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SUMMARY 

I. A new nucleotidase (nucleotide phosphohydrolase) unique in its high activity 
toward deoxyribonucleotides, has been purified approximately 2000-fold from the 
123 000 X g supernatant of rat  liver homogenate. 

2. The enzyme hydrolyzed deoxythymidine 3',5'-diphosphate more rapidly 
than the 5'-monophosphates of deoxythymidine, deoxyuridine, and deoxyguanosine, 
which were degraded at similar rates. Other 5'-nucleotides were only slightly or 
insignificantly degraded. The enzyme also possessed 3'-nucleotidase activity and 
hydrolyzed, in decreasing order of effectiveness, the 3'-monophosphate of deoxy- 
thymidine, uridine and guanosine. Other 3'-ribonucleotides were inactive as sub- 
strates, p-Nitrophenyl phosphate was dephosphorylated to a certain extent. 

3. The pH opt imum of the enzyme varied within the range of 5.6-6. 4 depending 
on the substrate used. The enzyme was Mg 2÷ dependent, contained an essential SH 
group(s), and was moderately stable. I t  had a molecular weight of about 45 ooo. 
The apparent Km values, which were higher for the 5'-nucleotides than for the 3'- 
isomers, ranged from I . I  mM to o.16 mM. 

4. Identi ty of the 5'- and 3'-nucleotidase and the p-nitrophenyl phosphatase 
activities with a single protein was supported by the constant ratio of the activities 
during purification, parallell loss of activities upon storage, and elution of the ac- 
tivities in a single peak from both DEAE-Sephadex and Sephadex G-Ioo columns. 

5- The enzyme activity with varied combinations of two different nucleotides 
indicated that  the enzyme may possess either two catalytic sites hydrolyzing 5'- and 
3'-nucleotides, respectively, or an allosteric site at which one of the nucleotides can 
bind and activate the dephosphorylation of the other. 

INTRODUCTION 

During the course of recent investigations in this laboratory on the dephos- 

* Some of the data  in this work were presented at the 6th Meeting of the Federat ion of 
the European Biochemical Societies, Madrid, April 1969. Abstract  p. 322. 

"* Present  address:  Ins t i tu te  for Medical Biochemistry, Universi ty of Oslo, Karl Johansgate  
47, Oslo i, Norway. 

Bioehim. Biophys. Aeta, 235 (1971) 128-141 



A NEW NUCLEOTIDASE OF RAT LIVER 129 

phorylation of nucleotides in the Io5 ooo × g supernatant  fluid of rat  liver homo- 
genates 1 two previously unknown nucleotidases with opt imum activity around pH 6 
were observed in the preparation 2. One of these enzymes was purified 3 and was 
found to hydrolyze Ino-5'-P,  Guo-5'-P, and dGuo-5'-P more rapidly than any of the 
other nucleotides tested. The other enzyme was detected by its high activity toward 
dThd-5 ' -P (refs. 2 and 3)- The purification and properties of this enzyme are de- 
scribed in the present communication. The data show that  the enzyme degrades 
5'- as well as 3'-nucleotides with preference for those derived from deoxyribose. I t  is 
indicated that  the enzyme possesses either two catalytic sites hydrolyzing 5'- and 
3'-nucleotides, respectively, or an allosteric site at which one of the nucleotides can 
bind and activate the dephosphorylation of the other. 

MATERIALS AND METHODS 

DEAE-Sephadex A-5o and Sephadex G-Ioo were purchased from Pharmacia 
(Uppsala, Sweden). Cytochrome c, horse myoglobin, chymotrypsinogen A, egg al- 
bumin, bovine serum albumin, and blue dextran were obtained from Serva (Ent- 
wicklungslabor, Heidelberg, Germany). Dithiothreitol, 5-methyl-dCyd-5'-P, and 
dThd-3',5'-P2 were from CalBioChem (Los Angeles, Calif., U.S.A.), Urd-2'-P and 
Urd-3 '-P from P-L Biochemicals, Inc. (Wisconsin, U.S.A.), dThd-P-dThd and Urd- 
3':5'-P from Boehringer Mannheim GmbH (Mannheim, Germany). dThd-3 ' -P in 
the form of the barium salt was generously given by Dr. A. Ho13~, Institute of Organic 
Chemistry and Biochemistry, Praha, Czechoslovakia. I t  was converted to the sodium 
salt by digestion with Na2SO 4. The other nucleotides, p-nitrophenyl phosphate, 
pyridoxal 5'-phosphate, ribose 5-phosphate, glycerol 2-phosphate, glucose 6-phos- 
phate, and calcium phosphate gel were purchased from Sigma Chem. Corp. (St. 
Louis, U.S.A.). 

