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SUMMARY 

1 Preparations of  pig kidney alkaline phosphatase (EC 3 1 3 l) were shown 
to be homogeneous on polyacrylamlde-gel electrophoresls 

2 The apparent molecular weight of  the enzyme determined by gel filtration 
was approx 185 000 After treatment with sodium dodecylsulphate, a single band 
with an apparent molecular weight of  80 000-90 000 was identified in polyacrylamlde 
gels containing sodium dodecylsulphate Thus pig kidney alkaline phosphatase seems 
to be composed of two subumts 

3 Chemical cross-linking with glutaraldehyde or dlmethyl suberlmldate prior 
to electrophoresls in polyacrylamlde-sodlum dodecylsulphate gels gave rise to two 
bands identified as free subunlts and cross-hnked dlmers This evidence supports the 
suggestion that pig kidney alkaline phosphatase (like the enzymes from human pla- 
centa, calf intestine and Eschertchla cob) consists of  two very similar, probably 
identical, subunlts 

4 Tltratlons of  the enzyme with 32p~ at pH 5 0 (where phosphorylated enzyme 
is relatively stable) indicated that  preparations were 4 5 ~  pure, assuming that the 
subunlts were identical and that two active sites were operational during the titration 
I f  only one active site per molecule becomes phosphorylated then the purity would 
be 90 ~o 

5 There was no evidence of negative cooperatlvlty in the binding studies with 
P~ but extreme negative cooperatlvlty leading to expression of only one site per dimer 
could not be excluded As the electrophoresls results seemed to indicate that the 
purity of the preparations was greater than 45 ~ ,  there is some support for the belief 
that only one site was active 

INTRODUCTION 

Human placental alkahne phosphatase (EC 3 1 3 1) has been obtained in pure 
form [1, 2] and shown to be composed of two identical subunlts with molecular 
weights of  62 000 [2] Similarly, calf intestinal enzyme has been shown to possess a 
dlmerlc structure, the subunlts having a molecular weight of  69 000 [3] The existence 
of subunlts in other mammalian alkaline phosphatases has been suggested when 
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interpreting results obtained in denaturation experiments with urea [4] and low 
pH [5, 6] In these studies positive identification of subunlts was difficult because of 
the uncertain purity of  the enzyme preparations and the ~mposslbfl~ty of detecting 
alkaline phosphatase protein, present m very low concentration, once catalytic 
act~wty was lost Knowledge of the number of subunlts present m a phosphatase 
molecule, and hence the possible number of  active s~tes if the subumts are ~dent~cal, 
~s of  interest because of the numerous reports that alkaline phosphatases of Esche- 
t tchta colt, human placenta and calf intestine seem, under certain conditions, to show 
half-of-the-sltes-reactlwty [7-1 I] 

Polyacrylamlde-gel electrophoresls m the presence of sodmm dodecylsul- 
phate [12, 13] and chemical cross-hnkmg of protein molecules [14-16] have become 
very useful techmques for studying ohgomerlc proteins This paper descmbes the 
apphcatlon of such techniques to pig kidney alkahne phesphatase The enzyme of 
molecular weight 185 000 is shown to consist of two very similar subumts whose 
molecular weight as approx 80 000-90 000 

EXPERIMENTAL 

Enzyme  
Alkaline phosphatase was purified from fresh pig kidney cortex as follows 

