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Two main forms of acid phosphatase (orthophosphonc-monoester phosphohydrolase (acid optimum), EC 
3 1 3 2) have been isolated from needles of t~nus sdvestns L The lsoelectnc points determined by lsoelectro- 
focusing are 3 6 and 9 4 The molecular weights of both forms were estimated as 68 000 The two forms have 
similar kinetic properties Chromatography of the acidic enzyme form on DEAE.cellulose results in conversion to 
the basic form Interconversion in the reverse direction was demonstrated to occur on incubation of the basic 
enzyme form with a pine-needle homogenate or with a low-molecular weight fraction thereof These findings sug- 
gest that the lnterconvertlblhty between the main enzyme forms is a result of an association of the basic form 
with a low-molecular weight factor carrying multiple negative charges This factor has been purified and tenta- 
tively identified as an oligoribonucleotide or a fragment of RNA The implications of these findings for the apph- 
cation of acul phosphatase lsoenzymes as genetm markers in forest trees are discussed 

Introduction 

During the last decade several workers have 
studied the variation of electrophoretlc lsozyme pat- 
terns m crude tissue extracts from forest trees An 
excellent compilation of papers concerning this sub- 
ject is found in the dissertation of Rudm [1] The 
purpose of these investigations is to achieve a better 
understanding of fundamental genetic relationships 
in forest trees, based on the Idea that lsoenzymes 
offer reformation close to the genome [1] The 
technique is still developing and the full Impact on 
forest genetics and breeding is yet to be seen Accord- 
mg to Allard et al [2], the main benefits of the 
lsoenzyme method are that a large number of gene 
characters are available for study, that individual 
alleles at each locus are revealed, and that the method 
is apphcable to a wide group of plant and animal 
species In adchtlon, the possibility of obtaining 
reliable results from very young plants, or even seeds, 

IS extremely valuable in forest genetics, where the 
problem of long generation cycles is predominant 
The macrogametophyte tissue of gymnosperms is 
haploid, and this makes it possible to study 
frequencies of single alleles without interference of 
both parental genotypes Finally, there is no doubt of 
the economical value of a well functioning genetic 
tool that might be developed as a result of such 
investigations 

The lsoenzyme method rests upon the assumption 
that the observed lsoenzyme patterns are due to 
genetically determined variations in electrophoretlc 
moblhty However, secondary modifications of the 
enzyme might give rise to additional variations 
Therefore it is Important to characterize the molec- 
ular properties of the lsoenzymes that are to serve as 
genetic markers 

In a prevmus paper [3] it was demonstrated that 
at least two forms of acid phosphatase (orthophos- 
phonc-monoester phosphohydrolase (acid optimum), 
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EC 3 1 3 2) are present m homogenates of needles 
from Pmus stlvestrts In the present paper It is shown 
that two main forms of the enzyme are mutually 
mterconvertlble, an acidic form probably being a 
complex between a basic form and an ollgorlbo- 
nucleotlde factor 

Materials and Methods 

Enzyme assay The acid phosphatase activity was 
determined essentially according to Sigma Techmcal 
Bulletin No 104 The sample (5-100/. t l )  was added 
to 500 ~1 100 mM sodium citrate buffer, pH 4 8, 
room temperature The reaction was lmtlated by the 
addition of 500 ~1 15 mM p-mtrophenyl phosphate 
in 100 mM so&urn citrate buffer, pH 4 8, and 
stopped by the addmon of 2 ml 0 2 M NaOH The 
amount of product formed was estimated 
spectrophotometncally at 400 nm using e = 18 5 
cm 2 /amo1-1 for p-mtrophenolate 1on 

Protein concentrattons N~trogen concentrations 
were determined by chemdummescence after 
pyrolysis according to the method of Drushel [4] 
using a Pyro Chemllummescense digital mtrogen 
analyser model 703 B (Antek) The samples were 
injected at a rate of 2 #l/s Protein concentrahons 
were calculated assuming a nitrogen content of 
16 0% 

Analyttcal tsoelectrofocusmg Analytical 1so- 
electrofocusmg was performed in precasted poly- 
acrylamlde gels, PAG-plates, pH range 3 5 -9  5 
(LKB) A maximum of 1 200 V, 30 W was apphed for 
90 mm The pH was measured with a surface glass 
electrode (M2145, Ingold) Protein was stained with 
Coomassle brdlant blue R-250 according to Vester- 
berg [5] Staining for acid phosphatase activity was 
performed essentially according to Shaw and Prasard 
[6] using a-naphthyl phosphate as substrate and Fast 
Garnet GBC salt as dlazo coupler in 0 1 M so&um 
citrate buffer, pH 4 8/1 mM MgC12 

