cm) of the phosphonic acid-Sepharose
Herivatiye equilibrated with 10 mM Mes buffer.(pH 6.0)
2:and 0.02 mM
ZnCl,. The eluants used were in 10 mM Mes buffer
adjusted -to a final pH of 6.0 and were as follows; (a)
25 mM i—naphthyiphosvhate; () 10% (v/v) dimethyl-
fofmamide'plus 180 mM NaCl, (o) 100 mM Z;phosphoglycer—
aﬁe, and" (o) 100 mM phenylphosphonic acid.

which contained 200 mM NaCl, 0.1 mM MgCl

r



relatively well (Figure 7) but the eiuafe'had‘a lower specific activity

R N ‘ ‘ o - ‘
than that obtained by elution with .2-naphthylphosphate. Dimethylforma--

mide at 10% (v/v) considerably sharpened the profile of enzyme activity

eluted with.25 mM anaphthylphosphate, but again the épecificity
obtained with substrate alone was lost.

. 'When insoluble p—aminobenzylphosphonic acid was suspended in
Sephadex G-25 (30 umol/ml‘of packed gel) and an impure solution of
alkaline phosphatase added, the enzyme was tightly gbund and could be

eluted under .the condition described above.

Use of the phosphonic: acid-Sepharose derivative in Ereparation of

alkaline phosphatase from human liver

The igitial £§mogenizati;n,,butanol treatment, and acetone
fractionation were done as descfibed for Method-A (section 1 of this
éhapter). The material from the 30-50% acétone pellet was then
‘resolubilized in 10 mﬁ Mes buffer (pH 6.0) whiéh contained 50 mM NacCl,
0.1 mM MgC12 and_O.QZ mM ZnCl2 and applied to a columnvof DEAF-Sephadex
(2.5 cm diameter x 40 cm) equilibraged with the same buffer at QfC.
The column Qas wééhed with 1 column volume of 5uffer and eluted with
2000 ml of,buffer that contained NaCl in a linear grédient from 50 to
300 mM at a flow rate of 90 ml/h. The alkaline phospHatase fraction
was then equilibrated and chromatograﬁhed on a column of Concanavalin
A-Sepharose (0.9 c¢m Aiameter x 25 cm) as described in section 1 of
this chapter.

The fractions which contained alkaline phosphatése were adjusted
to pH 6. O w1th 100, mM Mes buffer (pH -5.0) and applied to a column
. (0.9 cm dlameter x 9 cm). of the phosphonic acid- Sepharose derivative.
equilibrated at 4°C with 10 mM Mes buffer (pH 6.0) which contained

100 mM NaCl, 0.1 mM MgCl2 and 0.02 mM ZnClz. The column was washed
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with two column volumes>of buffer and eluted with 25 mM 2-naphthyl-

phosphate in 10 mM Mes buffer (pH 6.0) which also contained 0.1 mM
, - , A

‘ MgCl, and 0.02 mM ZnClz. The fractions which contained alkaline

2
phosphatase activity were‘péoled andbN;NQdimethyiformamide'was added
to a final concentration of 10% (v/v) to'prévent the precipitation of
2-naphthol formed by the hydrolysis of 2-naphthylphosphate. The pool

was concentrated and chromatographed on Sephadex G-200 as described

in section 1. The enzyme preparation was stored at 4°C ihrtﬁé preéén;é
of 10% (v/v) glycef;l.
Table V is a summary 6f a typical purification'of liver_alkaline
phosphatése by/Method B. The recovefy for thisvfreparation was 227
'..but higher regoveriés can bg expec;ed because of the -unusually largé
loss which occurred here at theiaéetone fractionation step. Approki—

mately l.l mg of alkaline phosphatase protein was oBtained with a

specific activity of 1300 units/mg (protein estimated by the absorbance
17 '

1 em of 10).

at 280 nm assuming ah E
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TABLE V. Purification of human liver alkaline .phosphatase by Method B

Total Total Specific
proteih activity = activity Yield Purification
Procedure ' (mg) = (units) (units/mg)* €%) : factor
. ‘ )
Butanol-treated 22,600 68006 0.3 100 1
homogenate _
30~50% -acetone 4,900 ‘4200 . 0.9 62 3
fractionation o o ,
DEAE-Sephadex 1,300 - 4100 .3.2 60 11
Concanavalin 104 2600 . ©'25.5 39 - 85
A-Sepharose ' .
Phosphonic acid- ' 1700 26
Sepharose** D
Sephadex G-200 1.13 1500 1300 22 4300

= N

w

LR

* Protein was estimated by the absorbance at 280 nm assuming
an ElA of 10.
1 cm )

-

*k The presence of 2—naphthylphosphate prevented-quantitative

Pl

determination of protein at this step.



3. Purification of ‘alkaline phosphatases from ) a

: other tissues

Alkaline‘phgsphatases from small-intestinal mﬁcosa, kidney,
placenta and séfum from'a patient with Paget's disease of bone
(Osteitis deformans) were purified using slight modifications of Nethod
B (see section 2-above). The preliminary steps in these purifications
were designed;to decrease the total protein content to aﬁOUnts that
could be apélied to the‘phosphsnic acid-Sepharose derivative without
overloading thehcolumn: - The purified enzymes were then.ﬁbtained by
substrate elutios. A brief descriﬁtion of the procedures used for
purification of the enzyﬁevfrom these sources is given in this section.

Alkaline phosphatase from small—intestinal mucosa

Small-intestinal mucosa (70 ml),'was prepared by gentle scraping

‘of washed small intestine obtained at autopsy 3 hours after death.

The purification procedure inéluded butanol treatment of the homoéenate,
acefone fractionatidq and chromatography on DEAE:celluloge, phosphonic
acid—Sepharosé and Sephadex G-200. These steps were carried out as
described in sections 1 and 2 above éxcept that 0.1% (v/v) Triton X-100
was ﬁresent'in the buffers used in the chromatographic procedures.
When TritoA X-100 was not included, there were large lossés of enzyme
acpi@ity at each.step. Most of the enzyme appear In the void volume

b . .
of the Sephadex G-200 column and thus had a high apparent molecular
weight, probably due to aggregation of the enzyme. The purified
enzyme waé obtained in 17% yield. The purity pf the‘prepara;;on is \-//)

assessed in section 4 below.
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Alkaline phosphataéé“fiom kidney

Alkaline phésphatase from kidney fZSO g) wasﬁprepared as described
‘above for the enzyme f¥om intestine. Triton‘X—lgb (O.ik Q/v) was
included in the byffers’used for cgromaﬁography Qﬁ DEAE—cellulose and
‘ 6n the phosphonic acid—ée;hérose detrivative, but not in the buffer used
for Sephadex G-200 geinfiitrétion: The enzyme was recﬁro%atographed,
in the absencg‘of;Triton, Q£ the phosphonic acid4Sepharose and on
Sephadex G-200. The- purified ehzyme was obtained in 52 yield aﬂd had

a specific activity‘bf 840 units/mg. The purity of the'enzyme

preparation is assessed in section 4 below. : .

Alkaline phosphatase from the serum of a patient with Paget's disease
e

of bone (Osteitis deformans)-

J : - : .
The procedure used for purification of alkaline phosphatase from

Paget's serum (SQ ml) was.identical to the procedure described above
for the enzyme from kidney. The serum alkaline phosphatase was
approximately 3006 units/1 (normal range, 20-9Q units/1). and was
-classified as 'bone-type' alkaline phosphatase B& heat-stability and
electfophoregic studies. The purified enzyme was obtained in 26%
yield and had a specific activity of 890 units/mg. The purity of the
enzyme preparation is assessed in section 4 below.

Alkaline phosphatase from placenta

Partially purified alkaline phosphatase from placenta (1000 units,
specific activity 19.4 units/mg) was obtained commercially (see Materials,
Chapter II). The purification procedure was th~ same as that described
for liver alk;iine phosphatase (Method B, secti~ 2 of this chapter)
except that chromatography on Concanavaiin « .cpharose was oﬁitted and
the buffer used for ion—exchange chromatography on DEAE—Sephadex was

50 mM Tris-HCl (pH 8.9) which tontained 50 mM NaCl, 0.1 mM MgCl, and

R
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0.02 mM ZnClz. The purified enzyme was obtained in 487 yield and had
a specific activity of 790 units/mg. The purity of the enzyme

Preparation is assessed in section 4 below.

4. Evaluation of the purity of human alkaline phosphatase preparations

Alkaline phosphatase preparétions'from liver, Paget's serum,
intestine, kidney and placenta weré shown by sevéral criteria to be
. 8reater than 957 pure. N

The purity of liver'alkaiine phosphatase was demonstrated by PAGE,
isoelectric focusing of native and desialylated enzyme in polyacrylamide
.gels and SDS~PAGE (Plate I).. A single protein-stained band was
observed after PACGE which was coincident with the band stained for
enzyme activity (éla;e I, a-c). Similarly, -the coincident changes in
the isoelectric points of the enzyme activity and protein-stained
bands up;n neuraminidase treatment (Plate I, d and e) show the purity
of the preparation. The results‘of SDS-PAGE are shown in Plate i, f;j.
A single inactive protein-stained band was obta%ned (gel i) although
incomplete denaturation (see Chapter II) resulted in an additional
enzymically-active protein band (gels f-h, j).

The results of SDS-PAGE of thé enzyme purified from.intestine,
Paget's serum, kidney aﬁd Placenta are shown in Plate II. As observed

for the enzyme from liver (Plate I, i) eﬁzymically—actiVe bands could

be demonstrated when samples for SDS~PAGE were prepared by incubation

at 25°C in 1% SDS and 1% 2-mercaptoethanol (10 mM phosph buffer
PH 7.2). Prolonged incubation of samples for SbS—PAGE at 25° esulted
in a decrease in intensity.of.the slower, active band|and a correspond-
ing increase in intensity of the faster, inactive ban Fully

denatured alkaline phosphétase purified from intestine, Paget's serum

or placenta ‘gave a single protein band on SDS-PAGE whereas the fully

42
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PLATE I. Criteria for purity of alkaline phosphatase

from human liver

Gels a-c, PAGE of liver alkaline phosphatase; gel a was stained for
protein and gels b and c were stained for fluorescent ard colorimetric

localization of the enzyme activity respectively.

Gels d and e, isoelectric focusing in polyacrylamide gels (pH gradient
3-10) and subsequent protein staining of liver alkaline phosphatase

and neuraminidase-treated liver alkaline phosphatase respectively.

Gels f-i, SDS-PAGE of liver alkaline ﬁhosphatase; gels f, g énd h,
protein-stdined bands obtained when the enzyme was incubated at 37°C

in 1% SDS and 17% 2-mercaptoethanol for 0.5, 2 and 2@ h respectively,
followed by SDS—~PAGE in 7.5% polyacrylamide gels. Gel i, protein-

‘sEained band when neuraminidase-treated liver alkaline phosphatase s
was similarly treated for 2 h. Gel j, enzyme activity band obtained

when the enzyme was treated as in gel f.

Experimental details are outlined in Chapter II.
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Enzyme source

Intestine , Paget's serum ' Kidney ' Placenta [

— TIITIIATity T o e
DA o - -

I

“oviys
Sy

PLATE II. .Purity of alkaline phosphatases from human tiSSues.

Alkaline phosphatases purified from small-intestinal mucosa, Paget s
serum, kldney or placenta were subjected to SDS-PAGE under denaturlng
and non-denaturing conditions as described in Chapter II. When:
samples were prepared under non—denaturin§ conditions an enzymically
active band which corresponded to a protein-stained band was observed.
When samples were prepared under denaturing conditions a 51ngle
pProtein-stained band was observed for the enzyme from intestine,
Paget's serum and placenta and 3 bandg were observed for the enzyme
from kidney. Gels a, d, g ‘and j, samples prepared under non-denaturing .
conditions and the gels stained for enzyme activity and subsequently
for protein (b, e, h, and k respectlvely) Gels ¢, f, i and 1,

samples prepared under denaturing condltlons and the gels stained for

protein.



45

denatuted‘eﬁzyme from kidney gave 3 protein bénds (Plate II; c, f, i, 1).
A different kidney preparation (see Plate III, Chapter VII) gave a
_ single band upon SDS ~PAGE with the same mobility as the intermediate
bang in the preparation shown here. However, the results Qf the
pepti;e—mapping studies (Chapte@ VII) suggest that the two lower
molecular weight forms may have been derived from degradation of the
larger molecular weight form.

Additional evidence for the purity of the enzyme from liver, kidney

and Paget's serum was also obtained from the peptide-mapping studies

{Chapter VII). The peptide maps of the enzyme from these sources showed

~
~
~

an almost identical relative distribution of peptides separated on .
thin-layer cellulose plates by electrophoresis and chromatography. This

. L
evidence proves that an identical or almost identical protein was

purified from each 6f these sources. The association of aikaline
phosphatase activity with the protein band after separation by PAGE
with or without SDS, or by isoelectric focusing of native and

desialylated enzyme is strong evidence that the purifiecd protein was

in fact alkaline phosphatase.