A portion of cortex tissue (3 2 kg) was minced at 4 °C then homogenlsed with 3 2 1 
of ice-cold water in a Warmg Blendor Butanol (1 6 1) was added slowly to the 
homogenate with continuous stirring and then the m~xture was allowed to stand 
overmght at 20 °C After straining through cheese-cloth, the extract was centrifuged 
at 18 000 × g for 40 mm The aqueous layer was harvested and filtered through 
Hyflo-Super-Cel to remove small particles The pH of the filtrate was 6 5 Acetone 
at --20 °C was added to the filtrate at 4 °C untxl the final concentration of acetone 
was 6 0 ~  The mixture was kept overnight at --20 °C then centrifuged at 15 000 × g 
for 30 mm The precipitate, containing alkahne phosphatase, was suspended m 0 1 M 
TNs-HCI buffer (pH 7 6) and re-centrifuged at 15 000 / g to remove any undissolved 
resxdue (This step, and all subsequent ones, was carried out at 4 °C ) The clear 
supernatant was brought to 55~o satn with (NH4)zSO4 Precipitated protein was 
&scarded Alkahne phosphatase was precipitated at 7 5 ~  satn with (NH4)2SO 4 The 
preopl ta te  was &ssolved m 0 1 M Trls-HC1 buffer (pH 7 6) and dlalysed for 16 h 
against the same buffer containing 1 mM MgCI2 

The dialysed enzyme was passed through a column (50 cm ~ 4 cm) of Sepha- 
dex G-200 equilibrated with the dxalysls buffer The enzyme eluted as a single peak 
and was preopltated from the chromatographic fractions of highest specific actlwty 
by bringing to 75 ~ satn with respect to (NH4)2SO4 The precipitate was dIalysed 
against 0 05 M Trls -HCI buffer (pH 7 6), containing 1 mM MgCl / fo r  16 h and then 
chromatographed m portions on DEAE-cellulose exactly as described prewously [5] 
The enzyme was precipitated from the main peak of actlwty by 75~o satn w~th 
(NH4)2SO4 to effect concentration but this treatment caused a loss of up to 50 ~ of 
the activity remaining at this stage 

The procedure resulted m enzyme with a speofic act~wty of 240-260 umts/mg 
of protein but the overall yield of  actiwty was less than 1 0 ~  One umt of enzyme 
releases 1 Etmole o fp-mt ropheno l /mm from 3 mM p-nltrophenyl phosphate at 30 °C 
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and pH 10, 0 1 M NaHCO3-NazCOs buffer The K m of the enzyme is approx 0 3 mM 
under these conditions 

O A lCm Protein was determined f rom measurements f 280 m. assuming that a solutlon 
containing I mg of alkahne phosphatase per ml had an extmctlon of l 0 A close 
correlatlon was found m measurements of protein by absorbance at 280 nm and by 
the colommetnc procedure of Lowry et al [17] using bowne serum albumin as 
standard 

Tltratton of alkahne phosphatase wtth [3zpj 
The expemments were based on methods already described [18, 19] The reac- 

tion mixture of  0 25 ml volume contained carrier-free s2Pl (25/zC0, varying amounts 
of unlabelled P~ (0-5 mM), 0 05 M acetate buffer (pH 5 0) and 22 umts of  enzyme 
(80 #g protein) Phosphorylatlon was carried out for 2 mm at 0 °C and started by 
the addition of enzyme The incubation was termmated by spotting samples of 50 pl 
on discs (1 inch dmmeter) of  Whatman 3 filter paper which were then lmmedmtely 
immersed m ice-cold 10~o (w/v) tnchloracetlc acid Similar reaction mixtures but 
containing boiled enzyme or, alternatively, natwe enzyme plus 20 mM fl-glycero- 
phosphate served as controls The discs were washed 3 more times m 1 0 ~  (w/v) 
tnchloracetzc acid at 0 °C followed by two washes m absolute ethanol, then one m 
dlethyl ether [20] The papers were dried m a~r then transferred to 10 ml of scintil- 
lation fired [21] and counted m a liquid scintillation spectrometer (Intertechmque 
ABAC SL40) Internal standards of  32p were included to allow for the considerable 
amount  of  quenching 

The effect of  pH on the incorporation of 32p~ i n t o  alkahne phosphatase was 
studied using a range of 0 05 M acetate and 0 05 M 2-ammo-2-methyl- l -propanol-  
HC1 buffers For buffers containing HC1, the molanty is that of the total base com- 
ponent after adjustment of the pH w~th HC1 