Partttton m aqueous polymer two-phase systems 
A two-phase system with a final weight of 2g, 
including sample, contained 6 6% (w/v) Dextran 
T 500 (Pharmacla Free Chemicals), 6 4% (w/v) tn- 
methylanunopoly(ethylene glycol), Mn 6 000, 
prepared according to Johansson [7], and 10 mM 
so&um citrate buffer, pH 4 3 The two-phase system 
was thoroughly shaken and finally centrifuged to 
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speed up phase separation Samples were withdrawn 
from the upper and the lower phases The enzyme 
activity and the volumes of the phases were deter- 
mined, and the parhtlon coefficients, K, were calcu- 
lated according to Albertsson [8] 

In this two.phase system the upper phase is 
enriched m the positively charged polymer, whereas 
the lower phase is Dextran-rlch Negatively charged 
protein molecules accumulate in the upper phase 
(K > 1), whde positively charged protein molecules 
accumulate in the lower phase IK < 1) 

Enzyme purtftcatton Step 1 400 g needles were 
homogenized for 2 mln with an Ultra-Turrax T-45 
(Junke and Kunkel) m 2 0 1 750 mM sodium citrate 
buffer, pH 5 4/2% (w/v) poly(ethylene glycol) (Mn 
6 000)/1% (w/v) Triton X-100 During homogeniza- 
tion the mixture was cooled by the adchtlon of sohd 
CO2 The homogenate was stirred at 4°C for 1 h, 
slrved through two layers of cheesecloth, and 
centrifuged at 20 000 ×g for 30 mm 

Step 2 Ice-cold acetone was added to the crude 
extract obtained in Step 1 to a final concentration of 
30% The mixture was then centrifuged at 15 000 ×g 
for 10 man 

Step 3 Solid (NH4)2SO4 was added to the super- 
natant from step 2 to a final concentration of 30% 
(w/v) Due to the presence oi poly(ethylene glycol) 
and Triton X-100 this amount of (NH4)2SO4 sufficed 
to saturate the solution Equdlbratlon was accelerated 
by somcahon for 3 mm The mixture was centrifuged 
at 3 0 0 0 × g  for 30 mm resulting in a two-phase 
system The enzyme actlvlt2~ was present xn the 
essentially pigment-free mterphase precipitate, which 
was collected m 80 ml 0 1 M sochum citrate buffer, 
pH 4 8, and somcated for 90 s Centnfugatlon at 
20 000 ×g followed for 20 mln 

Step 4A The supernatant from Step 3 was passed 
through a column of Sephacryl S-200 Superfine 
(Pharmacm Free Chemicals) ~tuch had been equili- 
brated wath 0 1 M sochum citrate buffer, pH 4 8, 
(column dtmenslons, 50 × 900 nun, flow rate, 5 ml 
mm -1, 4°C) 

Step 5A Fractions containing enzyme activity 
were pooled and desalted on Sephadex G-25 Free 
(Pharmacm Fine Chemicals, column dimensions 
50 × 500 mm, flow rate 5 ml rmn -1 , 20 ml/fractlon, 
4°C) The column was equdlbrated with 10 mM 
sodium citrate buffer, pH 4 8 Fractions containing 
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actwity were pooled and subjected to preparative 
lsoelectrofocuslng at 10°C using a 110 ml Isoelectro- 
focusing column (LKB, power 5 W, focusing time 
12h) m a sucrose-stabilized (5-90%, w /v )pH-  
gradient (3 0 -10  5) Amphohnes were removed by 
repeated washing with 0 1 M sodmm citrate buffer, 
pH 4 8, in an ultraf'dtratlon cell using a Pehcon PTGC 
0905 fdter (Mflhpore) with a cut-off limit of 10 000 
daltons 

Step 4B After the discovery of the interconverti- 
bfllty of the two enzyme forms found in Step 5A (see 
Results) an alternative procedure for the purification 
was developed The supernatant from Step 3 was 
equilibrated with 10 mM TrIs-HC1, pH 9 0, by ultra- 
f'dtration Thus, the sample was diluted 10-times with 
tins buffer and concentrated to ItS Initial volume 
This procedure was repeated once 

Step 5B The f'fltrate from Step 4B was chroma- 
tographed on a DEAE-cellulose column equilibrated 
with the same buffer (DE-22, Whitman, column 
dimensions, 25 × 300 ram, flow rate, 2 ml min -1 , 
fraction volume, 20 ml, 4°C) Fractions containing 
activity were pooled and concentrated by ultrafiltra- 
tion 