DISCUSSION
The development of a biospecific chromatographic procedure has
facilitated the purification of human alkaline phosphatasesL Table Vi
. listslthe yields and specific activities for enzyme preparations from
five human tissugsf/EThe enzymes appeared to be pure proteins as judged
by several criteria. It is difficult to compare the specific

activities with the values reported by other investigators because

.assay conditions and protein methods vary considerably. However the
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TABLE VI. Purification of human alkaline phosphatases

Total activity Specific activity
(units) Yield (units/mg) Purification
Enzyme source initia} finai (%) £%itial_ ‘final o factor
o

Intestine 330 55 17 - t | - -
Kidney 1450 ¥ 76 5 3 840 3100
Placeﬁta 980 . 470 48 19.4 790 _ 405
Paget's serum 150 | 38 26 0.04 890 22400
Liver 6800 1500 22 0.3 1300 4300

specific activitieé obtained are either higher or among the highest values
reported (éeg referenqes to Tables I and II in Chapter I). The sﬁecific
activiﬁyf&futhe enzyme from intestine wég not determined because Triton
X-100 interfered with the protein methods ugedﬂ All attempts to remove
Triton led to suBstantiél loss of the enzyme protein. It is possible

that the apparent partiai degradation of the enzyme from kidney‘(éee
Results) may have resulted in a falsely low value for the specific
activity of that enzyme.

The reasons for the high non—specific adsorption of proteins to the
phosphonic acid—Sepharose.derivative are not known. Thg gel contains
both positive and negafive charges and has a high degree of hydrophob-

icity. Complete elution4of alkaline phosphatase by alkaline buffers
and partial elution by 1.0 M NaCl suggest that ionic interactions are
involved, but the severe tailing may mean that hydrophobic interactions
are also important. Ethylene glycol at 50% (v/v) did not elute the
protein and hence hydrophobic interaction is not the major adsorption |

factor. Since alkaline phosphatase was retained by p-aminobenzyl-

phosphonic acid suspended in a column of Sephadex G-25, it is unlikely

46
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fhét the isouréa an& azo portiops of the phosphonic ééf ¥Sepharose
derivative (Figure 1) play a siénificant‘role in the adsorption of the
enzyme. Yon (19%7) has described the non-selective binding of membrane
proteins to a gel containing hydrophobic as well as positively and
negatively charged groups, and was able to elute with biospecific
iiéands. Elution‘pf alkaline phosphatase from the phosphonic acid-
Sepharose derivative was achieved usiﬁg.2—naphthylphosphate, a substrate
exhibiting a relatively high affinity for the enzyme (see Chapter IV).
Since this purification protocbl was completed it has been found that
alkaline phosphatase can also be selectively eluted with 1 mM vanadaﬁel
- , S
at pH‘6.0. Since vanadate is a potent competitive inhibitor (Ki less

than 1 uM) of alkaline phosphatases (see Chapter V), it appears that

the elution of alkaline phosphatase depends on biospecific interactions.

A

-
Biospecific chromatographic procedures for purification of alkaline

phosphataselhave been reported previously. Dean et al (1971) used
cellulose~phosphate to retain the phosphatases ftom bacterial sources.
Brenna et al (1975) have described affinity chromatography onalkaline

%
phasphatase from bovine intestine on arsanilic acig derifatives of

agarose, and Landt et al (1978) have recently investigafed several

’ phosphonic acid derivatives of agarose for the adsorption‘and elution
of'alkaline phosphatase from boviné inﬁestine. My attempts to purify
liver alkaline phosphatase using cellulose-phosphate or arsanilic acid
dé}ivatives of agar§se_were unsucgessfulvbecause the enzyﬁe was poorly
retained by the columns. Similarly a ﬁumber of other derivatives of
agarose were prepared that did not provide adequate retention of the
enzyme. These derivatives included 3—aminopropylphosphonig acid,

3—aminophenylphosphonic acid, 5'-AMP and L-homoarginine coupled to

agarose derivatives which contained 'spacer-arms' of various lengths.
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“Landt et al (1978) observer an ll-fold purification of alkaline

M LN

phosphafase from bovine intestige using L—histidy1ai;;obenzylphosphonic7
acid:;%arose. In the cpfomatogfam shown in Figure 6, human liver
alkaline phdéphatase was purifi%§546b—fold by chromatography on
tyraminyldi;zoBénzylphosphonic gciJ:Se?harose. When the =wolumn was
included as the penultimate step in the purification to homogeneity of
the enzyme, é SO;fo}d purification was obtained in 67% yield (Table V).
| Because of the high non-specific adsorption of pfotein to the
phosphonic acid-Sepharose derivative, ioﬁ—excﬁange chromatography has
Seen used to decréaqg the total amount of protein. For préliminary~

purification qf the enzyme from liver, chromatography on Concanavalin

A-Sepharose was effective;zhowever this step was not used for the

purification of the enzyme from other sources be@dlse of low refoveries.
The purification procedure reported here provides a relatively

simple and efficient general procedure for purification of alkaline

phesphatase from human tissues.



CHAPTER FOUR

PHOSPHOESTER‘SPECIF1CITY”OF PﬁRIFIED HUMAN LIVER ALKALINE PHOSPHATASE

Despiﬁé’gifﬁﬂg§$éQihveétigation the bhysioiogical role(s) of
- .m}", I : N -

mammalian alkallne phosﬁhatases (EC 3.1.3.1) have nﬂt beén elirfed.
*iv O

® 2

Substrates whose hydrolysis by alkﬁline phosphataSe may be of
S

physiological significance 1nclude AMP (Fox & Marchant, 1976' Sé%tin

& Rall, 1970), ATP (Haussler et al, 1970), phosphorlbosvlpyrophosphate
(Fox & Marchant, 1974), pyridoxal phosphate&YLumeng & Li, 1975), -

canbémyl phosphate (Jernigan & Kraus, l975), phosphocholine (Pekarthy

et al, 1972; Paddon & Vance, 1977) and inorgaqic pyfophosph&fe (Russéll'
et al, 1971). It has beén reported that inﬁqstinal"alkaline phosphatase
may be a (Ca)-ATPase (Haussler et al, 1970; Russell et al, l9725;<and
that purification of the enzvme resulted in loss of the calcium
sensitivity (Haussler et al, 1970). iRecently égpinath & Vincenzi (19775"
have shown that certain calciumbinding proteins can activate the (Ca)—

ATPase of human erythroeyte-membranés. Also, Vittur & De Bernard (1973)

.have demonstrated that alkaline phosphatase from calf scapulalcartilage

N

is activated by Ca2+ ions and is associateé/with a calcium-binding
glycoprotein. ~

In order to assess the - possible in vivo contribut;on of liver
alkaline phosphatase to the hydrolysis of these compounds, it is

desirable to have some knowledge of the substrate specificity and

kinetic parameters of the purified enzyme. Some catalytic properties

.of purified alkaline phosphatase from kidney (Hiwada & Wachsmuth, 1974a),

intestine (Chappelet-Tordo et al, 1974), and placenta (Harkness, 1968b)

have been‘reported, Previous studies carried out with partially

49
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4

purified preparations of human liver alkaline phosphatase. (Eaton &
®

Mbss, 1967; Komoda & Sakagishi, 1976a) would not yield reliable
results since other ﬁhosphatase activities, both specific and non-
specific, could be present.

3

The h;drolytic specificity of human liver alkaline phosphata§e
. /
purified to apparent homogeneity (Trépanier et al, 1976) is deséribedé
in this chapter. In addition, the influence of calcium and magnesium
ions on the ATPase and pyrophdsphatase activities are described as
well as the effect of calcium-dependent regulatof protein on the
(Ca)~-ATPase activiﬁy of the enzyme. |
s : .

s .
METHODS
- Buffers

Unle§s otherwjse stated a mixed buffgr solution was used in.order
to provide adequate buffering capacity over the range from pH 7-11.
The buffer solution (Buffer mixture Aj contained 25 mM MAP, 25 n&ITés
and 25 mM Tris. The pH was adjusted with HC1 or NaOH as required.
Other additions are as stated in the text.

Enzyme preparation

1

Human liver alkaline phosphatase was purified as described in
Chapter III. The enzyme appeared to be homogeneous.on polyacrylamide
and sodium dodecylsulfate-polyacrylamide gel electrophoresis and had

’

a specific activity of 1300 units/mg. (Protein was determined by the
1% '

absorbance at 280 nm assuming an El c

o of 10.)

>



Enzyme assays

v ~

Alkaline pﬁdsphatase activity was’measured at 30°C either by
direct spectrophotdﬁetric measurement of hydrolysis of
p-nitrophenylphosphate (Chapter II), or by the felease of phosphate
from the substfate. The assay mixture was routinely preincubated for
a minimum of 10 min in the absence of substrate in order to avoid

- )

nonflinear reaction rates. Assa&é were_linear with respect to time
and amount of enzyme preseht over the range ofISub%trate concentrations
utilized. Supstrates were tested for phosphate contamidgtion and
contained less than 12 (molar ratio) of inorganic phosphate.

(éa)—ATPase'activity was measured at 30°C as the difference
between simultaneous assays of (Mg)-ATPase and of (Ca + Mg)-ATPase as
described by Russell et al (1972). Alternatively the (Mg)-ATPase
activity was assayed in aﬁzystem which contained 40 mM Tris-HC1
(pH 7.4), 100 mM NaCl, 10 mM KC1l, 1 mM MgClZ, 1 mM ATP d%d 0.5 mM’ EGTA.
(Ca + Mg)-ATPase was determined in the same medium with the additipnal
presence of l>nMvCaC12. ATPase incubations were at 30°C for 30 ﬁin..

Inorganic phosphate was determined by the method of Lebel et al (1978).

Fhosphate determinations

. For most assays phosphate was determined by a modification of the
methc 1 of Anner & Moosmayer (1975} which is sensitive td submicromolar
phost ~ate concentrations. The enzymic reaction (1 ml) was stopped by
the . dition of 0.8 ml of an ice-cold solution containing 0.6 M
tri-aloroacetic acid, 0.4 M HZSO4 and 0.025 M.sodium molybditél The

;“ .tures were kept at 0°C until the addition of 0.2 ml of.a solution
containing 18.5 mg éfvmalachite green‘in lOd ml of 1% (w/v) polyvinyl
alcohol. After 60 min at room température the éﬁéorbanéé-at 623 nm

was read in a Beckman Acta CIII spectrophotometer.

€

B



In the presence of the acid-labile substfates,‘phosphoarglnine
or phosphoribosylpyrophosphate, phosphate was determinéd by a
modiftcation of the method of Ohnishi et al (1975). The incubation

mixture (1 ml) was chiiled to 0°C and ‘1 ml of a solution containing

oniomvmolybdate, 9 mM Na4EDTA, 0.14 M hydroxylamine, 0.8 mM

polyvinylpyrrolidone and 0.073 M H SO& was added. After 30 sec

0.5 ml of/6/47 M NaOH was added. The absorbance at 720 nm was read

/

after incubation at room temperature for 3® minutes.

When ATP was present at concentrations greater than 0.5 mM,
phosphate was determined by the ﬁethod of LeBel el al (l978)hbecause
high blank values 1nterfered with the analy51s by the method of

Anner & Moosmayer (1975)

Blanks were included for each substrate concentration in order

to correct for any non-enzymic hydrolysis.

Kinetic parameters
Km aodavmax values were obtained from linear double-reciproeal
plots (Linewea;et & Burk; 1934) using a minimum of 5 sabstrate
: o
concentrations. Magnesium inhibited the hydrolysis of certain
substrates that form'magnesium'complexes. Kinetic parameters fo%

these substrates were determined at 5 uM MgCl At magnesium chloride

2°
concentratlons less than 5 uM, enzyme assays were non-reproducible.
Substrate concentrations were generally chosen to.span the range from

‘the.Km value to several times thig value but substrate inhibition

limited the range. for some substrates. Also substrate concentrations

less than 5 uM were not included because excessive hydrolysis was

necessary in order to produce sufficient phosphate for analysis.

et s

s

All experiments were repeated at least once with good agreement.

,f/’ﬁ

Y
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Mixed-substrate experiments

.Inhibition of p-nitrophenylphosphatase activity byiphosphomoné-
esters was done at 30°C at PH 9.0 in the presence of 1.5 mM MgClz.
The hydrolysis\of p—nitrophenylphoéphate, atvconcentrations of 15 uM.

-and 30 uM was monlt red contlnuously at 404 nm at 5. concentratlons
"

of the alternate styate. The alternate substrate concentrations

ranged from 0- 500 uM exc for Z—naphthylphosphate whlgh varied from

0-100 uM The alternate Substrates behaved as competitive 1nh1b1tors

and hi values were obtained from Dixon (l953)_plots. @

Concentrations of free components and complex species

The concentrations of the free Ttomponents ‘and the complex species

1

present in the ATPase assays were calculated by computer accordfng to

v #
the method Bf Storer & Cornish—Bowden»(l976). The assays contained

o

~ buffer mlxture A at pH 9.0, supplemented with 0. l ‘M NaCl. ATP and

MgCl2 concentratxgns ranged up to 10 mM. At pH 9 the concentration of.

L
b— -
hATP3 and MgHATP 'were always less than 17 of the ATP concentration
and were not cbnsideredlfurther. The association constants“(K’SS)
a

used in the t@%culatlons are listed in Table VII. The values for

ta ATP ané%ﬁathTP were_ assumed to be similar to the value for NgZATP.