Enzyme assays 

Nucleotidase activity was assayed routinely with either dThd-5 ' -P or Urd-3 ' -P 
as substrate. The reaction mixture contained 50 mM Tris-maleate buffer (final pH 
6.1 ~= o.I), 20 mM MgC12, 5 mM dThd-5 ' -P or 2.5 mM Urd-3'-P, 5 mM dithiothreitol, 
o.I mg of crystalline bovine serum albumin, and enzyme preparation in a total 
volume of 0.5 ml. Incubation was carried out at 37 ° for 20 min. The reaction was 
stopped by adding 0.25 ml of 25 % (w/v) trichloroacetic acid. The phosphate liberated 
was determined by the very sensitive procedure described by CHEN et al. a with the 
exception that  the color was developed at 45 ° in 30 min. 

p-Nitrophenyl phosphatase activity was tested in the presence of IO mM p- 
nitrophenyl phosphate and 50 mM MgC12 at a final pH of 5.8 ~ o.I. The composition 
of the reaction mixture and the incubation conditions were otherwise as described 
for the nucleotidase assay. The p-nitrophenol formed was determined as follows. 
The enzyme reaction was stopped by adding 2.0 ml of 0.07 M NaOH, the mixture 
was centrifuged, and the absorbance read at 41o nm. An experimentally determined 
absorbance of 0.343 corresponded to 0.05 #mole of p-nitrophenol formed. 

Glycerol-2-phosphatase activity was assayed in the presence of o.I M glycerol- 
2-phosphate, 75 mM MgC12, and o.I M acetate buffer (final pH 6.2 ± o.1) 1. The 
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composit ion of the react ion mix ture  and the incubat ion conditions were otherwise 

as described for the nucleotidase assay. 
One uni t  of enzyme is defined as t ha t  amount  which hydrolyzes I nmole of 

phosphate  ester per min under  the specified incubat ion conditions. Specific ac t iv i ty  

is expressed in units per mg of protein. 

Assay of protein 
Prior  to de te rmina t ion  of protein by the method  of  LowRY et al. 5, substances 

such as Tris buffer, (NH4)2SO 4, and di thiothrei tol  in the protein samples, which 

interfere with the assay, were removed by dialysis for 18 h against 2 1 of  5 mM phos- 
phate  buffer (pH 8). The  recovery of  protein in model  exper iments  wi th  crystall ine 

bovine serum albumin was almost quant i ta t ive .  

RESULTS 

Purification of enzyme 
All operat ions were carried out at 0-4 °. Centr ifugation of prec ip i ta ted  protein 

was carried out at IO ooo × g for IO rain. The sa tura ted  (NH4)~SO 4 solution contained 

2 mM E D T A  and was adjus ted  to pH  6.3 with NH4OH. The steps of a typical  puri- 

fication exper iment  are summarized in Table I. 

T A B L E  I 

PURIFICATION OF NUCLEOTIDASE 

F r a c t i o n s  w e r e  a s s a y e d  f o r  a c t i v i t y  w i t h  d T h d - 5 " - P  o r  U r d - 3 ' - P  a s  s u b s t r a t e ,  a s  d e s c r i b e d  in  
MATERIALS AND METHODS. T h e  a m o u n t  o f  e n z y m e  p r o t e i n  u s e d  w a s  a p p r o x .  1 2 o / z g  o f  F r a c t i o n s  
E l ,  E 2  a n d  E 3, 5 / z g  o f  E 4, 0. 5 /~g  o f  E 5, a n d  0 . 2 / z g  o f  E 6 .  

Fraction Volume Total Total Specific Specific 
(ml) protein activity activity activity 

(rag) with with with 
dThd-5"-P dThd-5'-P Urd-3"-P 
(units) (units/rag) (units/rag) 

E1 (123 ooo × g supernatant) 
E2 (39-49% (NH4)~SO~ pre- 

cipitate) 
E 3 (Supernatant after dialysis at 

pH 6.0) 
E 4 (Supernatant after calcium 

phosphate gel adsorption) 
E 5 (DEAE-Sephadex eluate)* 
E6 (Sephadex G-Ioo eluate)* 

182 1929 17 4 °o 9 3 

i i  289 6 55 ° 23 II 

16 191 5 8oo 3 ° 16 

18 8.3 3 35 ° 405 2o4 
13 o.29 i 520 5 200 265 ° 
17 0.o86 i 080 12 600 6500 

* The data refer to the peak tubes. Only the peak tubes of E 5, after concentration to 
about 5 ml by vacuum dialysis, was applied to the Sephadex G-ioo column. 