Step 6B The concentrated material from Step 5B 
was filtered through a Sephadex G-150 Superfine 
column using 100 mM sodium citrate buffer, pH 4 8, 
(column dimensions, 25 X 700 mm, flow rate 0 5 ml 
mln -t, fraction volume, 5 ml, applied sample volume, 
10 ml, 4°C) 

Molecular wetght determmattons Molecular 
weights were determined by gel titration on Ultrogel 
AcA-44 (LKB) using a 100 mM sodium citrate buffer, 
pH 4 8, (column dtmensions, 15 X 700 ram, flow rate, 
0 2 ml man -1, fraction volume 1 ml, applied sample 
volume, 1 ml) 

The molecular weights were also estimated by 
polyacrylamlde disc-gel electrophoresls m the 
presence of sodium dodecyl sulphate (SDS) according 
to Laemmh [9] Protean bands were stained by 
Coomassie brfllant blue R-250 according to Blakesley 
and Boezy [10] 

Assay o/ factor interacting wzth bastc enzyme 
/orm Purified basic form (15 nkat) of acid phos- 
phatase was incubated for 2 rain with sample ahquots 
to a final volume of 100 #1 The buffer was 10 mM 
sodium citrate, pH 4 3 Under these conditions the 
factor can brad to the basic enzyme form, yielding 

the acldc form (see Results) To estimate the extent 
of formation of the acidic enzyme form, the incu- 
bated material was introduced Into the aqueous 
polymer two-phase system described above 

Measurement of  radtoacttvtty The Cerenkov emis- 
sion from 32p was measured in the tntlum channel m 
a PRIAS liquid sclntlallatlon counter (Packard Instru- 
ments) A standard fraction volume of 0 5 ml was 
used [ 11 ] 

Purtficatton of  low-molecular wetght factor Pine 
cotyledons were raised from seeds on moist fdter 
paper m a hurmd chamber for 12 days They were 
then transferred to water culture in a synthetic 
nutrient solution for 38 days essentially according to 
Slegenthaler and Dep6ry [12] (100 /aE of light for 
14 h/24 h, 23°C) Finally they were allowed to grow 
for 10 days m a medium containing 250/.tC1 [32p]. 
orthophosphate (New England Nuclear) and 10 
mmol NH4SOJ1, approx pH 7 A crude extract was 
prepared from 5 g of the green parts of the plants 
according to Jonsson and Blomqulst [3] The extract 
was subjected to gel filtration on Sephadex G-25 Fine 
(Pharmacla Fine Chemicals) Column dimensions 
were 25 × 600 mm and fractions of 16 ml were col- 
lected The buffer was 0 1 M sodium citrate, pH 4 8 
Fractions containing the factor were pooled and 
filtered through a column of Sephadex G-15 under 
the same conditions Fractions from tins run con- 
taming the factor were pooled and concentrated on a 
Pehcon PSAC 0905 ultrafilter (Mflhpore) with a cut- 
off limit of 1 000 daltons, according to the manu- 
facturer's specifications In the further purification 
the specific binding of the factor to the basic enzyme 
form was utilized (see Results) Thus, 3 /xkat of 
purified basic enzyme form was incubated with 500 
#1 crude factor for 2 mln at room temperature The 
complex formed was separated from excess factor 
and low-molecular weight tmpurltles on Sephadex 
G-25 Fine, (column dtmensions, 15 × 45 mm, buffer, 
10 mM Tns-HC1, pH 9 0) Fractions of 0 5 ml were 
collected The isolated complex was dissociated by 
chromatography on DEAE-cellulose, DE-22 (What- 
man) By this procedure the basic enzyme form IS 
eluted with the starting buffer (10 mM Trls-HC1, 
pH 9 0) The factor was recovered after stepwise 
elution with NaC1 in starting buffer All column 
operations were performed m the cold room (4°C) 

Chemtcals Analytical grade chemicals were used 



Delomzed water was further purified m a Mllh-Q 
system (Mdhpore) t-RNA and r-RNA prepared from 
Eschenchta colt were landly supphed by Dr Glenn 
Bjork, Department of  Mlcrobmlogy, Umvers:ty of  
Ume~, Ume~, Sweden RNA III prepared from 
baker's yeast, RNA IV from calf hver, DNA from 
salmon testis, DNA type VIII f romE colt and RNAase 
I-A from bovine pancreas (EC 3 1 4 2 2 )  were 
purchased from Sigma Chem:cal Company DNAase II 
from porcine spleen (EC 3 1 4 6) was obtained from 
Worthington, and poly(dA) poly(dT) from 
Boehrmger, Mannhenu 