K

TABLE VII. Association constants for various ATP complexes
~y
2

‘Reaction - = . - Kass.(M_ll*’n' Retetencev« .
atP™ 4 p?t o MgaTP2™ 1.1 % 10® Walaas, 1958 |
HATPY™ 4 Mg?t = 'MgHATP; 5.42 x 10° "Phillips et al, 1966
aTP"™ 4 ca?t = caarp?” 5.89 x 10° ©  Walaas, 1958 |
MgATP?™ + Mg?T o Mg, ATP . " 4.0 x108 T Noat et al, 1970
AT +HT o pamed "1.09 x 10’ Phillips et al, 1966
atP®™ 4 wat = NaATP ™ 1.5 x 10° 0'Sullivan & Perrin, 1964
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RESULTS

Influence of pH on kinetic parameters

The increasing Km and Vmax values with increasing pH reported for

pure alkaline phosphatases fror pig kidney (Hiwada & Wachsmuth, 1974a;

Ahlers, 1975) and bovine intestine (Chappeletﬂiongo et al, 1974) have
been confirmed with the human liver enzyme. Figure 8 shows‘the dramatic
increase in app;fent Ké‘valpes for p—nitroéhenylphoséhate and é¥phéspho—
glycerate over the range pH 8 té pHle.‘ The Km values-:between pH 7 and
v
pH 8 appeéred to be less thén 5 uM. vﬁax values also increased dramati-
cally over the range frém pH 7 to pH lO but values for p-nitrophenyl-

phosphate and ZTphosphoglycerate were similar at each pH despite

different K values.
- m
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Fig. 8. Influence of pH on the kinetic parameters

c of human liver alkaline phosphatase ‘ .

Enzyme activity was measured at each pH by thg amount
of phosphate released. The open symbols represent the .
variation of V max with pH for 2- ~phosphoglycerate (o)
and p-NPP (D), and the filled symbols represent the
varlatlon of K with pH for 2-phosphoglycerate (®) and
P-NPP (m).
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Substrate specificity

Puré human liver alkaline pﬁosphatase catalyzed thé.hydrolysis
of almost all the phosphomonesters testedl(Table VIII). The
similarity of the’Vm‘;x values for most substrates togepher with the |
data from Figure 8 suggest that the rate~limiting step for hydrolysis
is independent of the substrgte utilized; Magnesium ions inhibited
tHe hydrolysis of-some substrates, especially inorganic pyrophosphate

and ATP, so the Km and Vmax were determined at 5 uM MgCl At pH

5
9.0 inorganic pyrophosphate and ATP were hydrolysed at approximately
half the rate bf p—hitrophenylphosphate but at pH 7.4 the rates were
91% and 84% respgctively of the rate of p—nitrophenylﬁhosphate

~ hydrolysis. “ | |

No hydrolysis of dipalmitoylphosphatidate at éH 9.0 was detected.
The phosphatidate was used asva sonicated-dispersion-at a final
concentration of 0.25 mM. In aédition, there was nd inhibition of
é;nitrophenylphosphatase activigy by dipalmifoylphosphatidate
suggesting that tgélcompound was notXaccessible .to the active site of
the enzyme.

Carbamylphosphate and phosphecreatine were found‘to be competitége
inhibitors of thérp—nitropheﬁylphoéphatase activity with Ki values of
25 uM and 75 uM fespectively. Because of their lability no attempt
.was made to determine phosphate release by alkaline phosphatase but
it is likely that these compounds are substra£es. Phosphoargininé,

which contains a P-N bond similar to that present in phosphocreatine,

was hydrolysed by the enzyme (Table VIII).

“
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TABLE VIII. Substrate specificity of human liver alkaline'phosghatasea

pH 9.0 .pH 7.4

Substrate ' Km (ur) Ki (uM)b Vmaxc ) Km (uM) v%axc
p-NPP 9 100 24 100¢
2—2posp§oglycerate 78, 87d 95 114, 127d
2-Naphthylphosphate 4 6 109
Glucose—6—phoéphate 270 350 95
Ribose-5-phosphate 156 300 93 ' ‘

" PRPP o 21 . 28® 100
Phospho-L-arginine 96° l83e 51
Phosphoenolpyruvate 86 105° 108
Pyridoxyl-5'-phosphate 65 - 76
Phosphocholine 185 | 263 . 106
Phosphoethanolamine 213 400 100
AMP - 48 75 90 ,
ADP 15¢ - gt 1% 914
ATP 394 s0% S 849
Inorganic pyrophosphate 65d ﬂ 46d 3d 91d
Carbamylphosphate 25
Phosphocreatine 75
Diﬁaimitoylphosphatidate .
p—Nitrophenylphenylphosphonate N no hydrolysis detected ‘

3',5"'-cyclic AMP
s

L

a The rate of hydrolysis was measured at 30°C in buffer mixture A
containing.l.S mM MgC12 (uniess otherwise stated).

b Ki values were obtained from mixed-substrate experiments in which
the inhibition of p—-NPP hydrolysis was measured.

c Vmax values are expressed relative to the Vmax obtained using
p-NPP as substrate under the same conditions.

d Enzyme assays were performed at a MgC12 concentration of 5 uM.

e Values are corrected for the purity of the substrate stated by

the supplier.
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Phosphodiesters do not appear to be substrates for liver alkaline
phosphatase as there was no detecta@he production of p-nitrophencl from
1 mM p-nitrophenylphenylphosphonate in 100 mM Tris-Cl 5uffer'(pH 8.0)
althqugh‘égrY“weak inhibition of p—nitrophenylphqsphafase.éctivity was
found. Also éyclic AMP at a concenfration of 0.5 mM had no influence

on hydroiysis'of p-nitrophenylphosphate at pH 9.0 (Table VE%;AQ\

S
,The,Km values, in agreement with the trend shown in Figure 8 are
- -

-~

considerably lower at pH 7.4 than at pH 9.0. Km values at pH 9.0

varied from 4 pM tc 270 uM (Table VIII). The aromatic substrates had
the lowest Km values but there was no obvious correlation between Km

values and characteristics of the substrate such as sizé, hydrophobicity

or other functional groups.

a

Influence of C?2+ and Mg2+ ions anhydyglysis of ATP and pyrophosphate
Calcium and magnesium iuns inhibitgd the hydrolysis of inorganie

pyrophosphate and ATP. Ca2+,had no effect on the hydrolysis of other

substkateé whereas Mg2+.h§d a stimulatory effect. At pH 9.0 the

ATPase and pyrophosphatase activities were undetectable when sufficient

CaCl2 or MgCl2 wgs‘added to ensure that ATP and pyrophosphate were

present only as their metal complexes. Pyrophosphatése activity was

!

than by.CaCl2 (Figure 9). (

inhibited to a greater extent by MgC12

A&
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Fig. 9. Inhibition of the
100 — 3
pyrophosphatase activity of
_ liver alkaline phosphatase
80 —
' Activities were measured at
> ¥ pH 9.0 in the presence of 0.1
é 60— mM pyrophosphate and added
o
< calcium (o) or magnesium (0)
é ions. The buffer also
< 40 _
@ _contained 5 uM MgCl, in order
to}stabilizé the enzyme
20?: activity. ,
00—+ T
0 ! 2

CATION {mM) .

Since pyrophosphate forms more stable complexes with Mgz+dthan with
Ca2+ (Sillen & Martell, 1971, the data suggests that pyrophosphate-
metal complexes may not be substrates. ATPase activity paralle;ed
thebconcentraﬁion of free ATP [Figures 10(b), 11(b)]. similar plots
were obtained for 7 total ATP concentrations between O.ZS'EM ATP and
10 mM ATP. ATPase activity was highest at S’UM MgClZ'without
fu¥ther additions of MgCl, or CaCl2 [Figures 10(a), 11(a)].
Additional evidence that free ATPAf is the actual substrate
;pecies is the agreement between the.Km values for free ATP obtained
at low (5 uM) and at high (10 mM) MgC12 conceptrations. AtSS uM
MgCl, the K value at pH 9.0 for ATP was 39 uM (Table VITI). A K_
value of 95 uM was determined when the free Mg2+ concentration was

1 mM or greater and the calculated values for free ATP concentrations
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ACTIVITY {units /1)

ACTRVITY (umits /1)

+—038

=06

+-04

—02

MgCl, (mM)

A

CONCENTRATION {mM)

Fig. 10. Inhibition of the ATPase activity of human

liver alkaline phosphatase by MgCl

at pH 9.0

(a) ATPase activities were measured at the following

concentrations of MgCl

A, 10 mM.

2:

2

0, 5 uM; A, 2 mM;

0o, 5 mM;

(b) Relationship between ATPase activity (o) and the

. 4~
concentration of ATP

_ATP concentration of 1 mM.

z

.

(A) or MgATPZ— (o) at a total
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ACTIVITY (units /1)
CONCENTRATION (mM)

Fig. 11. Inhibition of the ATPase activity of human .

liver -alkaline phésphatase.by CaCl, at pH 9.0

2
(a) ATPase activities were measured in the presence
of 5 pM MgCl2 and’ the following concentrations of
CaClZ: 6, OmM; A, 2 mM; O, 5 mM; A, 10 mM."

(b) Relationship between ATPase activity (o) and the
4= () or CaATPZ_ (1) at a total
ATP concentration of 1 mM. '

concentfatiqn of ATP
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were used for the substrate species.q The association constant for
MgATP%— used in the calculation of free ATP concentration was among
the lowest values reported (Phillips ;t al, 1966). Closer agreemenﬁ
would be obtained if a higher stability\constant had been used.
(Substra&e Km values do not appear to be influenced significantly by
magnesium ions: as shown in Table VIII, the Km values for 2;phospbo—
or 5 uM MgCl

glycerate determined at 1.5 mM MgCl were in good

2 2

agreement.)

Evidence that MgATPz_ has a very low affinity for alkaline
phosphétase was derived from experiments in which the inhibition of
p-nitrophenylphosphatase activity.by ATP4_ or MgATPz— was assessed.

The concentration of ATP that produced 50% inhibition of activi., at

a frée Mg2+ éoncgﬁ&:ation of 0.1 mM produéed less than 107 inhibition
wﬁen Mg2+ was present in étlarge excess (100 mM). 1In the latter
experiment a correction was gade for the decreased velociﬁy as a result
of Mg2+ binding to p-nitrophenylphosphate. .

At pﬁ 7.4, the interpretation is more complex because a 1arger'
number of complexes must be considered (Storer & Cornish-Bowden, 1976),
and because the substrate Km Yalues are at least an order of magnitude
lower (Table VIII, Figure~8). Figure 12 shows the inhibition at pH
7.4 of pyropho§phatase and ATPase activities by MgCl2 at substrate
concentrations of 25 uM. Since the Km values are well below ;his
concentration, the activities should represent maximal velocities.

At 5 uM MgCl2 the activities with th¢ 4 substrates shown were similar.
However, as the Mg2+ concentration is increased the activities

decrease in relation to the strength with which the substrates bind

2+ .
Mg . If the true substrate is the uncomplexed species, then the
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: MgCl, {mM)

—4

Fig. 12. .Influence of MgCl2 on the hydrolysis of various

substrates by huhan liver alkaline phosphatase at pH 7.4

Enzyme activity was measured in the presence, of 25 uM
each of p-NPP (M), ADP (), ATP (4) or pyrophosphate

(o) at concentrations of MgCl2 from 5 pM to 5 mM.

inhibition i§ explained by the reduction of the true substrate
concentration to non—saturatié@ lévels. At ATP concentrations of 0.25
mM, inhibition at pH 7.4 by MgC12 or CaCl2 ét concentra}ions up to
10 mM, is not oEserved; This may be due to the fact that free ATP
has not been reduced to non-saﬁurating Qoncentrations.

All these experiments at pH 7.4 and pH 9:0 suggest that ghe
calcium and magnesium complexes df pyrophosphateland ATP are -neither
substrates nor inhibitors of liver alkaline phosphatase. The

* . +
concentrations of free Mg2 , free Caz+, Mg ATP, CazATP and MgCaATP

2

were also calculated (data not shown) but the changes in these

.species do not account for the observed changes in enzyme activity.
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(Ca)-ATPase activity. Influence of calcium—dependent regulator protein

At concentrations of 5 uM MgC12 and 0.25 mM ATP, CaCl, (5 mM)
activated the ATPase activity of alkaline phosphatase at pH 7.4 by a
factéﬁgof 2. Inhibition by Ca2+ ions was not observed, prqbably
Because free ATP‘yas present at saturating concentrations. Since ATP
binds both Mg2+ and Ca2+ ions, theraddition of CaCl2 would cause an
increase iﬁ the free Mg2+ ion concentration and possibly acgount for
the increase in enzyme activity. When 5 mM MgClZ.was adde the
absence of added CaClZ, the activity was activated by a factor of 3
aqd subsequent addition of CaCl2 did not cause a further increase in
" ATPase activity.

EGTA is used in some (Ca)-ATPase assays in order to bind calcium
ions and obtain the ATPase activity that is independeﬁt of calcium.
Incubation of alkaline phosphatase for 5 min withVO.S mM EGTA and
1 mM MgCl2 resulted in 787 inhibition of the ATPase activity. The
inhibition after a 60 min incubation was 92%. This effect could be
abolished by incubatio® with 1 mM CaCl2 simul taneously with the EGTA
or by preincubation with substrate. Tﬁis ability of subsfrate to
protect the enz&me against a metal complexing agent has been reported
fér the enzyme from pig kidney'(Ackérmann & Ahlers, 1976a). It is
known that EGTA strongly binds zinc ions (Sillen & Martell, 1971) and
therefore could inhibit alka;ine phosphatase by chelation of enzyme-

bound zinc.

i
i

Additional experiments carried out as described in 'Methods' at
MgCl, concentrations up to 5 mM, and CaCl2 concentrations up to 1 mM
confirmed that under our experimental conditions purified liver

alkaline phosphatase does not possess a calcium-ion stimulated ATPase

activity.
2 o
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Incubation of alkalinevphosphatase with 1 uM calcium-dependent
regulator protein and calcium ions up to 1 mM did not influence the
ATPase activity of the enzyme. Calciumbinding protein has recently

been shown to be an activator of the (Ca)-ATPase activity of human

erythrocytes (Gopinath & Vincenzi, 1977; Jarrett & Penniston, 1977).