Molecular wetght determmattons 
The molecular weight of  alkahne phosphatase was estimated by comparison 

of its elutlon volume w~th that of proteins of  known molecular weight from a column 
(50 cm × 2 5  cm) o fBioge l  A 1 5m The gel medium was equlhbrated m 01 M 
Tns-HC1 buffer (pH 7 6) and proteins were eluted with this buffer at a flow rate of  
10-20 ml per h Lactate and malate dehydrogenases, human 7-globuhn, bovine 
thyroglobuhn and catalase were detected m column effluents either by determination 
of enzymic actlwty [22] or from measurements of  extraction at 280 nm The peaks 
of  alkahne phosphatase were ~dent~fied by determination of the rate of  hydrolysis 
o fp-mtrophenyl  phosphate at pH l0 The effect of  including 0 1 mM MgCI2 m the 
elut~on buffer on the apparent molecular weight of alkahne phosphatase was also 
investigated 

The apparent  molecular weight of  subumts of  alkaline phosphatase was deter- 
mined from measurements of  the rate of  m~gratlon of the enzyme and protein markers 
on polyacrylamlde gels containing sodium dodecylsulphate The protein markers 
included bovine serum albumin (monomer and dlmer), pepsin, yeast alcohol dehydro- 
genase, thyroglobuhn, urease, myoglobm and cytochrome c Protein bands were 
stained with Coomassle Blue The procedures for gel and sample preparation and 
the staining method were those of Falrbanks et al [13] The identification of protein 
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bands derived from alkaline phosphatase was achieved by phosphorylatlon of 20 #g 
enzyme with 32p, (2 5 /~C0 m a volume of 80/A at pH 5 0 and 0 °C, as described 
above, prior to treatment with sodium dodecylsulphate and electrophores~s The gels 
were stained for protean and then cut into 2-mm portions which were placed in l0 ml 
of scmtlllataon fired for counting m a hqu~d-scmtlllat~on spectrometer As a control, 
electrophoresls was carried out on samples m which 0 1 M-fl-glycerophosphate was 
present during the mcubanon with labelled 32p, 

Chemwal cross-hnkmg 
The enzyme preparation was dialysed against 0 05 M potassmm phosphate 

buffer (pH 7 0) containing 2 mM MgC12 for 16 h Portions (0 2 ml) of dialysed enzyme 
containing 10-14/ tg  of protein were incubated for 2 h at room temperature with 
2-50 #1 of 25 ~ glutaraldehyde solution [16] The mixture was then heated at 100 °C 
for 1 mm with /3-mercaptoethanol plus sodium dodecylsulphate Both of these 
reagents were at a final concn of 1 ~ After cooling to room temperature, a few 
/A of 15~  (w/v) sucrose solution plus 5 #g of the marker dye Pyronm Y were added 
to the mixture which was then subjected to electrophoresls on polyacrylamlde gel [12] 
The electrophoresls was run for approx 2 h at 8 mA/tube m gels containing 5 ~o 
acrylamlde Protein markers were subjected to electrophoresls under Identical con- 
d~tlons to allow the approx molecular weight of cross-hnked enzyme to be estimated 

Dlmethyl suberlmldate was prepared from suberomtrlle (1,6-dlcyanohex- 
ane [14] Immediately before use, dlmethyl suberlmldate was dissolved in 0 05 M 
tnethanolamlne-HCl buffer (pH 8 5) and a sample of the solution added to 0 1 ml 
of enzyme (7 #g) to gave 0 1-6 0 #g of suberlmldate m a reaction mixture of 0 15 ml 
containing 5 mM MgCl2 The mixture was kept at room temperature for 3 h before 
treatment with sodium dodecylsulphate and subsequent electrophoresls [14] In some 
experiments the concentration of subenmadate was increased to 6 mg per 0 15 ml 
during the cross-hnkmg procedure in case the concentration was too low in the 
original experiments and also to check that the observed effects could be d~stmgulshed 
from cross-linking between molecules of alkahne phosphatase resulting in large 
ohgomerlc proteins 