Results 

Purdtcatton o f  two mam enzyme  forms 
The purification procedure involved Steps 1 to 3, 

4A and 5A as described m Materials and Methods A 
summary of  the yields of  the enzyme activity is given 
m Table I 

Analytical lsoelectrofocusmg of  the crude extract 
mdmated the presence of  several actwe forms of  the 
enzyme with :soelectr:c po/nts ranging from about 
3 0 to 9 5 (Fig 1) Protein staining revealed protein 
bands covenng the whole pH range (data not shown) 

The mare effects of  the combined acetone and 
(NH4)2SO4 preclpltatmns were volume reductmn and 
removal of  resins and p:gments, since these steps did 
not slgmficantly reduce the the number of  protein 
bands Gel fdtratlon on Sephacryl S-200, however, 
resulted m a substantial punficatmn as shown m 

TABLE I 

PURIFICATION OF TWO FORMS OF ACID PHOSPHA- 
TASE FROM NEEDLES OF PINUS SIL VESTRIS 

Purification step Total Total Ymld 
volume actwlty (%) 
(ml) (ukat) 

1 Homogenate 1550 217 
2 Acetone precapltatmn 2 080 176 
3 (NH4)2SO 4 

prec:pltatlon 95 117 
4A Sephacryl S-200 75 76 
5A Electrofocusmg 

basic form 10 
aodlc form 10 

100 
81 

54 
35 

43 2 
65 3 
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Fig 1 Analytical asoelectrofocusmg of varmus tractmns 
obtained during the purllacatlon of acxd phosphatase from 
pane needles Fully drawn hnes represent protein-stained 
bands, while dashed lanes represent actwaty-stamed bands 
The apphed samples were 1, homogenate (Step 1), 2, 
(NH4)2SO 4 preclpxtate (Step 3), 3, pooled, actwe fractxons 
from Sephacryl S-200 chromatography (Step 4A), 4, basra 
enzyme form obtained by preparatwe asoelectrofocusmg 
(Step 5A), 5, ac:dxc enzyme form obtained m Step 5A The 
basic form obtained b:~ the modlfaed preparatmn method 
gave a pattern adentacal to that shown for sample 4 

Fig 2 Thus, the enzyme actwlty was found m one 
peak whmh was well separated from the two major 
peaks absorbing at 280 nm The enzymlcally-actwe 
fractions still contained several proteins as determxned 
by analyt:cal lsoelectrofocusmg (Fig 1) Preparatwe 
lsoelectrofocuslng of  this actwe material resulted m 
two roam fractions wlth activity mamma at pH 3 6 
and 9 4, respecUvely (Fig 3) This step resulted m a 
considerable loss of  enzyme activity, presumably 
because the enzyme is senslt:ve to extreme pH 
values A short focusing time of  12 h was chosen to 
give a reasonable resolution m combination with a 
reasonable recovery of  activity 

The results of  the analytical lsoelectrofocusmg of  
the two purified mare enzyme forms are shown in 
Fag 1 The basic fraction gave one major band and 
two minor bands with lsoeleclnc pomts rangxng from 
pH 8 5 to 9 5 The acidic fraction gave a stmllar pat- 
tern but m the pH range of  3 0 - 4  2 

In addmon,  the acidic fracuon gave rise to a weak 
band in the same position as the main band of  the 
basra enzyme form Thas result was somewhat 
surprising and gave the first indication that the acMlc 
form mxght be converted to the bas:c form 

Interconverslon o f  the two mam enzyme forms 
When the purified acidic form was chroma- 

tographed on a DEAE-cellulose column most of  the 
enzyme actwlty passed through the column without 
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Fig 2 Preparative gel filtration on Sephacryl S-200 - - , A 2 8 0 ,  D 
relative to thetr maximal  values The shaded area is pooled fractions 

o, enzyme activity These parameters are expressed 

Fig 3 Preparative lsoelectrofocusmg cz 
shaded area is pooled tract ions 

a, enzyme activity expressed relative to the  maximal  value, c o, pH, the 

being adsorbed Analysis of the eluted material by 
analytical lsoelectrofocuslng showed that the enzyme 
had been converted to the basic form As a routine 
method for the identification of the main enzyme 
forms, the aqueous polymer two-phase system 
described in Materials and Methods was employed 
Table II shows the partition of the enzyme forms 
in this two-phase system before and after DEAE- 
cellulose chromatography The acidic form is nega- 
tively charged at pH 4 3 and will, thus, partItmn to 
the upper phase, whereas the basic enzyme form 
partitions to the lower phase 