DISCUSSION
The lack of substrate specificity of pure liver alkaline

phosphatase is in agreement with earlier findings for the‘énzyme from
other sources (Fernley, 1971; Fishman, 1974) .- Under in vitro.
conditions the purified enzyme hydrolyses a‘nﬁmber of phospthSno—
esters which have been suggested aslpossible physiologiéal substrates.

 The pH 'optimum' of alkaline phosphatase obtained from‘variou;
sources is reported to be depeﬁdent on substrate concentration
(Fernley, 1971; Fishman, 1974; Chen, 1976; Van Belle, 1976).  This
statement would aﬁbear to be in:grrect in that it is, customary-to
measure the pH optimumwiigh/fﬁé enzyme saturated with substrate at
each pH (Lehﬁinger, 1975). When this is done the highest activity is
always obtained at alkaline pH. However it 1is app;rent that the
lowest Km values (less than'S uM) are obtained near neutral pH,
therefore low concentrations of substrate are hydrolysed more
’efficiently at physiological pH than at the pH optimum where Km
values are in the millimolar range (Van Belle, 1976). The similar
Vmax values found for the various substrates are in accord with the
mechanism proposed éor E. égii_alkaline phosphatase in which thé rate—

determining step occurs after the phosphorylation of the enzyme

(Trentham & Gutfreund, 1968; Reid & Wilson, 1971b). Similar findings

¢
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have been reported for pig kidney alkaline phosphatase (Hiwada &
Wachsmuth, 1974a), bovine intestinal alkaline phosphatase (Chappelet-

Tordo et al, 1974) and human placental alkaline phosphatase (Harkness,

1968b) .

The physioiogical significance of the phosphomonoesterase acti ity
of liver alkaline phosphatase remains unclear. If the enzyme has
same specificity in its native membranous environment then it is

possible that activities commonly ascribed.to other phosphatases could
» /
be due, at least in part, to alkaline éhosphatase. In this regard

alkaline phosphatase may contribute to the regulation of purine

~

ribonucleotide catabolism by hydrolysis of  AMP and PRPP (Sattin & Rall,

1970; Fox & Marchant, 1974). Alkaline\phosphatase may also.be

implicated in hormonal régulation in that the product of AMP hydrolysis,

adenosine, has been reported to be an activator of adenyl cyclase
. o

(Sattin & Rall, 1970). Liver alkaline phosphatase may also be one of
the tissue phosphatases responsible for the rapid removal of carbamyl

phosphate from blood when it is administered as an antisickling agent

/

(Jernigan & Kraus, 19755. Th@?hydrolysis of pyridoxal phosphate by //(

. ) .
the human liver enzyme supports the suggestion that alkaline phosphatase

is important in the regulation of the tissue content of this coenzyme

(Lumeng & Li, 1975).

Alkaline phosphatase is generally considered to be a tightly-bound

component of the plasma membrane (Fishman, 1974; Ché&m,-1976) so that
’ .
some substrate specificity might well be conferred on the enzyme by

virtue of its natural environment. There are some suggestions that
) AN
alkaline phosphatase may be an ecto—enzyme but the orientation of the

J
enzyme in the membrane remains controversial (Fishman, 1974). Another

enzyme, glucose-6—phg§phatase, shows high specificity for glucose~6-

K



phosphate when the enzyme is present in untreated microsomes, and broad
specificity when the'microsémés ére disrupted (Arion, Carlson et al,
1972; Arion, Wallin etial, 1972). To ekpléin this phenomenon Arion et
al (1975) have proposed a model in which a snecific Fransport\system
functions to shuttie glucose—6—pﬁbsphate from fhe cytoplasm to glucose-—
6—phosphat§se bound to the luminal surface of the endoplasmic reticulum.
It is possible that‘a éimilar mechanism could influence the specificify
of alkaline phosphataée%< Alkaline phosphatase is known to possess
phosphotransferase activity (Fishman, 1974) although the phyéiological
importance.-of this aétivity has not been established.. We have not
éttempted to evaluate the ﬁhosphotransferase‘activi;y of pufe liver
alkaline phosphatase, but it seems_possiblé that this actiﬁigy may be
of physiologica; importance. The hydrolytic rates at neutral pH are
significahtly lower? than at more alkaline pH and the Hydrolytic
activity would appear to be largely inhibited by phosphate (éee chapte;
V). Thus it may be that the g?éyme is responsible for important
.synthetic reactions rather than the hydrolytic reactioﬁs with which i:
is generally associated. ' ~ ‘ oo
( The inhibition of ATf and pyrgphosphaté hydrolysis by calcium and
magnesium ibns is consistent with the suggestion that metal-substrate
T ;
complexes are not substrates of alkaline phosphatase (Fernley, 1971).
A number of impoftant regulatory reactions involve trénsphosphorylations
using Mg—ATP or Mg—-ADP as substrates.. Thé concentrations of these
complexes remain relatively constahf‘in cultured cells (Fodge & Rubinq
}973) and depends on the availability of Mg2+ ions and the nucleotide

species. It is possible that hydrolysis of ATP, but not Mg—ATP by

alkaline phosphatase represents another mechanism whereby the enzyme

could regulate metabolic processes. -

-

N
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We were.unable to demonstrate the calcium—senéitive ATPase
activity in purified liver alkaline phosphatase that has been reported
for intgstinal alkaline phosphatases (Haussler et al, 1970; Russell et
al, 1972). Iﬁ addition, we were unable to aemonstrate any ‘influence
of calcium iomns whén calcium—dependent regulatbr protein was included
in the assay system. .Caldium—dependent ?egulatdr protein has recently
been shown to bg an actiQétor of the (Ca)—ATPase present in‘phe
erythrocyte plasma ﬁémbréné (Gopinath & VincenE},'l977; JarréﬁtA&'
Penniston, 1977). We ponciﬁde.either that under our éxperimental
conditions 1iver aiéﬁlinevphOSphatase is not a (Ca)—-ATPase or: that
purification of the énzyme has resulted in loss of. this éctivity.

The presence of alkaline phdsphétase would appear'tp be a

‘potential source of efror in (Ca)-ATPase assaYs.. (Ca)-ATPase activity

is calculagéd as the ATPase activity‘in the presence-of'Ca2+ and ﬁg2+ -
ions less the ATPase activity when only Mg2+ is added; Our'resﬁlts

show that the ATPase activity qf alkaline phosphatése is altered by
changes in the concentration of thegé isﬁs. In addition, subtraction

of the ATPasg activity in ﬁhgﬁpresence of Mg2+ would appear to be an
inappropriate correction fof.the ATPasé activity of alkaline phosphatase
since it appears th%t"frée ATP ié the actual substrate of alkaline .
phosphatase. This error may not be large when suffic%gnt free ATP is
] preseﬁt to saturate alkal]ine phosphatase, but-a significant»érror may

be introduced at: the low levels of ATP used in some assays using 32P

P (Shigekawa et al, 1978). Another source of error in (Ca)-ATPase .

cur when EGTA is used to bind free Ca2+. As shown here
EGTA can inhibit alkaline phosphatase especially when the concentration

. . 2+ :
of EGTA is greater than the concentration of Ca or when substrate



4

is not present before the addition of EGTA. Thus it appears that g
precautions must be taken in order to ensure that alkaline phosphatase

does not interfere with (Ca)-ATPase assays.

¥ [
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CHAPTER FIVE

INHIBITION OF HUMAN ALKALINE PHOSPHATASES

Various phosphonic acids have been shown to be competitive
inhibitors of -alkaline phosphatase from E. coli-(Halford et al, 1969;
Williams et "al, 1973) and from calf intestine (Kochman et al, 1964).

The enzyme from calf intestine was also ‘inhibited competitively by

inorganic arsenate (Morton, 1955). An assessment of the inhibition of

alkaline phosphatase from human tissues may prove useful in‘thé
developmernt of affinity purification procedures (see.Chapter II1), and
therefore the inhibition constéhts for several inhibitors of alkéline
phospﬁatase from human liver are reported here.

During studies on the ATPase acfivity of alkaline phosphatase
purified from human liver’(see Chapter IV), unusuél reaction-rate-
curves were observed when the ATP used was from horse muscle and had ﬁot

been treated to remove compounds containing vanadium. Cantley et al

(1977) and Quist & Hokin (1978) héve~identified orthovanadate (VO4 )

as an inhibitor present in horse muscle ATP that accounts for the

potent inhibition of (Na, K)-ATPase observed by several investigators
(Josephson & Cantley, 1977; Hudg%ns & Bond, 1977; Beauge & Glynn,'1978).
Vanadate has previously been shown to be a competitive iphibitor of
élkaline phosphatase from E. coli (Lopez et‘al, 1576) aﬁd acid
phosphatase ffom‘huﬁan iiver or wheat éérm (Van Etten et al, 1974).

The present rebort.dembnstraﬁes that the ATPase activity of alkaline

'Ehosphatase from human liver is inhibited by a contaminant in ATP

preparations from horse muscle that have not been treated to remove
. _ ,

compounds containing vagadium. Vanadate at physiological concenggations

is shown to be a potent competitive inhibitor of the p-nitrophenyl-



/

phosphatase activity of alkaline phosphatase from several human tissues.

METHODS
Enzyme activity with p-NPP as substrate was measured at 30°C in.

buffer mixture A supplemented with 1.5 mM MgCl as described in

2)
Chapter IV. Substrate concentrations ranged from 5 to 100 uM (pH 7.4)
or 25 to 1000 uM (pH 9.0). When the influence of L-epinephrine on

vanadate inhibition was studied, p—nitrophenylphosphatase activity was

<

monitored by the release of»phoéphafe (Agnéf & Moogmayer; 1975). ‘
ATPase activity was measured at pH 9.0 as described above by the
amount of phosphate released (LeBel et al, 1978). Since magnesium
ions inﬁibited the ATPase activity (see Chapter.IV), the MgC12
concentration was kept at S M.
Inhibition constants were determined from double-reciprocal plots

(Lineweaver & Burk;‘lﬁgﬁ)\or Dixon (1953) plots using a minimum of five

+ R . . .
substrate or inhibitor concentrations respectively. .

RESULTS AND DISCUSSION

Inhibition of alkaline phpsphatése from human liver

-~

- . Several phosphonic acids and p-arsanilic acid inhibited alkaline
phosphatas= from human liver‘(Table IX).. Although double—recipr;;al
‘pPlots showed mixed-type inhibition for some amino-substituted
inhibitors, the inhibition was predominantly competitive. The low Ki

“values for the aromatic phosphonic acids were similér to thé K values
fqr'substrates (see Chapter IV) which suggests that a specific inter-

J‘hction with the enzyme occurs. - |

. .

The uncompetitive inhibition by L-homoarginine was:%lmoét ten times

greater than 'the inhibition by L-arginine (Table IXj. Since L-arginine

70
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TABLE IX. Inhibition of the p—ﬁitropbenylpﬁosphatase activity of

alkaline phosphatase from human liver at pH 9.0

Inhibitor _ Ki (mM) Type of inhibition
3—-Aminopropylphosphonic acid 8.0 mixed-type
Phenylphosphonic acid 0.075 competitive

* 3-Aminophenylphosphonic acid 0.025 ' mixed-type

HA—Aminobenzylphosphonic acid 0.55 ) mixed—-type
p-Arsanilic acid 0.035 competitive
L-Homoarginine 0.71 ‘ uncompetitive
L-arginine 5.6 ‘ uécompeLitive
Phospho-L-arginine L0.083 competitive
Inorganic phosphate 0.090 competitive
Inorgan&c vanadate 0.0009 - competitive
Ouabain | - ,nane detected

‘has only one less CH2 residue than t—homoarginine, this suggests that

the inhibition is dependent on the length of the inhibitory molecule.
However, phospho~L-arginine was a competitive inhibitor of the
.p—nitréphenylphosphatase éctivity‘ana the inhibitibn was almost ten times
greater than the.inhibition by L-homoarginine (Table IXS.' Phospho-L-
arginine was also a substrate with a Km value of 96 uM (seéaéhapter IV)

value of 83 uM (Table IX).

which was similar to its Ki

Alkaline phosphatase from liver was inhibited competitively byq
phosphasg (Table 1IX). The Ki value at pH 9.0 was 90 uM whereas the
corresponding valge at pH 7.4 was 35 pM. At the phosphate concentrations
found in liver tissue [approximately 4 mM (Erecinska et al, 1977)] it
seems probablé ﬁhat if the_enZyme is acéess;ble, the hydrolytic

activity would be largely inhibited. Recently the iﬁportance;of

phosphate as a conitributor to the regulatory mechanisms of cellular

o
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metabolism has been emphasized (Erecinska et al, 1977; Barankiewicz
et al, 1977) and thus alkaline phosphatase may play a fundamental role
in regulation by maintenance of the intracellular phosphate concentra-

‘tion at the expense of phosphomonoesters.

Inhibition by vanadate

Inorganic vanadete was a potent competitive inhibitor of alkaline
phosphatase from liver (figure 13, Table IX). At pH 9.9 the inhibition
constant was less than 1 uM, which is approximately 2 orders of
magnitude lower.than the Ki value for inorganic phosphate under the
same conditions (Table IX)". Similar results were obtained at pPH 7.4
where the K values for vanadate and phosphate were found to be 0. 6 uM
and 35 uM respectlvely - This is in contrast with the enzyme from E. coli

] v

where the 1nh1bi

(h;@ﬁs wexe of similar'magnitude (Lopez et al,
1976).