Step s. Preparation of the 123 000 x g supernatant fluid. The livers from 6 rats 

were homogenized for 0.5 rain in 0.25 M sucrose, and the particle-free superna tan t  
fluid (soluble fraction) prepared as described previously 1 except  tha t  centr i fugat ion 

was carried out for i h with the Spinco rotor  type 50.1 at an average g-value of 
123 000. The superna tan t  fluid was di luted with  an equal  volume of 0.04 M Tr i s -  
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maleate buffer (pH 6.3) giving a final concentration of about IO mg of protein per ml 
(Fraction El) .  

Step 2. Fractionation with (NHa)2SO a. In accordance with data described 
earlier 3 Fraction E1 was brought to 39% saturation with (NHa)2SO 4 by dropwise 
addition of saturated (NH4)2S Q solution with stirring over a 2o-min period followed 
by  a further Io-min period before the precipitate was removed by centrifugation. 
The supernatant  fluid was brought to 49°//0 saturation by the addition of (NHa)2SO 4 
in the same manner. The precipitate was collected by centrifugation and dissolved 
in 5 mM Tris-maleate buffer (pH 6.0) containing I mM MgC12 and I mM dithiothreitol 
(Fraction E2). 

Step 3. Dialysis at pH 6.o. In accordance with previous findings 3 Fraction E2 
was dialyzed at pH 6.0 for 18 h against 2 1 of the buffer in Step 2, and the precipitate 
formed was centrifuged and discarded. The supernatant  fluid (Fraction E3) con- 
tained the bulk of the enzyme. 

Step 4. Calcium phosphate gel treatment. To Fraction E 3 was added calcium 
phosphate gel (about 20 mg of 22 % gel per mg of protein), and after stirring for 
15 min the gel was centrifuged and discarded. The supernatant fluid, which contained 
the bulk of the enzyme, was dialyzed for I8 h against 2 1 of 5 ° mM Tris-HC1 buffer 
(pH 7.5) containing i mM MgC12 and I mM dithiothreitol to give Fraction E 4. 

Step 5. Chromatography on DEAE-Sephadex A-5o. The column (1. 5 cm x 20 cm) 
was equilibrated with the buffer mixture (pH 7.5) used for dialysis in Step 4. Fraction 
E 4 was applied, and the column was eluted with about 85 ml of the same buffer. 
A linear (NH4)2SO a gradient was then begun. The mixing vessel contained 300 ml of 
the buffer used for equilibration, and the reservoir contained 300 ml of the same 
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Fig. I. C h r o m a t o g r a p h y  of enzyme  F rac t ion  E 4 on D E A E - S e p h a d e x  A-5o. The co lumn (1. 5 cm x 
20 cm) was  equ i l i b ra t ed  w i t h  a buffer m i x t u r e  cons is t ing  of 5 ° mM Tris-HC1 (pH 7.5), I mM MgC12, 
and  I mM di th io th re i to l .  The enzyme  p r e p a r a t i o n  was  appl ied ,  and  the  co lumn was  e lu ted  w i t h  
85 ml  of the  buffer mix tu re .  A l inear  (NH4)2SO , g r a d i e n t  was  begun  as ind ica ted .  The m i x i n g  
vessel  con ta ined  300 ml  of the  buffer mix tu re .  The reservoi r  con ta ined  30o ml of the  buffer 
m i x t u r e  in which  o.15 M (NH4)zSO 4 was included.  The f rac t ion  size was  6. 5 ml, flow ra t e  13 ml/h.  
The (lXTH4)~SO a concen t r a t i on  in  the  e lu ted  f rac t ions  was  de t e rmined  by  c o n d u c t i v i t y  measure-  
ments .  E n z y m e  ac t iv i t i e s  were measu red  as descr ibed in MATERIALS AND METHODS. P ro te in  was  
d e t e r m i n e d  b y  i ts  absorbance  a t  28o nm. PINPP, p - n i t r o p h e u y l  phospha te .  
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buffer in which o.15 M (NH4)2SO a was included. The fraction size was 6.5 ml, flow 
rate 13 ml/h. The enzyme was eluted as a sharp peak (Fig. I) when the (NHa)2SO * 
concentration reached 35 raM. The eluted enzyme was called Fraction E 5. Total 
recovery of applied enzyme activity was about 900/0 . 