The data given in Table II also show that a mixture 
of enzyme forms, as present in the crude extract, is 
converted to the basic form on the DEAE-cellulose 
column A control expermaent shows that the pun- 

fled basxc form goes unchanged through the column 
About 40% of the enzyme activity is lost during 
DEAE-cellulose chromatography regardless of the 
xsoenzyme composmon of the apphed material 

These results indicate that the acidic form is a 

complex between the basic form and some negatwely- 
charged factor To test this hypothesis, the basic 
form was incubated with ahquots of crude extract, or 
with allquots of a low-molecular wexght fraction 
obtained by gel filtration of the crude extract on 
Sephadex G-25 In both cases, incubation resulted m 
a change of the partition coefficient for the enzyme 
activity in the two-phase system to a value sxrndar to 
that obtained wxth the acidic form The change m 
partmon coefficient occurred over a narrow concen- 
tration range (cf Fig 9) 

TABLE II 

DEAE-CELLULOSE CHROMATOGRAPHY OF VARIOUS ACID PHOSPHATASE SAMPLES 

K is the p a m t l o n  coefficmnt of  enzyme activity m the two-phase system described in Materials and Methods 

Sample Total  actwlty Ymld K 
(nkat) (%) 

Apphed Eluted 

Apphed material Eluted material 

Homogenate  143 83 58 2 3 
Acidic form 171 104 61 49 
Basic form 79 47 60 0 1 

0 1  
0 2  
0 1  



Modzfied punficanon procedure 
This procedure is based on the observanon that 

the basic enzyme form is eluted from the DEAE- 
cellulose column regardless of  the lsoenzyme com- 
posmon of the apphed sample Thus, after a buffer 
change (Step 4B) the matenal  from Step 3 was 
chromatographed on DEAE-cetlulose (Step 5B) fol- 
lowed by gel fil tration on Sephadex G-150 (Step 6B) 

The basic enzyme form obtained by  this procedure 
was mdastmgmshable from that obtained by the 
method employed prewously (Fig 1) The results, 
summarized m Table III, show that the modified 
procedure gives an Improved yield of  punfied 
enzyme The overall purlficatmn of  the enzyme was 

approx 2 800-fold 

Molecular weight 
Gel filtration of  the native enzyme forms indicated 

that both  of  them have molecular wexghts of  about 
68000  SDS-polyacrylamlde &sc-gel electrophoresls 
in the presence of  mercaptoethanol  always yields a 
major component  with a molecular weight of  68 000, 
but two components  with lower molecular weights 
(between 22 000 and 24 000) have occasionally been 
found for both forms However, It cannot be decided 
if these low-molecular weight components  are 
genuine subumts, or if they are the result of  a lmaited 
proteolyt lc  digestion 

Kmetw propertws 
The pH dependencies of  the p-nltrophenyl phos- 

phate hydrolase activities of  the two purified enzyme 
forms are shown In Fig 4 The basic form has an 
opt imum at pH 4 7 The pH-rate profile of  the acidic 
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~ 0 .45  5 0  5 5  

p H  

Fig 4 pH-rate profiles of basxc and acidic forms of acid 
phosphatase The assay solunon contamed 15 mM p-mtro- 
phenyl phosphate/100 mM sodmm citrate buffer/1 mM 
MgC12 Room temperature = ~ ,  basic form, o o, 
acidic form 

form appears to be shghtly shifted to higher pH 
values compared to that o f  the basic form Mamma 
at pH 4 7 and 4 85 have consistently been observed 

The two enzyme forms ha~e practically identical 
K m values for p-mtrophenyl  phosphate,  1 6 mM at pH 

4 8  
Prehmmary results indicate that the two forms 

have stmflar substrate speclficmes as well as sumlar 
speclfiCltles with respect to various lnhibltors 

Purtficatton and charactenzatton of low-molecular 
weight factor 

The fractlonatlon on Sephadex G-25 of  crude 
extract from pine needles grown in the presence of  

TABLE Ill 

MODIFIED PURIFICATION PROCEDURE 

Purification step Total Total Protein Speclhc Yield 
volume actwlty conc actxvlty (%) 
(ml) (.ukat) /~g/ml (kat/kg) 

1 Homogenate 1 560 
2 Acetone preopltanon 2 100 
3 (NH4)2S04 preclpltanon 45 
4B Ultraffltratlon &alysls/concentratlon 100 
5B DEAE-cellulose 140 
6B Sephadex G-150 10 