;)Inhibition‘by vahadate Qas reversible. Addition of L—epinephgine
(1 mM).to the reaction mixture‘abolishedlthe inhibition by vanadate and
restored full p-nitrophenylphosphatase activity. Similar findings have
been reported by others for the reversal of the vanadate inhibition of

(Na, K)-ATPase (Cantley et al, 1977) and dynein ATPase (Kobayashi .et al,

¢ -

1978; Gibbons et al, 1978). L-epinephrine is known to form complexes
with vanadate (Kustin et al, 1974) so it is probableuthat Ehe reversal
of inhibition is due to complexing of vanadate: The extent of ,
inhibition of-alkaline ﬁhosphatase from liver was independent of the
order of addition of inhibitor and substrate and of the tlme that enzyme

1

and inhibitor were preincubated before the addltlon of substrate
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Fig. 13. Inhibition of alkaline phosphatase activity
by vanadate

- )
Double~reciprocal plot for alkaliné phosphatase from

human liver (40 ng/ml) at pH 9.0. OQrthovanadate
concentrations were: o, noﬁe; B, 2.5 uM; A, 5 pM; and
o, 10 yM. Similar plots were obtained with the enzyme ""‘

from human intestine or kidney.

; Vanadaté and bhosphate competed for the same binding-site on
alkaline phosphatase from liver. The seriés of parallel lines obﬁained
from the Yonetani—Thgorgll plot (Yonetdﬁ&‘& Theorel;, 1964) shown iqé
Figure lé’for the enzyme from human liver suggests that the two

inhibitors, vanadate and phosphate, were bound in a mutually exclusive

fashion. Similar findings have been reported for alkaline phosphatase

0

from E. coli (Lopez et al, 1976).
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Fig. 14. Yonetani-Theorell plot showing the effect of

. . -l
.varying concentrations of vanadate and

; phosphate on the alkaline phosphatase »

<

%
activity from human liver

?
Enzyme actlv1ty was measured at pH 9.0 at 25 uM p—NPP
and an enzyme concentration of 40 ng/mk> Vanadate

_ R v
concentrations were; o, noneg; I, 0.25 yMy A@ 0.5 uM;

‘e, 1 yM; and O, 5 uM. .
%

- -4 " . )
In order to determine if traces of vanadate in ATP preparations (J
' ' /

. were responsible for the unusual reaccionsrate curves fo; ATP hydrolysis"

)

' by élkaline phosphatase erP live;, ATPasg-acﬁiviﬁy‘was measured ysing

1

vanadiumfree ATP to which vanadate wa$ added in'a molar ragio of 1:1000.°

As shown in‘Figpre 15, the addition of'vanadateqappeared to épcount fbr'

. . -~
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Fig. 15. The effect of increasing substrate concentration

on the ATPase activity of alkaline phospﬁatase

. [ ]
from human liver

Enzyme activity was measured at pH 9.0 at an enzyme
chentration of 40 ng/ml. O, ATP from horse muéc,le that
had been treated to remove vanadium; 4, vaﬁadium—free ATP f
to which vanadate had been added  in a molar rat%o of
;:10003 ®, ATP extracted from horse muscle.

T

atﬂleast part of the inhibitory effect observed when ATP was used that
o L .
was not treated to remove vanadium. The supplier stated that thié ATP

contains 5-40 ppm of vanadium (molar ratio up.to 1:2000). Since less
inhibition was observed whe&ivanadate was added to vanadium-free ATP
{

in aAbdlar ratio of 1:1000, the inhibition cannot be attributed solely

to the presence of vanadate. Quist & Hokin (1978) have found two

75



76

\
(Na, K)—-ATPase inhibitors in horse muscle ATP\ vanadate and a dithio-—

PN

activity of alkaline phosphatase.may als; have Been influenced by an
inhibito; other than vanadate. g&\addition, the shape of th: curves’
‘(Figure 15) may be very dependent on small.chanées in the free
mégnesium concentration. Although very sim%lar concentrations of Eree
magnesium wouldlbe expected at each concentration of ATP, the absbl%te
concentrations were low (total mAgnesium was 5 pM). If vanadate Q%nds
magnesium appreciable (publishea d:té not available), the inhibitory
effect could berdue to further lowering of the free magnesium concentra-
tion by complexing to vanadate.

Because vanadate.was such a-potent inhibitor of alkaline phosphafase
from liver, the influence of vangdate on the enzyme from other tissues
was evalpated. ‘As shown in Table X, the Ki values for the inhibdtion
by vanadate of alkaline phosphakase from liver, small intestine and
kidney were all less‘than 1 yM. These values are df the same order of
magnitude reported by Cantley et al (1977) for the (Na, K)-ATPase froqsg

striated muscle. Sinfe tissue concentrations of vanadate are in the

near-micromolar range, with concentrations of 20-30 ug/kg dry weight

TABLE X. Inhibition by vanadate of alkaline phosphatase from human

livég) intestine and xidney

Enzyme>sour¢é Ki (uM)

Liver , . 0.9
Small intestine

Kidney . 0.6




in adult human livér, spleen, pancreas and prostaté gland (Unéerwood,
1965), it appears that the phoséhohydrolytic gctivity of alkaline N
phosphatase in vivo may be influenced by vanadate.

" With the exception of élkaline phosphataﬁe it appears that (Na, K)-
ATPase and dynein ATPase.are the only ATPases that are' inhibited by

vanadate ions. (Ca)-ATPase from sarcoplasmic reticulum, actomyosin

ATPase and the Fl ATPase from mitochondria were_éll relatively

-

insensitive to the .metal (Josephson & Cantley, 1977; Quist & Hokin, 1978).
Intestinal alkaline phosphatase has been suggested to be a (Ca)-ATPase

)

(Haussler et al, 1970; Russgll et al, 1972), but since intestinal
alkaline phosphatase is inhibited by vanadate and (Ca)—A;Pase is
apparentlylnot, it appears that the two enzyme activities are~distinct:
?t is possible, however, that the intestinal enzyme acquired sensitivity
to vanadate as a fesult of the process of purification. Vana%gte ions
-do not inhibit the ATPases in a strictly competitive manner‘(Josephson
& Cantley,'l977;-Kobaya§Hi ét'al, 1978) as observed for alkaline
phosphatases (Figure 13). Cantley et al (1978) have found gwo vanadate—
binding sites on'the (Na, K)~ATPase from dog kidney and suggested that
vanadate @y be a physiological regulator of that énzyx‘
The~more potent inhibition of alkaline phoéphatase by vanadate
than by éhosphate suggests tbat the former compbhnd through hydration

or chelation can resemble a transition—state analogue of phosphafg in

the mechanism that involves a phosphoryl-enzyme intermediate. Lopez'

et al (1976) point out that one of the trangition states may be a

strducture (Van.Etten et al, 1974; Lopez et al, 1976).

trigonal bipyramidal species, and vanadate resemble this type of



CHAPTER SIX

-

STUDIES OF NEURAMINIDASE—-TREATED ALKALINE PHOSPHATASE FROM HUMAN LIVER

>

Certain of the different molecular forms of alkaiine phosphatase may
be attributed to differences in sialic acid content (Hiwada & Wachsmuth,
1974b; Mulivor, Plotkin & Hafris, 1978). It is well establishedhthat all
human alkaline phosphatases, with the exception of the enzyme from !
intestine, show decreased electrophoretic mobility.after treatment with
neuraminldase (Fishman, 1974) . However, relatively little data is
available regarolng the role(s) of sialic acid and the influence of the
removal of sialic acid residues on the properties of the enzyme. homoda ﬁ‘
Sakagishi (1978) have suggested that a possible role of sialic acid '
residues may be to protectvthe active conformation of the enzyme and to

maintain the three-dimensional structure of the enzyme. The present

investigation was carried out to'dete%mine the influence of sialic acid

_residues on (1) some kinetic propertles of the purified enzyme .from

liver and on (2) the inactivation of the enzyme by heating or by

‘incubation in solutions containing SDS.

°

METHODS '

Treatment with neuraﬁinidase

The removal of sialic acid residues'bx incubation with neqraminidase
was done essentially as described (Mori & Holiands, 1971; Badger & Sussman,
19765 Alkaline phosphatase from human liver (100 ug in 1 ml) was
dialyzed against 10 mM acetate “buffer (pH 5.0) which contained 0.1 mM
MgCl and 0.02 mﬁ\anl . Neuraminidase (Worthington: NEUA, 6 umol/min/mg)

from Clostridium perfringens was dissolved in the same buffer, and 6 ul

of the solution, which contained 0.3 ug of neuraminidase was added to the'

@
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alkaline plosphatase solufion. An additional 0.3 ug was added 4 h later.
The mixture was then dialyzed against the same buffer for 48 h at 22°C

with two changes of buffer, followed by dialysis at 4°C against 100 mM

/
9

] .
Two controls were treated identically except that in one the addition of

Tris-HCl buffer (pH 7.6) which contained 0.1 E&,MgClz and 0.02 mM ZnCl

neuraminidase was omitted and in the other 1 ml of buffer was substituted

2

for the alkaline phosphatase preparatiom. .

The completeness of the. treatment Qith'neuraminidase was evaluated

;

bggisoelectrié focusing in polyacrylamide gels as described in Chapter II.

The pH gradient in the gels was relatively linear and extended from'pH ’
, . \
‘ 3.9 to pH 8.1.

Kinetic pafameters
Michaelis constants wete determined from double-reciprocal plots

(Lineweaver & Burk, 1934) using a minimum of five substrate concentrations.
: i

The hydrolysis of substrates at pH 9.0 was followed by phosphate analysis
(Anner & Moosmayer, 1975) 5:} was linear up to 207% hydrolysis of the

“substrate. The inhibition the p—nitfophenyl phosphatase activity by

7

L-homoarginine was measured as described above at three concentrations of

L-homoarginine from 0.5 .to 2.0 mM. Corrections for non—enzymic hydronsis
¢ . : .

were made at each substrate concentration by subtraction of phosphate

!

q

presént in substrate solutions to which alkaline phoSphata§e was not added.

Heat inactivation

L]

Alkaline phosphaﬁase (0.12 ug) pﬁrified from human liver in 0.1 ml
v ’ [

“ of buffer (0.1 M Tris-HCl, 100 mM NaCl, 0.1 mM MgCl,, 0.02 mM ZnCl,,

2’
pH 7.6),_was.placed in thin-walled glass tubes (8 mm X 75 mm) and ipcubatéﬁ

%nQFTSG.OoC in a waterbath for timed intervals up to 30 minutes. The
,/f\\\;/‘ 1:"‘ ‘ . ) B . . "
(& Samples were immediately chilled to 0°C and diluted to 1.0 ml with 0.8 M 23

-Mégwéqgfer (pH 10.3) which contained 1.5 mM MgCl,: . The enzyme activity

“ T



was measured as described in Chapter II and was expressed as a percentage
of the activity of samples that were incubated at 30°C.

SDS inactivation

x

Alkaline phoééhatase (0;2 ug) purified froﬁ:human‘liverfin 1.0 ml
- of buffer '(1_0 mM Tris-HC1, 1% (w/v) SDS, 1.5 mM MgCl,, .pH 7.5y, was
incubated ag 309CAfo£ timed interﬁals up to &4 hours. -Alkaline phosphatase
activitylgﬁs then meas&red at pH 7.5 in order.to avoid,any.chané;; invSDS
binding that could oceur by changing the pH. The rate of reaction was
>monitored kinetically ;t 404 nm following the addition of p—NPP (final

3 )
concentration = 0.1 mM) to the ingubation mixture. Enzyme actiwity was °

- wexpressed as a percentage of the activity of samples that did not contain

7
l

SDS.

T

<
>

_ RESULTS

Treatment with peuraminidase

Alkaline phbsphatase from human liver that was treated with

“

£
neuraminidase as described above and subjected to isoelectric focusing

on polyacrylamide gels was mainly preseﬂt in a band. at pH 6.5 . This band
‘accounfea for more than 90% of ghe recovered enzyme activiﬁy. In
addition, there were several minor bands of enzyme activity (less }han

8% of the recovered activif&) with isoelectric points between 5.8 and

6.5. gAlkaline phosphatase that was not treated with neuraminidase focused
as a siﬁgle band of enzymf activity with an iscelectric point of 450,

but the enzYme appeared to be largely inactivated pfobably because‘oﬁ the
los; of pound metal ions.

In order to determine if the minor bands were due to incomplete

desialylation, thé'preparation was treated again with neuraminidase as
. 2 , . -

.described in thé‘Methods section except that 5 times as much neuraminidase

80
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was used. The minor bands of enzyme activity were still present on
Lo
electrofocused gels after this extensive treatment with neuraminidase,

and thus these bands were not partially desialylated alkaline phospha=

tase.

N
Kinetic parameters

Treatment with neuraminidase did not 31gnificantly alter the specific
»

activity of alkaline phosphatase from human liver . Neuraminidase-~’
treated alkaline phosphatase’had a specific activity of 1172 units/mg,

‘and the control alkaline phosphatase preparation had ‘a specific
P . ,

activity of 1205 uhits/mg. These specific activities were similar to
that of ‘the untreated enzyme and showed that neither the}dialysis

procedure, nor the removal of sialic acid. residues resulted in a
significaht loss of enzyme activity.