Electrophorests of nanve alkahne phosphata~e 
The preparation of polyacrylamlde gels and separation of proteins was carried 

out as described by Davis [23] The enzyme was detected on gels by incubating at 
pH 10 (0 1 M Na2COj-NaHCOs buffer) with 1 mM a-naphthyl phosphate plus Fast 
Blue B salt (1 mg/ml) to couple with the released a-naphthol 

Matertal~ 
Naphthalene, ethylene glycol (specially purlfiedL 2-ethoxyethanol, and scin- 

tillation grade 2,5-dlphenyloxazole and 1,4-dl-2-(5-phenyloxazolylbenzene) were all 
obtained from F~sons Scientific Apparatus, Loughborough Lelcs The reagents for 
polyacrylamlde-gel electrophoresJs and p-nltrophenyl phosphate were obtained from 
Brlt~sh Drug Houses, Poole, Dorset The proteins used in molecular weight estima- 
tions came from the Sigma Chemical Co ,  St Lores, Mo U S A as did Fast Blue B 
salt and the aqueous solution of glutaraldehyde Ralph Emanuel, Wembley, Mlddx 
supplied 1,6-dlcyanohexane and the Radlochemlcal Centre, Amersham, Bucks 
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supphed  carr ier - f ree  32P 1 Blogel A 1 5m, 100-200 mesh was ob ta ined  f rom B m - R a d  
Labora to r i e s  R ichmond ,  Cahfo rma ,  U S A All  o ther  reagents  were o f  the best  grades 
avai lable  c o m m e r o a l l y  

RESULTS AND DISCUSSION 

Fig  1 shows the pa t t e rn  o f  enzyme and p ro te in  d l s t nbu t lon  ob ta ined  on 
electrophores~s o f  k idney a lkal ine  phospha tase  p repa ra t ions  m po lyac ry lamlde  gel 
The phospha tase  act ivi ty  was found  to be c o m o d e n t  w~th the main  pro te in  band  
suggest ing tha t  the p r epa ra t i on  was essential ly homogeneous  The &ffuse appea rance  
o f  the  bands  p r o b a b l y  reflects m~croheterogenel ty or ig inat ing  f rom var iable  amoun t s  
o f  enzyme-bound  slahc acid (unpubhshed  observat ions)  m c o m m o n  with o ther  
m a m m a h a n  a lkahne  phospha tases  [24-26] 

D 
Fig 1 Polyacrylamlde-gel electrophoresls of alkahne phosphatase The gels contained 7 5 % poly- 
acrylamlde and separation was carried out at pH 8 0 [23] The point of sample apphcatlon is at the 
top of the gels shown m the figure C, alkahne phosphatase located by incubation with a-naphthyl 
phosphate plus Fast Blue B salt, D, enzyme stained with coomassle blue 

Fig 2 Polyacrylamlde gel-sodium dodecyl sulphate electrophorests The gels and samples were pre- 
pared according to Falrbanks et al [13] Electrophoresls was camed out at pH 7 6 m 5 6% poly- 
acrylamlde The point of sample apphcatlon is at the top of the gels E, single band derived from 
alkahne phosphatase, F, bands derived from alkahne phosphatase (top), yeast alcohol dehydrogenase 
(middle) and cytochrome c (bottom) The proteins were stamed with coomassie blue 
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After treatment with sodium dodecylsulphate only one protein band was 
usually detected in alkaline phosphatase preparations (Fig 2) but some preparations 
did contain trace amounts of a foreign protein that stained with Coomassle Blue 
The main band in these and other gels was identified as originating from alkahne 
phosphatase since this was the only radioactive band after incubation of the enzyme 
with 32p I prior to the treatment of  the enzyme with detergent and electrophoresls 
The molecular weight of  this component  was estimated to be 80 000-90 000 by com- 
parison with the rates of  migration of proteins of  known molecular weight The 
molecular weight of  the native enzyme determined by gel filtration on Blogel A I 5m 
was approx 185 000 and the presence of 0 1 mM MgCl2 did not affect this value 
The values obtained from electrophoresls and gel filtration suggest that the native 
molecule contains two subumts 