244 6 000 0 026 100 
214 - - 88 
154 - - 63 
78 0 - - 32 
34 - - 14 
18 5 39 73 12 
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Ftg 5 Fractlonatmn ot crude e-,tract from pine needles on 
Sephadex G-25 + +, absorbance at 280 nm, o-------o,  
pamUon coefficient obtained in the assay ot the factor, 
zx ~, 32p radloactwlty (cpm),  ~ D, enzyme activ- 
Ity The shaded area represents pooled tractions All these 
parameters are expressed relatwe to thmr maximal values 
The arrow indicates the peak posmon of NaC1 as determined 
in a separate run on the same column Further experimental 
detatls are gwen in Matermls and Methods 

[32P]phospha te  is i l lus t ra ted  in Fig 5 The acid 

phospha t a s e  ac t lwty  was recovered  m the  void 

volume The fac to r  was r e t a rded  on  the  c o l u m n  and  

showed  a m a x t m u m  m f rac t ions  1 7 - 1 9  Most  o f  the  

32p was f o u n d  m the  same f rac t ions  

These f rac t ions  were poo led  and  c h r o m a t o g r a p h e d  

o n  S e p h a d e x  G-15 The fac to r  was recovered  m the  

void volume The so p repa red ,  c rude  fac tor  was 

i n c u b a t e d  w i th  the  pur i f ied  basic e n z y m e  fo rm as 

descr ibed previous ly  Fig 6 shows the  e lu t lon  p a t t e r n  

o b t a i n e d  u p o n  f d t r a t l o n  o f  the  m~xture on  S e p h a d e x  

G-25 A s lgmficant  a m o u n t  o f  rad ioac t iv i ty  was asso- 

crated w i t h  the  e n z y m e  f rac t ion  The label led e n z y m e  

~c i,,~" I'--- 
K-02 K=02 

a: 
i i _  _ 

CO ~0 - 2 ~  3 0  4 0  5 0  6 0  70  

F r a c h o n  n u m b e r  

Fig 7 DEAE-cellulose chromatography of acid phosphatase 
containing 32p-labelled factor c- 0, enzyme activity, 
o-- ~, 32p radioactivity (cpm),  u ~ ,  pamtlon coef- 
ficient obtained in the assay of the factor The parameters 
are e~.pressed relatwe to thetr maximal values Arrows indi- 
cate tractions that were partitioned in the t~o-phase 
system The resulting partition coeltlclents (k 0 2) indicate 
that these fractions contained basic enzyme torm The 
column ~as eluted with 10 mM Trls-HC1. ptl 9 0 From trac- 
tion 20, the elutlng buffer contamed also 100 mM NaC1, 
/ tom traction 35 ,200 mM NaC1, from fracUon 45, 300 mM 
NaCI, trom traction 58,400 mM NaC1 

had  a pa r t i t i on  coef f ic ien t  o f  29 in the  two-phase  

sys tem Thts  is a typ ica l  value for the  acidic e n z y m e  

fo rm 

Ion-exchange  c h r o m a t o g r a p h y  of  the  label led  

acidic e n z y m e  fo rm is I l lus t ra ted in Fig 7 The 

e n z y m e  act iv i ty  IS e lu ted  as the  basic fo rm as indi-  

ca ted  b y  the  pa r t i t i on  coef f ic ien t  o f  0 2 The ma jo r  

po r t i ons  o f  the  fac to r  and  the  r a & o a c t w l t y  were 

0 5 I 0  I 5  

frochon number 

2 0  

I 

t lg 6 Gel filtration on Sephadex G-25 ot basic enzyme form 
incubated with crude tactor o -  o, enzyme activity, 
u .... .~, 32p radioactivity (cpm) Parameters expressed 
relative to thetr maximal values 

ej ~J 
13 

-£ O O 4  

fo) 

0 0 8  

210 

(b) 
006 

i 

004 

2 0 0  2 . 5 0  3 0 0  2 0 0  2 5 0  G 0 0  

Wove/enc]lh (nm) 

Fig 8 Ultraviolet absorption spectra ot (a) purlhed tactor 
and (b) baker's yeast RNA III 



,4mount of  added material (rig) 

Ftg 9 Interactmn of purified factor and varmus nucleic amds 
with basra form of acid phosphatase (15 nkat) The assay 
method described In Matermls and Method was employed 
The results are shown as the partition coefficmnts of enzyme 
activity, K,  obtained after part,tinning the incubation mix- 
ture In the aqueous polymer two-phase system • •, 
purified factor, ~ tJ, bakers yeast RNA III, zx ~, 
calf hver RNA IV, + +, E colt r-RNA, • •, E 
colt t-RNA, • J, salmon testis DNA, X X, E colt 
DNA, ~ o, poly (dA) poly (dT) 