»

-

A comparison of the Km values for 'six suhstrates of alkaline ©

4

2

phosphatase ig given in Table XI. The Km values determined for

neuraminidase—treated alkaline phosphatase were considerably hiéher than

those determined for untreated aikaiine phosphlatase. Howev@r, they were ¥

very similar to the values for the ‘control alkaline phosphatase
preparation, thus it is likely that dialysis at pH 5.0 rather than

. . VO /
remogel‘of sialic acid residues was responsible for the change in Km

“ values. K ' : _— ) / : o
a . . ! . : // i
Lﬁhomoarglnine was found to be .an uncompetitive inhabitor of
' neuramiridase-treated alkaline phosphatase with a K value o//O 7 mM. .
This value 1s‘1n‘agreemen§ with ‘the K
- .

and control alkaline phosphatase preparations. which were 0.7 mM and

1 values :determined for‘the untreated

0.6 nﬂirespectively.
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TABLE XI. Km values for native and.neuraminidasé—treated

~

) - : " . %
alkaline phosphatase from human liver

N

Ky
Unfreated Enzyme treated with Contro£
Substrate : o eniyme** : ' néuramin}dase ) enzyme*#*
p-NPP | .9 20 24
2-Phosphoglycerate . 78 267 286
AMP T, w 120 , 152
Glucose-6-phosphate . 270 1053 909
Phosphocholine 185 526 500
RiboserS—bhosphate 156 435 ' 556

.Enzyme activifies:were measured in buffer mixture A at pH 9.0

in the piesence of 1.5 mM MgClz. -

* % Km values for untreated enzyme were taken from Table VIII, -
(Chapter 1IV).

*** The control alkaline“phosphatése preparation was subjected to

the same conditioﬁs as the neuraminidase—tréated enzyme

except that the addition of neuraminidagse was omitted. .

Heat inactivation

Very similar heat iﬁactivatiqn curves were obtained when the neuramini-
dase-treated and control alkaline phosphatase‘preparations were incubated ’
at 56.0°C (Figure 16)... Alﬁﬁbﬁgh the neuraminidase—treatéd.preparation
appeareh to be sligh;ly more sensitive than the control preparation

toward heat inactivation, the differences were too small to suggest that

sialic acid residues stabilized the structure of the enzyme.



Fig. 16. Heat inactivation of native and neuriMinidase-

‘treated alkaline.phbsphatase froh human liver

-

.' ;
.lll-

100 Samples that contained natféé”br
- . neuraminidase—treated'alkaling
 phosphatase/were incubated
80 simultaneohsly atm36.0°C;
Native’alﬁaline phosphatase had
been treated in the same way as
60 "neuraminidase-treated enzyme
except that neuraminidase was
ﬁot added. ,Enzyme assays énd
40 experimentél’details are given-

in the Methods section. T,

native alkaline phosphatase;

% ACTIVITY OF UNHEATED ENZYME

201 0, aikaline phosphaﬁase treated
with neuraminidase. .
‘ /
ol 1 L |- /

<5 10 20 30 -
TIME (min) ‘

Inactivation by SDS

Neuraminidase-treated alkaline phosphatase was inactivated by 1%

SDS at pH 7:5 (30°C) more rapidly than native alkaline phosphatase

+

(Figure 17). After incubation for 1 h, the enzyme. activity remaining
in neuraminidase-treated and native alkaline phosphatase was 25% and«
SZZkrespectively of the enzyme activity of the preparations incubated

'

" in the absence of SDS.

Additional evidence that neuraminidase-—treated aikaline phosphatase

was inactivated by SDS moreirapidly than native alkalihe phosphatase is

.

?
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Fig..1l7. Inactivation of alkaline phosphatase from human liver by SDS

v

Samples that cont?ined native or neuraminidase-treated alkaline

phosphatase were incubated

in 1% SDS at pH 7.5 (30°C). Both enzyme

preparations had been treated 'similarly except that neuraminidase was

not added to the native enzyme. Enzyme activity was measured at ﬁH 7.5

and expressed relative to that of samples incubated in the absence of

SDS. Enéyme’assays and experimental details are given in the Methods

section. (1, native alkaline phosﬁhatase; o, élkaline phosphatase

treated with neuraminidase.

e
S \
Y
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~ presented in Plate I, gels g and 1 (Chapter III). Samples were o
in 1% (w/v) SDS for 2 h at 37°C and subjected to SDS-PAGE.  The -
neuraminidase—freatedAenzyme was fully inactivated and showed a single

protéin—stained'Band, whereas the native enzyme was not fully inactivated
~ ,".‘ . . .

and one of the two protein-stained bands was associated with enzyme

- - . =

activity.

DISCUSSION
’It:ié surprising that the"propefties of alkaline phosphétase

f;reéted with neuraminidase were éo similar to those of éhe native'enzyme.
v ' - . .

The removal of the negatively—charged.sialic acid residues from the

enzyme resul;e_ in a\change ;f the isoelecﬁfic poipé‘f§§p 4.0 t6‘675”

and Qould béﬁexpecﬁed_to be ?ssociatéd with‘significant'conformétionél

changéé_of the eﬁzyme; Confdrmational changes Qouidllikely affect ;hé

kinefic gfoperties and.the”stability of the enzyme to trgatments such -

as heating or ihcubation iéagq}utions conpaininé SDS. However, the

neuraminiAase;treatgd‘enzyme w;;"éimilar to the natibe‘enzymejin»kinetié

.propertiéé and heat stability amnd Aifferedldnly in the rate of

inactivation.bj SDS.’

Kom;Qa'&‘Sakégishi'(l§76a) have.sugéest;d”that si;lic acid residues

,qre-invqi?ed,in suﬁunit interaction since thgy found that native

alkaiine pﬁosphatase from ﬁuman liver,‘but not the ﬁeuraminidase—

‘ treated-engyme,_was ihhibited bf high concentrations of substrate.

Howéver our-resglts'do not.support th%s\suggesti6n since t@éispecific

Iactivity.determingp at;higﬁ substrate concentration (lp.mM pNPP) was

not alt;red by treatment with ﬁéuraminidase. Alth&ugh the Kﬁ'values

. for neuraminidase-treated enzyme were 'similar- to the”values for the

.coptrol alkaiihe phosphatase; ;hey were higher than the Km values for

T . ~

t
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untreated alkaline phosphatase. This suggests that theghigher Ko7
: : o P .

.. . . . o Y .
values are probablf?hot related to the removal of sialic acidvresidues

i
but rather reflect changes in the enzyme that occurred dhringsdialysis '

at pH-S;O. Dialysis may have resulted in thelloss of some mqtal ions,i

/ ' . : . ’
hound to the enzyme and consequently in weaker binding of subgtrates.;:’

'The increaSe in the Km values might have been attributed to~€he lossf'

of sialic acid reSidués had the control preparationvnot beenﬁincbﬁded’

) , » , . "

Thus it appears that Sialic(acid residues have little influence on the

. v . w

’~.substrate spec1f1c1ty of the enzyme. 4 B o oo

-o¥ ’ ' “ B
The inhibition of alkaline phosphatase from human liver by
L~ homoarginine was not influenced by the removal of. sialie acid reSidues,

in agreement with the results of Mulivor, Plotkin & Harris, 157%
Since the K values were also unchanged this suggests that the
carbohydrate—containing/domains of the enzyme may be distant from'the
acgive 81te and from the binding site for L- homoarginine
\ Sialic acid removal did not influence the heat stability of
alkaline phosphatase from human liver. Similar findings-have been
reported for ‘the enzyme from rat liver (Righetti & Kaplan, 1971) ‘and
human ‘livay (Komoda & Sakagishi, 1978) The latter investigators
stated that the‘heat stability ‘of neuraminidase—treated alkaline .
7phosphatase was lower than the native enzyme in the presence. of 0. 5/
SD?Q However the reSults reported here show that neuraminidase treated
“alkaline phosphatase was more rapidly inactivated by SDS than was thel
native enzyme Therefore their results may be due to SDS inactivationj"

rather'than heat:denaturation. Alkaline phosphatases from -bacterial

and mammalian, sources are remarkably stable to SDS denaturation (Mather
& Keenan,‘l974). The mote rapid inactivation by SDS .of alkaline

_phosphatase treated with néhraminidase may be due to increased binding

$



‘_negative charge (isoelectric point i_&,O). S \\——{

‘treatment would be expected to produce'anfincrease,in the~amount and’

‘studies are réQuired toeestabliSh'such a role.”

] of §bS'to theuenzymé. Slalic acid and SDS molecules are negatively

ekl

-

. + '
of_an and Mg2 ions.: Loss of metal ions may have oc0urred during

2 T e

,.dial&sis at pH 5:0.» It is unlikelythat these‘bands were due to incomplete

N v

des1alylation 51nce the bands were not altered when the treatment wis L
R v (gf(, . RS

repeated u51ng~5 times-more neuraminidase. Some commercial neuraminidase‘

‘s ‘. ‘ i
mreparatlons may contain proteoly;ic actlvity (Chien et al l975)

- r -

However, 1f the minor bands were caused by proteblysis, then further

¥

g 98]

number of minor bands. Thus contamination of neuramlnidase with proteases’
cannot account fot the Presence of thevminorvbands. e

The studles reported here suggest that the slalic aCid residues of
. . e \ ! . B 4'
alkallne phosphatase from Human liver do not stabilize the structure -of
the enzyme appreciably or influence the catalytlc actiVity of the enzyme.,
y \

It is probable that Slalic acid re51dues are 1mportant in the orienta-

tion and 1nteractions of_the engyme within the memhrane'but further;

[ T

3. v 4 ‘ ) u-
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S CHAPTER SEVEN . S -

COMPARISON OF THE MULTIPLE-MOLECULAR FORMS

OF ALKALINE PHOSPHATASE - Sy A

¥

I s
* : QM Sy
Y

Present evidence suggests that the protein moieties of. human

- "

. 4 :
alkaline phosphatases are coded by at least- three stmuctural genes
*

One codes for alkaline phosphatase from placenta,_another for alkaline

phosphatase from intestine and at least one for the enzyme from other

tissues - Alleles have been demonstrated only for alkaline phosphatase -

from placenta Studies~of hypophosphatasia, an inherited disease,

suggest that the enzymes from intestine and placenta are differen thaw”

)
i

the enzymes .from other tissues since the disease is characterized by a
defic1ency of alkaline phosphatase in liver, bone and kidney but" not 1n
1ntestine or placenta (Mulivor, Mennuti et al, l9785 A variety of
biochemical ‘methods have been used to discriminate between the various
farms of the enzyme (see Chapter I) and the results are con51stent with
the hypothesis that there are three main categories of human alkaline
phosphatases. l

Sussman'(l978) has Stressed the need to'classify alhaline
phosphatases on.the basis of structure Stru@tural evidence has been
presented to show that the enzymes from liver and placenta are products
of different gen:s (Badger & Sussman, 1976), but structural data for
the enzymes from other tissues'has not been availablelz Classification

on the basis of structure would be valuable in order to identify the

enzyme forms associated with development, various tumors, and cultured

A

‘\\Mcell/}ines. This information‘may prove useful in the study of the
» regulatory mechanisms responsible for the production of oncoalkaline

¥y phosphatases.

88
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In an’ effort to assess the degree of homology of alkaline
phosphatase from different SOurces, the published amino acid compositions
"were‘gpmpared. Fﬁrther studies were carried out on the enzymes purified

; g

»frbm five human tissues The enzymes were characterized by chemical

inhibition heat inactivation, subunit molecular weight, and peptide

[S

maps. The results were consistent with the hypothesis that three L

NN .
£

structural genes code for human alkaline phosphatases
& - . METHODS
k 4

Chemical inhibition

Alkaline phosphatase preparations were‘diluted to approximately’
1000 units/l and equllibrated with 0.8 M MAP and. l 5. mM MgCl (pH 10.3).
'Samples (50 1l1) were assayed by the standard procedure described in .
Chapter II 1n the absence of addéd inhibitors “or in the'presence of
10.0 oM L—homoarginine or 2.5 mM 1L- phenylalanine Inhibition was
expressed as the percentage of the enzyme activity in the absence of

the inhibitor.

Heat inactivation ' - .

'

Alkaline phosphatase preparations were diluted to approximately
;1000 units/l and equilibrated with 0.8 M MAP and 1.5 mM b’gCl2 (pH 9. 0)
An aliquot (lOO ul) was added to 1.0 ml of the same buffer at 56 o°c ’
or 22°C and 50 pl was removed at 5 min interyals for measurement of
enzyme activity as‘'described in Chapter TI. Enzyme activity was
expressed as the percentage of the activity of samples incubated at
22°C. There‘was no significant change in the enzyme activity of the

preparations incubated at 22°C.

. L
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. ' 5 .
Maps-of radiolabelled peptides . T

Alkaline phosphatases from human. tissues wererpurified as "described
. . ’ , : . '>.
. . .

in Chapter ITI, and subjected to SDS-PAGE as described in Chapter II.

Each gel slice (approximately l mm thick) containing the stained band

b

(l 5 ug protein) was washed extensively with 25/ (v/v) 2= propanol and

\

‘then with lOA (v/v)'pethanol and dried under.a stream of nitrogen. The

protein within the gel slice was then radioiodinated with 1251 by a

modification of the chloramine T method (Greenwood et al 1963) as
described by Elder et al (1977) The follohing‘solutlons were added to
each gel slice: 20 pl of 0.5 Mpsodium'phosphate buffer (pH'7.5),.