That the subunlts of kidney alkahne phosphatase are identical was suggested 
by the results obtained from chemical cross-linking Conslderab e reaction occurred 
m the presence of glutaraldehyde (Fig 3) but much less with suberimldate even when 
this reagent was present at relatively high concentration The results with both 
reagents, however, were compatible with the existence of only one kind of subumt 

Fig 3 Electrophoresls of cross-hnked alkaline phosphatase See Experimental fol details of cross- 
linking with glutaraldehyde and sample preparation for electrophoresls The point of sample 
apphcatIon is at the top of the gels IV, single band (monomer) derived from unreacted control, 
V, cross-linked dlmer (top), free monomer (bottom) 
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since after dissociation in so&um dodecylsulphate, only two bands were detected on 
electrophoresls, one originating from cross-linked subunlts, the other from free 
ones [14] The molecular weight ot the band assumed to represent the &mer cross- 
linked with glutaraldehyde was approx 140 000 as judged by its rate of  migration 
on sodium dodecylsulphate-polyacrylamlde electrophoresls The dimer cross-linked 
with dlmethyl suberlmldate had a molecular weight of  approx 160000 It seemed 
unlikely that the small amounts of  foreign protein present in some of the gels were 
involved in cross-linking with alkaline phosphatase when their intensity in stained 
gels was compared with that of  the bands assumed to arise from phosphatase No 
proteins of  large molecular weight representing lntermolecularly hnked enzyme were 
detected Also, no protein was detected at the top of the gels demonstrating the 
absence of material of such large size that gel penetration was prevented The small 
amount  of  reaction with suberlmldate, a reagent that is claimed to react specifically 
with amino groups, probably means that the spacing between the reactive groups on 
suberlmldate was not optimal for cross-linking alkaline phosphatase subunlts No 
at tempt was made to check this point however by using homologues of  different chain 
length 

For a reaction that may be written 

E + Po ~ EP 

Where E and EP represent the equlllbrmm concentrations of free enzyme active sites 
and phosphorylated enzyme respectively, provided that P0 is m excess it can be 
shown that 

P0 K P0 

ep - e 0  

where E0 and Po are total concentrations of the enzyme and orthophosphate respec- 
tively and K Is the dissociation constant for the reaction Thus a plot of Po/EP against 
Po should be linear wlth a slope of 1/Eo and an intercept on the horizontal axis at 
- -  K [18,  19] 

Fig 4 shows the results of  phosphorylatlon experiments carried out on pig 

lo  

Po x10-3 
EP oJ 

: /  
Po(mM) 

Fig 4 Titration of alkaline phosphatase with [s2P]orthophosphate at pH 5 0 Enzyme (80/~g) was 
incubated with various concentrations of Pl containing 25/~C1 of s2p~ at 0 °C Labelled protein was 
precipitated and counted as described in the Experimental Control incubations contained 20 mM 
fl-glycerophosphate m addmon to the other reagents 
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k~dney alkaline phosphatase at pH 5 0 plotted as indicated above Over the range of 
phosphate concentration studied the plot was perfectly linear Assuming that all the 
phosphate binding sites are catalytic centres, the concentration of active sites deter- 
mined from the plot was 1 6 pM and the value of K was approx 50/~M This value Js 
likely to be imprecise because of the limited amount  of data collected at P0 levels 
lower than 50/~M From the concentration of active sites a catalytic centre activity 
of  855 s -  was calculated for kidney enzyme acting on p-nltrophenyl phosphate at 
pH l0 and 30 °C This figure compares with 2700 s - I  for bovine milk enzyme at 
25 °C [18] 5030 s-  for human liver phosphatase and 6550 s - I  for human intestinal 
enzyme at 37 °C [19] and approx 500 s -  for both calf intestinal and human placental 
phosphatase [11, 27] Even though allowance must be made for the different con- 
dltlons under which the measurements were made it is clear that alkaline phosphatases 
obtained from different animals and tissues show considerable variation in their 
catalytic activities 