TABLE IV 

EFFECTS OF NUCLEASES ON THE INTERACTION 
BETWEEN ACID PHOSPHATASE AND THE FACTOR OR 
VARIOUS NUCLEIC ACIDS 

The materials indicated m the table were tested for their abll- 
tty to convert the basic form of aod phosphatase to an amdlc 
torm using the assay described tn Materials and Methods 
Nuclease digestion was performed before Incubation with 
basra enzyme form K IS the partltmn coefficient in the two- 
phase system employed in the assay The basra enzyme form 
yields K ~ 0 1, whereas the amdlc form ymlds K -~ 30 

Material D~gestlon K 
t~me 
(mm) 

No addition - 0 1 
50 ng factor - 30 
50 ng factor + 1 ~tg RNAase 2 0 9 
50 ng factor + 1/~g RNAase 4 0 7 
50 ng factor + 1 ~g DNAase 2 19 
100 ng poly (dA) poly (dT) - 29 
100 ng poly (dA) poly (dT) + 

1 ~tg DNAase 2 0 1 
150 ngE colt DNA + 1 #g DNAase 2 0 3 
200 ng r-RNA - 21 
200 ng r-RNA + 1 ~tg RNAase 2 0 5 
200 ng r-RNA + 1 ~tg DNAase 2 18 
1 /~g RNAase - 0 1 
1 ~g DNAase - 0 1 
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eluted with 400 mM NaC1 Fractions 61 and 62 were 

pooled and this material was used m further studies 
of the factor 

An ultravmlet absorption spectrum of the purified 

factor is shown in Fig 8a For comparison the 

spectrum of RNA III from yeast is shown in Fig 8b 

The yield of the factor was estunated spectrophoto- 

metrically at 257 nm, as 5 ~g assuming that the 

factor has the same specific absorbance as RNA III 
The abdlty of various po13 nucleotldes to complex 

with the basic enzyme form was tested with the same 

assay as used for the factor The results presented m 
Fig 9 suggest that most of the investigated substances 

can brad to the enzyme However, on a weight basis 
all of these substances are nmch less effective than 
the purified factor 

The data presented m Table IV show that the 

factor is sensitive to RNAase whale DNAase has httle 
effect on the ability of the factor to bind to the basic 

enzyme form DNA loses ItS binding ablhty after 

degradation with DNAase 

D~scussion 

The results presented m this paper show that there 

are two main forms of acid phosphatase m homog- 
enates of pine needles These forms have widely dif- 
ferent ~soelectrlc points, but their enzymatm proper- 

ties are quite slmdar The two forms are mterconver- 
tlble, and the results suggest that the acidic enzyme 
form (pI 3 6) is a complex between the basic form 

(pI 9 4) and some unknown factor Apparently, this 

complex is stable enough to remain essentially undls- 

somated during lsoelectrofocuslng (cf Fig 1) How- 
ever, the complex IS completely dissociated by 

DEAE-cellulose which seems to bind the factor with 
a high affinity 

The striking 6 pH-umt &fference In the lsoelectrlc 
points of the basic and am&c enzyme forms is strong 
evidence that the factor carries multiple negative 

charges even at relatively low pH values 

The results allow some conclusions to be made 
concerning the chemmal nature of the factor Firstly, 
the fact that 32P-label ts assomated wtth the factor 
throughout the purification procedure strongly sug- 
gests that the factor contains orthophosphate groups 
Secondly, the ultraviolet absorption spectrum of the 
purified factor Indmates that the factor is a nucleo- 
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tide derivative Thirdly, the observations that the 
effect of the factor is abolished by RNAase but not 
by DNAase are evidence that the factor is an ollgori- 
bonucleotlde or a fragment of RNA 

The data allow only a crude estLrnate of the molec- 
ular size of the factor Thus, the factor is retained on 
a filter with the cut-off lunlt of 1 000 daltons but 
passes through a filter with the cut-off hmlt of 10 000 
daltons The factor IS retarded on Sephadex G-25 but 
appears in the void volume of Sephadex G-15 The 
fractionatlon range of G-25 is 100-5 000 daltons for 
Dextrans, while G-15 excludes Dextrins larger than 
1 500 daltons according to the manufacturer's specifi- 
cations Therefore, one might tentatively conclude 
that the factor has a molecular weight of 
1 500-3 000 and is composed of 5 -10  rlbonucleo- 
tide residues 