300 1Ci of 1251 in S yl, and 5 1l of chloramine T (I mg/ml). The

B reaction was stopped after 45 min by the addition of 1 ml‘ofAsodium
bisulfite (1 mg/ol) After 15 min the gel slice was placed in a

. siliconized cultufe tube (16 x 100 mm) and washed with several changes
of 107 methanol over a period of approximately 24 hours. The slice‘was
dried under a stream of nitrogen ahd incubated with 0.5 ml of -50 wg/ml
trypsin in 50 mM NHaHCO3 boffer (pH 8.0) for 16 h at 37°C. The

‘supernatant was then lyophilized.~ Each tryptic digest was analysed

by thin—layer electrophoresis-followed by thipelayer chromatography in
. a second dimension. The lyophilized radioactive residue was dissolved
in 20 pl of solution A (acetic acid: formic acid: water, 15:5:80)

» and approximately 1 x lO6 cpm (1-5 ul) was spotted onto a 20 cm x 20 cm
_cellulose—coated plate (Eastman Kodak). The plate was moistened with
solution A and subJected to electrophoresis at. 1000 V for 1 h at 8°C.
The plate was driedtand chromatographed using a solvent mixture which
contained butadol: pyridine: acetic acid: water (65:50;10:40).. Radio-
activity was detected by autoradiography using Kodak XR-1 X—rayxfilm

with an intensifying screen (Dupont, Cronex par speed). Exposure was

for 4 h at -70°C, or as required.
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. RESULTS

Comparison of the amino-acid composition of alkaline;phosphatages from

”

Q.

R . -

mammalian tissues and E. coli

. To compare the relatedness of alkaline phosphatase fromidifferent

ke

sources, the amino acid compositions (Table II, Chapter I) were compared \

by calculation of;the 'difference index' as described by Metzger et ai
(1968). fhe difference indexvfor two proteins with the same amino acid
composition would be zero, "and two proteins “with no amino acid in common
would have a difference index of 100. Based on the distribution of the
difference 1ndex for 630 pairs (36 different proteins) Metzger et ‘al
(1968) found that approx1mately 1% of the protein pairs had a difference
index less than 10, and-approximately 95% of the‘protein pairs-had a
difference index between lOdand,AO. |
jgable XIT gives the difference index for the amino acid compositions
of 78 pairs of alkaiine phosphatase derived from 7 different_sourCes.‘
ihe‘amino acid compositions of alkaline phosphatases from mammalian and
bacterial sources (eicept human intestine) .were strikingly similarpas
evidenced by differen%e indices from 3.1 to 13.6. Only one report was

‘available for.'the amibo acid composition of the enzyme from human

s -

intestine and higher difference indicies (17 b4- 23 5) were obtained when
its amino a01d composition was compared to;that ofpthe enzymes from

the other sources. In contrast, the amino acid composition ofbthe.
enzyme from bovine intestine was more similar to the enzymes from.allf
the other sources than was the enzymeiﬁrom human intestine.

Difference indicies for the enzyme from bovine intestine ranged

from 7.0 to 13.6. This suggests that alkaline phosphatase from human

intestine has an amino acid composition that is considerably differgmnt

Pl
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, v ,
than that of the'enzyme from allithe other sources, or possibly‘that

 the enzyme preparation was'not pure}-. e - Lo

I

The 3 reports of the'amino acid composition of ‘the aIkaline" i -

phosphatase from.human liver were in excellent‘agreement with:difference
'indicies from 3.3'to 5.75. Similarly the 5 reports for the endyme from
.human placenta were in agreement (difference indices from 3 l to 5. 5)
 The amino acid composition of alkaline phosphatase from bovine or pig
,kidney were also similar (difference index, 5. l)

,Despite-the similarity of thevamino-acidvcontent Qf‘alkaline.
phosphatases from all the_various'sources (except'human'intestine),
‘ .some differences’were evidentr fWhen the amino‘acid”composition of the
.‘enzyme from human liwer, human placenta, bovine and pig kidney, and
bov1ne intestine were compared with each other, . the difference indices
: rangeqbfrom,S.S to ll.7 - The. difference indices for alkaline phosphatase
| from these'sources and the enzyme from E coli ranged from 8 8 to 13.6.
. These Values indicated that mammalian alkaline phosphatases were more o
similar to each other than to" the bacterial enzyme.‘ Since the‘ibb
'differences among the mammalian enzymes Were'Small further classifica;
'tion dn the bas1s of comp031t10n was not attempted A better comparison
"might be obtained if the amino acid compositions of the tissue enzymes

"ffrom a single animal source were available

. Characterization of alkaline’phosphatases‘purified» fw”ﬂ'

- from human tissues L RS

vAlkaline_phosphatases fromoliver,‘kidney,;placenta, intestine, and
‘serum from a;patient with Paget's diseaSehof bone were purified as
,described in Chapter II1 and characterized.byrchemical inhibition, heat
inactivation at 56.0°C; subunit»molecular.Weightrdetermination,'and

L4

 peptide fingerprinting.i'

™

93



. ! o o - . y e _j)i;
Chemical inhibition S '

.;. L—homoarginine (10 0 mM) inhibited the purified enzymes from liver,“

- kidney and Paget s serum by 75- 78/ whereas the enzymes from intestine

and placenta were inhibited by less than 107 (Table XIII) In contrast,*

L= phenylalanine (2 5 mM) inhibited the enzymes from liver, kidney and .
; . ~
Paget's serum by less than 10/, and the enzymes from intestine and

plaéenta by approximately 454. These results are in agreement with the

'.mesults of Mulivor Plotkin & Harris (1978) ‘who found that the enzymes
_from liver, kidney and bone responded almost identically to each of

~these 1nh1bitors The sensitivity of the enzymes from placenta and

,I‘

1ntestine to L—phenylalanine but not L—homoarginine, and the sensitivity“

of the other enzymes to L-homoarginine but not L—phenylalanlne is o

_ evidence that the purified enzymes were. typical' of the enzymes
b.bgenerally found in those tissues. Differential inhibition by
7L—pheny1alanine and L—homoarginine has been widely used to assiSt in

O

the identification of the tissue alkaline phosphatases present in

. serum (Fishman, 1974)

- ‘Heat inactivation.

-~ As” shown in" Figure 18,.alkaline phosphatase from different tissues
-was inactivated at different rates by heating at 56 O C.. After .
v'incubation for 10 min at 56 0° C the entyme from placenta had retained
.full activity, the enzyme from intestine had 1ost almost 50/ of its“

original activity, and the enzymes from liver kidney and Paget s serum

had 1ost more than 90/ of their original activities Thus, under the S

.'conditions used here, alkaline phosphatase from intestine was easily

distinguished from the enzymes from liver kidney and Eaget 8 serum,

as. well as. from the enzyme from placenta. Fishman (1974) found that -

) = 43, .
,"alkaline phosphatase from intestine and liver were inactivated at

94
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TABLE XIII. Differential inhibition of purified human
alkaline phosphatases at- pH 10.3* )
Percent inhibition
L-Phenylalanine L—Hombarginine
}Enzyme source ,(2.5 mM) (10.0 mM)
Liver 2 78
hKidne); 9 75
Paget's serum . 4 78
Intestine ' 47 o 8
P;aceh£é 43 6
* . ' o0 ¥
Enzyme activity was measured as described in the Methods section
.of this chapter. ’ '
Fig. 18. Heat inaotivation of p'u;:ified human alkaline "éhlosphatases
& .
w Samples that contained elkaline
2 phosphatase in 0.8 M MAP and
% I.5 mMMgCl2 (pH 9.0) were
Qo incubated at 56.0°C. Enzyme «
E—S activity. was exi)ressed as a
% percentage of the activity of
i samples incubated at 22°C
8' (unheated enzyme) . Enzyme assays
% and experimental details are
t:()  given in the Methods section of
¢ this Chapter. Alkaline |
: wphosphatase purified ffom:
| O, placenta; O, %ntestine; o,
Oo s 5 v - }ive?; M, kiddey and A, Paget's )
serum. - S



similar rates. Many investigators have shown that tﬁe enzyme from bone
is more heat-labile than fhe enzymes from ;thér tissues (reviewed by
Briere, 1979). Since alkaline phosphataée purifiedpffom Paget's serum
was more heat labile than the enzyme from kidngy or 1iver, it appears
to represent 'bone-—type' alkaline phosphatase.

Subunit molecular weight determination

The enzymes purified from li&er, kidney, intestine, placenta and

Paget's serum were subjected to SDS-PAGE on 4% (w/v) polyacrylamide

>

gels and subsequent subunit molecular weight determination as described

in Chapter II. The‘electrophoregic mobilities of alkaline phosphatase g

subunits from Paget's serum, liver or intestine were almost identical
" (Plate III, b-d), with apparent subunit molecular weights of 92000-
95000 (Table XIV). One kidney alkaline phosphatase preparation (gel f)
TABLE XIV. Apparent subunit molecular weight values
- of human alkaline phospbéfaéés*
Enzyme source .Apparent subunit molecular weight
Liver B 92400 -
Paget's serum s 94800
. : - : *%
Kidney 95800, 71000, 53500
Intestine 92400 -8
, - J
Placenta ' 74000
Sk The apparent subunit molecular @eights were detérmined by
SDS-PAGE on 4% (w/v) polyacrylamide gels as described in
Chapter II. '
| £ N L% - ,
** The two lower molecular weight forms may represent partially
ddegraded kidney alkaline phosphatase. See the text for .

discussion.



PLATE III. Apparent subunit molecular weight values of human

alkaline phosphatase! determined by SDS-PAGE

Samples were prepared for SDS-PAGE by incubation at 100°C for 2 min

in 17 SDS and 1% 2—mercapt6éphanol (10 mM phosphate buffer, pH 7.2).

- Electrophoresis was carried ouﬁ‘in 47 polyacrylamidé gels which were
stained for protein as describéd in Chapter II. The subunit molecular
weight markers shown in gel é were: phosphorylase a (rabbit muscle),
100000; bovine serum albumin, 68000; glutaﬁate dehydrogenase (bq§ine
liver), 53000; and aldeolase (rabbit muscle), 40000. Cels b, ¢, d and
gy Protein bgnds obtaingd from alkaline phosphatase purified from
Paget"s‘serum, liver, intestine and plagenta respectively. Gels e

and f, protein bands obtained from 2 different preparations of

~alkaline phosphatase from kidney. '

-

-
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showed three components with.molecular weights of 95800, 71000, and 53500.

A different kidney alkaline phosphatase preparation (gel e) showed only

one band which h a molecular welght of 71000. The results of the
peptidebmapéing'épud es (see the section below) clearly showed that the
71000 and 53500 molechlar weight cémponents had peptides in common with
the 95800 molecular weight component, and thus may represent partially
degraded kidney alk;line ;hosphatase. Thi; degradation‘may'have
occurred during the purification of the enzymél7 .

-

Peptide composition

The patterhé of the radioiodinated tryptigc pept;des from huﬁan
alkaline phosphatases are shown in PlatelIV. The Felative distribution
‘of tﬁ; peptides from liver, kidney (95800 molecular weight component),
and Paget's serum were very similar .(A-C). There were differences 1in
the relative intensity of some spots, but~a1most all the peptides weré
represented in each map. nThe maps of the radiolabélled peptides of":
alkaline phosphatase from intestine or placenta (D and E) were markedly
differenﬁ from each other and from those for the other tissues (A-C).

More than 50 peptide maps were obtained which showed th;t thek
~ peptide maps were reproducible. Several maps,were produced for the
enzyme from each tissue source. ' The lébelled peptides for alkaline
phosphapasérfrom four different livers were also very similar and maps
from t&o different liver preparations’ére shown in Plate V (A and C5.
In addition, maps produced from phe stained protein bands after PAGE
were almost identical to those obtained after SDS-PAGE.

: ! .

The most noticeable difference between;mapé-prepared on different
Uoccaéioﬁ§ wasviﬁ the relatiﬁe intensity‘bfbspots. feptides were

released from the gel slice, after tryptié hydfolyéis of the protein,

-
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PLATE V.

Led peptide

Cpurtfied huean alialine

Lhey

The 1MLk et fed peptides
[ }".h'["n!‘x'd and analvse
deseribed in the Methods
:'-(:rl;vn ot this chapter.

A and By opeptides relea

upon cindtfal trvpsin
treatment (A) or further

trvpsin treatment (8) of g

b
-

<

phosphatase fror Hver.

from a difterent liver

] alkaline phesphatase
preparation betore (€Y and
after (MY treatment of the
Peptiden with neuramintdase
plus fodoplycosidase.

/

and F, labelled

peptides of alkaline

.,r/phosph.n.n.‘ fror fntestine

[
slic

abhtatned from pe

which contatined actiwe

rerfrvoe (BY or denpturned

I3
A
L
E
i
Ay

subunits of the enzvre (1),

gol slee containing aYkaline

Cand 1, tabelied peptides

)
|
o~




A _ : _ o 101

at different rates. As shown in Plate V (A and: B), markedly different

uc, i .
relative 1ntensit1es were observed for the peptides released upon the

\
initial trypsin treatment (60-80% of the,recovered'peptides) and the
. ‘ ' L S
peptides released upon further trypsin treétment of a gel slice

- : | R
containing alkaline‘phosphatase. In additidn, each'peptide.may be

represented by more than one spot due to variation in,the extent of ,

%n
radlolabelling with }25 . It is likely that tyrosine residues are

selectively iodinated, but diiodotyrosine derivatives as well as

.

iodinated derivatives of phenylalanine and histidine may'also'be formed

(Krohn etial; 1977). Thus the intensity of a particular spot may depend

o

on‘the conditions for iodination. , - Q&QEJ

i . . T o oo ’ . R
Differences in carbohydrate content did not appear to have mugh’

influence on the peptide maps. Although alkaline phoaphatase from “
_'various sources may differ in carbohydrate composition; the similarity.
of the peptide maps of thelenzyme from liver, kidney and. Paget's serum
vsuggested that such differences, ir present, were"not.refleCted in the
peptide maps. The map from a desialylated alkaline phospnatase
preparation_from liver was almost identical to that’froﬁ'thebnative
enzyme. As’shown in Plate V (C and D), treatment of the tryptic
peptides with;neuraninidage and endoglyCOaidase D had little influence
on the distribution of the peptides. Elder et al (1977) have suggeéted
that glfcopeptid:s do not migrate in the apolar solvent eystem used

L , _ ]
here for thin-layer chromatography.