Assuming that  pig kidney alkaline phosphatase contains two identical subunlts 
and its molecular weight is 185 000, the purity of the best preparations was calculated 
to be approx 45~o provided that active sites on both subunlts are functional, l e 
phosphorylated at pH 5 0 If  only one active centre is phosphorylated in the titration 
experiments then the purity would be greater than 9 0 ~  Lacking firm evidence for 
half-of-the s~tes reactivity the high figure for the purity must be viewed with con- 
slderable caution at present although from the electrophoretlc evidence the enzyme 
does seem to be better than 45 ~o pure 

The presence of 20 mM fl-glycerophosphate inhibited the incorporation of 
32p~ into alkaline phosphatase and this finding was taken as proof  that the labelling 
occurred at specific sites on the enzyme molecule Similarly, it was found that there 
was negligible incorporation into enzyme that had been inactivated by boiling or 
pre-treated with trlchloracetlc acid This evidence appeared also to show that phos- 
phorylatlon did not occur during the washing process It  is well known that alkaline 
phosphatases only form stable phosphoryl-enzyrne intermedmtes at acid pH [28, 29] 
The effect of  pH on the measured incorporation of label into pig kidney enzyme 
(Fig 5) is further indication that phosphate labelling occurs specifically Also that a 

lo  
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p H  

Fig 5 Effect o f  p H  on  the  fo rma t ion  o f  stable p h o s p h o r y l - e n z y m e  The  phosphory la t lon  procedure  
was as described in the  legend to F]g 4 except tha t  unlabel led Pi was main ta ined  at  0 1 m M  and  incu- 
ba t ions  were carried out  at a n u m b e r  o f  different p H  values The  degree o f  phosphory la t lon  is ex- 
pressed as a fract ion o f  tha t  occurr ing at p H  5 2 
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pH curve is obtained seems to provide evidence that  bound phosphate  is not  lost 
during washing I f  loss did occur it is difficult to  envisage how such a sharp op t imum 
for incorporat ion would be seen Instead we would expect to find relatively small 
differences in the amounts  o f  detectable incorporat ion at the various pH values tested 

Linear plots o f  the kind shown in Fig 4 indicate only one type of  binding 
site for phosphate  but  do not  eliminate the possibility that  only one site per dlmer 
becomes phosphoryla ted  Equ lhbrmm dialysis has shown [30, 31 ] that  E colt alkaline 
phospbatase  possesses two sites which exhibit negative cooperatlvlty [32] at alkaline 
pH Similar conclusions were reached for the phosphoryla t lon of  E cob enzyme at 
acid pH f rom labelling and stopped-flow kinetic studies [10, 31] and fur thermore It 
seemed that  activity may be limited to a single site at any one time, l e the enzyme 
exhibits half-of-the-sltes reactivity [7] H u m a n  placental enzyme seems to share these 
properties since twice as many sites appear  to be operat ing when a phosphoroth loa te  
ester is hydrolysed as durmg phosphate  ester hydrolysis or during labelling o f  the 
enzyme with 32p~ [33] I f  the kidney enzyme behaves like placental and calf intestinal 
enzymes then only a single site is phosphoryla ted  in the experiments described above 
In a recent report ,  Bloch and Schlesinger [34] have shown by stopped-flow techniques 
how tightly bound P, m enzyme preparat ions may account  for some of  the apparent  
negative cooperativlty seen with E coh enzyme The presence o f  tightly bound P, 
should not  invalidate our estimates o f  the catalytic centre activity o f  pig kidney 
enzyme because of  the large excess of  exogenous P, used in the phosphorylat lon 
experiments 

Overall, these studies have shown that  pig kidney alkaline phosphatase can 
be prepared in reasonably pure form and that  the molecule contains two very similar, 
if  not  identical subunlts N o  evidence was obtained for negative cooperativlty be- 
tween phosphate  binding sites during ti tration with labelled or thophosphate ,  but  
negative cooperatlvlty of  an extreme kind leading to expression of  only one s~te per 
d~mer cannot  be excluded by our  results 
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