The question remains whether the purified factor 
is a unique ohgorlbonucleotlde or a mixture of 
chemical species Thus, it was shown that various 
nucleic acids can interact with the basic enzyme form 
to yield complexes behaving like the acidic enzyme 
form in the two-phase system employed (Fig 9) 
However, the isolated factor is much more effective 
on a weight basis than the tested nucleic acids There 
is one additional piece of evidence indicating that the 
factor might be a well-defined molecule or, at least, 
an ohgonucleotlde of well-defined size The basic 
enzyme form gives rise to three distinct bands on 
Isoelectrlc focusing, and the acidic form yields a 
similar pattern (Fig 1) If the purified factor con- 
tamed a mixture of binding species, one might expect 
that isoelectrIc focusing would yield a broad, diffuse 
zone rather than the distinct bands actually observed 

Although It is obvious that the factor is present in 
homogenates from pine needles, the question remains 
whether it is associated with the enzyme in vIvo or an 
artifact of the homogemzatlon procedure Unfortu- 
nately, it IS practically impossible to extract enzymes 
by mild methods from pine needles because of the 
mechanical properties of this material However, it is 
possible to prepare a chloroplast-enriched fraction 
[13] from pine cotyledons, and prehminary experi- 
ments show that this fraction contains almost 
exclusively the acidic form of acid phosphatase It is 
tempting to speculate that the acidic form of acid 
phosphatase is present in the cell, and that the ohgo- 
nucleotide has a biological role, perhaps in regulating 

the localization of the enzyme or its Interaction with 
membranes 

Clearly, the presence of the anterconvertlble forms 
of acid phosphatase in tissue extracts from P 
stlvestns is an undesirable complication in studies of 
genetic variants of this enzyme One could perhaps 
avoid these complications by treating the extract with 
DEAE-cellulose to remove the negatively-charged 
factor prior to the electrophoretlc lsoenzyme 
analysis However, relevant genetic information might 
be obtained even without such treatment, since the 
distinct bands observed on lsoelectrofocuslng of the 
purified enzyme forms might represent true genetic 
variants of the enzyme 

Rudln and Ekberg [14] included acid phosphatase 
in an extensive genetic study of lsoenzymes in the 
haploid macrogametophyte tissue of P sllvestrts 
seeds They Interpreted their zymograms in terms of 
two loci for acid phosphatase designated PHOS-MA 
and PHOS-MB The PHOS-MA locus showed a varia- 
tion which could be attributed to the presence of 
three alleles in the investigated population However, 
each one of these alleles gave rise to two electro- 
phoretlc bands of acid phosphatase activity Since all 
the enzyme variants from the PHOS-MA locus 
migrated towards the anode (pH 7 2), they are 
probably complexed with the negatively-charged 
factor The double-band pattern IS difficult to 
explain, but one can speculate that extracts ol 
macrogametophyte tissue contain two differently 
charged forms of the ohgonucleotlde factor or that 
the factor partly dissociates during the electro- 
phoretic run 

The PHOS-MB locus was observed either as a 
relatively weak band migrating slowly towards the 
anode or as a null allele, i e ,  the absence of a band It 
is possible, of course, that the macrogametophyte con- 
tam an acid phosphatase that is not synthesized In 
needles, but it seems more likely that the postulated 
PHOS-MB locus represents the basic main form of the 
enzyme In the present study, variants of this enzyme 
form were found to have lsoelectrlc points above pH 
8 5 (Fig 1) Consequently, they would be expected 
to migrate towards the cathode and out of the gel 
under the conditions used by Rudln and Ekberg 
Conceivably, however, a genetic variant of the basic 
enzyme form having a lower Isoelectrlc point could 
have been present in the material studied by these 



authors Another  possibility 1s that the basic enzyme 
form brads negatively-charged components  of  the 
buffer used m the gel electrophoresls expertments,  
for example,  borate ions or EDTA, thus explaining 
the occasional appearance of  a band at tr ibuted to the 
PHOS-MB locus by Rudln and Ekberg In this con- 
nectlon it is interesting to note that the postulated 
alleles did not  occur with equal frequency in the 
single tree reported to have a heterozygous PHOS-MB 

locus [14] 
In conclusion, the results of  the present study 

amply dlustrate the maportance of  a biochemical 
characterization o f  enzyme systems that are to be 
used in genetic lsoenzyme studies This may be 
laborious but it seems to be the best way to ehrnlnate 
conclusively variations that are genetically irrelevant 
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