. K"‘\'

Three proteln-stained bands were obtained after SDS- i/?&-of one
kldney alkaline phosphatase preparation, while only band was obtained
from a different preparatlon (Plate I1I). Since the enzyme preparations

had high specific activitles, peptide maps were produced from each of

these bands. The results clearly showed that the peptides'present in

N
.
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} , .
the 71000 and 53500 molecular weight components were also present in the

o

95800 molecular wkight cbmponent. Thus the lowefvmolecula% weight

componénts appeared to repggsgﬁt~partiélly degraded forms‘of‘kidney
alkaline phosphatase. . |

Peptide maps were ;lso‘used to demonstrate that the protein bandé
from the SDS-PAGE gels were in fact alkaline phospgatase. As shown in - =
Plate'V (E and ), EBe pepéide maps from'intestinalxglkal;ne phosphatase
after SDS~PAGE under denaturing and non-denaturing conditions (see
Ch;pter II) were very similar. The_disappearanée of the sloﬁ;?oving
enzymicaliy—active band waé cofrelated with the appearance of the faster
migfating inactive band (see2§léte I, Chapter III), which corresponded
to the subunit of the enzyme. ﬁoth of these maps were nearly identical
to the map of the enzymically4active protein obtained after PAGE. Thus.

there can be.little doubt that the péptides were derived ffom alkaline

phosphatase.

I

. For cgﬁparatiye purposes, peptide méps were also produced -for

‘alkaline Phosphatase from calf.intestine and E. coli. Each of these

maps was different‘from all the others and it was not possible to

determine if any peptides were common to all the preparations;



DISCUSSION

Although-the difference indicies used to compare the amino acid
compositions of proteins can not absolutely demonstrate structural

relationships, the low difference indices obtained when 78 pairs ofih

) alkaline phosphatase proteins were compared strongly suggest that

significant structural similarities exist among the enzymes. However,

the enzymes from various tissues have characteristic properties which

A

-

distinguish them from each other (see Chapter I). As shown in the
Results section of this chapter, human alkaline ohosphatases‘pufified
ftom;liver, kidney, intestine and placenta were found to have the heat
inaotivationland chemioal inhibition properties that others have found
to be oharacteristic‘of the enzymes from these tissues. Although the
tissue souree of‘the elevated serum alkaline phosphatase found in
patients with Paget's disease of bone has not been conclusively
n$ent1f1ed the -enzyme is generally considereo to. be ‘derived from

. s /‘/ \ T
increased osteoblast activity (Krane, 1972) Alkaline phosphafﬁge }
/

purified from Paget S serum was more heat labile than the other en;ymes,
‘was strongly 1nh1€;&ed by L- homoargin&ne, and upon PAGE migrated ﬂn

diffuse band with mobility slightly less than that of the\llver enzyme

These properties are characteristic of the bonelenzyme (Fig\han, 1974)

~

~and thus alkaline phosphatase from Paget's se ugtprobably represents

the enzyme found in bone.
Alth0ugh the apparent subunit molecular weight values determined
by SDS—PAGE may not be accurate since the enzymes are glycoproteins and

could migrate anomalously on polyacrylamide gels (Segrest & Jackson,
1

.o

1972), it is noteworthy that alkaline phosphatases from liver, kidney,

intestinehand Paget s serum all had apparent subunit molecular weight

103
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values of 92000—96000. The enzymé from placenta Had an apparent
Sukynit molecular weight of 74000. ‘'These values are somewhat higher
than the.subunit molecular weight values repo?ted by others (éeg
Table I, Chaptér I) for human alkaline phospgétases from liver ’
(69000—8Q000), intestine (éﬁOOO), and placenta (64000f65000).
Coﬁresponding values for the enzyme from human kidmey or. bone have not
beeﬁ feported. The reason for the higher values for the subunit
molecular weight values reported here is unknown b;t could be relétéd
to the acrylamide concentrations used in the various studies.

The peptide maps”gmowed that alkaline phosphatase purified from

liver, kidney and Paget's serum had very similar tryptic peptidé

3

compositions. The maps for the enzyme from intesFine and placenta;wéré
different from each other and from the maps for thé enzymestfrom the
'other tissues. Allelic proteins at a single loéhs genéraiiy ‘have almost
identiégl fmino acid sequénces (Harris, 1975) and therefére‘would haveA
very similar ;rypgic peptide maps. .However proddcts of‘different
structural genes would be expected to show significant differénces iﬁ
amino acid géquences and therefore would have different tryptic psptidé
compositions. Thus the‘evide;ce f?dﬁ peptide maps strongly‘suggests
that three structural_genes.code for human aikaline phosphatases from
these sources. One of these codes for alkaline phosphatase from
placenta, ano;her‘for the enzyﬁenfrom intestine, and a third for the
enzymes from 1iyer, kidney and bone. The results confirm the finding
of Badger & Sussman (1976) that alkaliﬁe phosphatase from liver and
placenta rep;é;épt differen; structural gene produc;s; ]

Sincé alkaline pbosphatase fromvliver; kidﬁey aﬁd_Paget's serum
appears to repfésent the same gene productg-the diffe;éﬁtes observed

among these enzymes must be due to post-translational modification of



" heat stability, differential chemical inhibitiom, immunologiC'

105

the-énzymes. 'Uy énd Wold (1977) have presgnted evidence for the .
occurrence in ﬁroteins of at least 120 covalently modified‘amiﬁo acids:
Thus processes such as deamidation, methyléfion, acetylafion,
proteolysis, and giycosylapion.may represent tiSSue—specific:mddifica-
tioﬁs of the enzymes. o |

It is not known whether the alkaline pﬁosphatases from other huﬁan

. . . :

sources such as brain, thymus, pancreas, milk’and bile represent
products of additional strﬁctural.genesﬂ‘ Hamilton et al (1979) bavé

récently presented evidence based on antigenic, functional and structural

properties that alkaline phosphatase from human milk is closely related

" to the enzyme from human liver and §uggested that both enzymes may be

coded by the same gene. The approach used here to.classify>alkal§ne
phésphatase on_a‘structural basis is suitable as a general proéédurg
for the identifiﬁation of.the'enzyme. M%ps of the r&diéibdinated )
peptidés_can readily be obtained in.only a few days‘using»lesé than

2 ug of alkaline phosphatase protein. 1In addition, it is nbt ﬁggessar&
to purify the protein to homogeneity,'ﬁrovided that it cgﬁ be Separated‘
sufficiently from other proteins by SDS~PAGE (or other ‘techniques) to

allow excision of the stained protein band from the gel. Structural’

classification of ‘alkaline phosphatases will avoid the potential

‘inaccuracies present when classifying gene ptoducts on the basis of

- specificity, electrophoretic mobility o other functionallpfoperties.
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CHAPTER EIGHT

- GENERAL DISCUSSION

e

ce

The three basic aims of this study, outlined in Chapter I, have

been largely accomplished, A geperai.procedure for the purification.of

homogeneous alkaline phoéphatase from a number of human tissues has

been devéloped, some catalytic properties of alkaline phosphatase from

human liver/;;;g

o o
‘the multiple-mclecular enzyme forms has been carried out.

been

studied, -and a structural comparison. of some of

B

Human alkaline phosphatases have»beén pobrly charaéterized be¢ause'

of the small'ambuntS'of the pdrifieduéhZYmes that ha&e been a&ailable.

. The protocol described here for the purification to apparent homogeneity

Qf,alkaline_ﬁhosphatase from kidney, intestine, placenta, and the serum

of a patient‘with.Pagefis disease of bone;.appears‘to be suitable, wipﬁ

minor modification, for use as a general procedure for the purification

of the enzyme from human tissues.

The biochemical fpnction(s)of alkaline_phosphatase-remain.gnknown.

<

" Data has been presented here that shows that the enzyme from human

"liver may be responsible for the hydrolysis of7biologically—iﬁpqrtgnt

phosphomonoesters, and may be regulated’by'phosphateﬂand'vanadate.f

Magnesium.and calcium ions may alse be involved‘in regulation by
g y . & _

formation of metal—Substrate'cdmplgxes Whitﬁ are ndt hydrolyéed by‘the

Y

eni?me;' Further'studies are required befo;e'theuphysiologiCal role(s) |

.‘véffalkéii?eﬁphosphqtase can be aésigqu.'_The Erahéphosphorylatibn

v reactions\should;bevcafefuliy e&aldétgd, as,u§e11~as'thelp9$sible_

involyemeﬁt of the enzyme in thevphOSph¢fy1ation;éﬁdvdephosphorylation

of proteins. Studies should be carried odt;‘perhapsiby electron



]

miqtoscdpy of immunblab%;led enzyme, to_detérming the exact.orienta;ion
of the énzyme in the membrane. Does the enzyme function independently
oryis it a component of a specialized meimbrane complex? :Alkaline

Phosphatase is prifarily dssoéiaﬁed ‘with the plasma membradéézéﬁ IR
tissues actively involved in transport processes. Does inhibition of .

alkaline phqsphafase haQe any effedﬁ’dﬁ these #ransport ﬁroaéqses?’
Fu;ther comparativeﬁétudies of ﬁhe purified enzymes énd meﬁbrane
p;eparatigns of thé~enzymeé may‘be‘useful in ﬁhis regard. vIt,ié hopéé
th;t,the in'vitro study;'repd£ted hﬂrein, of\goﬁejcataly:ic properties
of purified dlgaline phosphatgée-ffombﬁu;an liver will ultimétely.probéw
‘.useful in the'élucidagidn off;he-physiologicalff;nctibn of hﬁﬁén
alkéline[phosphatases; ,
Aikéliné phosphat#sesafrom al%rsourceé‘étﬁdied ﬁere rémé;kébly
'stableiihkSﬁé éqiﬁtions. “Aitﬁgﬁéh ;eﬁoval of sialic acid‘fesiduesf
.iﬁcfea;ea?the ;dte éfjinactivation?gy'st.of»alkaline ﬁhésphatase from -
human liveffﬂt;éfspébility in SDS wés:ﬁot.dépendent sdiei?hqﬁitﬁef'
pre;enCe Q£ éarg§h§drate.‘3The enZyﬁea%f;m E. ggliévﬁhich ddes'nog" 

C . . B L T -

“contain gérbohydréte; was also. stable in SDS solutions. This stability

cbuld‘be used to‘tentatively’idenﬁify the alkaline phosphatase protein' .
in impure prepafations. In a crude placental ?repération, the ﬁattern

of the protein_bandé‘&és the same, except for the alkaline_?hbsphatase

. band, when sampleg were prepared for SDS-PAGE under. denaturing or

non-denaturing conditions as described in Chapter %I.

The removal of sialic acid residues from liver alkaline phosphatase

by neuraminidase-treatment caused the. isocellectric poiﬁt'to change from
4.0 to 6.5, but had no- influence on the spegific activity of the enzyme,
thé;Km values for six substrates, or the inhibition by L-homoarginine.

£

'
n-
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Thus the role or the carbohydrate residues remains.undefinedﬂ‘"lt is3';
likely that the carbohydrate re31dues are 1mportant in determining the
orientation of the enzyme within the membrane and also 1n its inter—
'action with other membrane components The carbohydrate moleties may
‘alsa be involved in determlning ‘the biological half- 1ife of the enzyme

- Ev1dence from heat inactivation, chemical'inhibition, subunit
'molecular weight determination and peptide maps 1ndicated that three
different structural genes code for the protein moiety of alkaline
phosphatase from.human liver, kidney,- intestine, placenta and Paget s"
1serum - It haS'not been“known previously Whether some of.the enzyme
_forms from various tissues‘were‘raused by differences in. amino acid
- Segquences orvtlssue-specific post translatlonal modifications._ The
;tevidence presented here shows that afkaline phosphatase from liver,
‘kldney and - Paget s serum have identical or nearly identical amino acid
_Sequences and therefore represent the product of a single structural
"?gene. The amino acid sequence of alkaline phosphatase'from placenta
;and intestine haveldifferent’amino acid sequences and‘represent the
‘ product of.two additional structural‘genes further study is required‘
to determlne if the enzyme forms from other tissues “represent the‘

& T E °
existerice of the multiple fbnms of alkaline phosphatase are not ev1dent

produc;; of. additional structural genes. The 51gnificance of the

at present since the function of the enzyme remains unknown

’ The purification protocol aAd the procedure‘@or mapping the g
_tryptic peptides from ﬁlkallne phosphatase radi01odinated withln . g

polyacrylamide gels appear to: be generally'useful for the characteriz—"

ation and structural identification of alkaline phosphatase Thus it -

B

will be possible to classify, on a structural basis, all human alkallne"'b

o

. 3
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Y

phosphatases including fetal forms (intestinal and placental.origins)
and those found in tumor tissues. A definitive classification of
the tumor-associated alkaline phosphatases, that appear to represent
ﬁlacent;l and non-placental enzyme forms is rel%vant to the.study of
gene expression in cancer. Since most of the genes expressed in
~cancer celis are also exppesseq in normal cells, then cancer can be
considered to be a disease due to disordered controls of gene expression
(Fiéhman, 1974). The?efore, the structural classifiéation of
oncoalkaline phosphatases'will be valuable in chaiacterizatién of gene

expression in neoplasia.

o -
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