Step 6. Gel filtration on Sephadex G-zoo. The column (2.5 cm × 38 cm) was 
equilibrated with a buffer mixture containing 50 mM Tris-HC1 (pH 7.5), IO mM 
(NH4)2SO4, I mM MgC12, and I mM dithiothreitol. The most active fractions from 
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Fig. 2. Gel f i l t ra t ion  of enzyme  f rac t ion  E 5 on Sephadex  G-ioo.  The co lumn (2.5 cm × 3 8 cm) 
was  equ i l ib ra t ed  w i t h  a buffer m i x t u r e  cons is t ing  of  5 ° mM Tris-HC1 (pH 7.5), io  mM (NH4)2SO;, 
i mM MgC12, and  I mM di th io thre i to l .  E n z y m e  p r e p a r a t i o n  (5 ml) was appl ied,  and  the  column 
e lu ted  wi th  the  buffer mix tu re .  The f rac t ion  size was 8 ml, flow ra te  16 ml/h.  E n z y m e  ac t iv i t i e s  
were measured  as specified in MATERIALS AND METHODS. P N P P ,  p - n i t r o p h e n y l  phospha te .  

Step 5, concentrated to about 5 ml by vacuum dialysis in collodion bags, were applied 
to the column and eluted with the buffer mixture used for equilibration. Fraction 
size was 8 ml, flow rate 16 ml/h. The enzyme was eluted as a sharp peak (Fig. 2). 
After an aliquot had been reserved for protein assay, crystalline bovine serum 
albumin (o.I mg/ml) was added to stabilize the enzyme. The enzyme solution was 
called Fraction E6. Total recovery of applied enzyme activity was about 9 o%. 

The purification procedure has been repeated a number of times and showed 
very good reproducibility. 

T A B L E  I I  

R E A C T I V A T I O N  O F  E N Z Y M E  B Y  D I T H I O T H R E I T O L  A F T E R  S T O R A G E  

Undia lyzed  enzyme from Step 4 was used as enzyme  source. The enzyme  solu t ion  was a d j u s t e d  
to  p H  7-5 wi th  Tris buffer, final concen t ra t ion  i o  mM. The p repa ra t i on  was s tored a t  o °. E n z y m e  
a c t i v i t y  (approx.  5/~g of enzyme  protein)  was assayed  w i t h  d T h d - 5 ' - P  as subs t r a t e  as descr ibed 
in MATERIALS AND METHODS excep t  t h a t  se rum a lbum in  was not  present ,  and  d i th io th re i to l  was  
var ied  as ind ica ted .  

Period of Jgithio- Specific 
storage threitol in activity 
(days) incubation (units~rag 

raixture protein) 
(raM) 

o o 542 
20 o 15 
20 I 225 
20 4 265 
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Effect of dithiothreitol and serum albumin on enzyme activity 
Table I I  shows that  undialyzed enzyme* from step 4 lost 97% of its activity 

when stored for 20 days at o °. A partial restoration of the original activity was ob- 
tained when the enzyme was incubated in the presence of dithiothreitol. The obser- 
vation indicates that  the enzyme contains an essential sulihydryl group(s). In ac- 
cordance with this finding all incubation mixtures contain 5 mM dithiothreito], and 
I mM dithiothreitol has been included in all enzyme preparations. Other thiols were 
less efficient for restoration and conservation of enzyme activity. 

Enzyme Muted from the DEAE-Sephadex column (enzyme Fraction ES) 
showed low and variable activity in parallell assay experiments in spite of the fact 
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~ 2.0 ~ • 4. 
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o; a6s o.Io 0.45 do 
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Fig .  3. E f f e c t  o f  s e r u m  a l b u m i n  in  i n c u b a t i o n  m i x t u r e .  E n z y m e  a c t i v i t y  ( F r a c t i o n  E 5 ,  1. 5 / ~ g  o f  
e n z y m e  p r o t e i n )  w a s  a s s a y e d  w i t h  d T h d - 5 ' - P  a s  s u b s t r a t e  u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  i n  
MATERIALS AND METHODS e x c e p t  t h a t  t h e  a m o u n t  o f  s e r u m  a l b u m i n  i n  t h e  i n c u b a t i o n  m i x t u r e  
w a s  v a r i e d  a s  i n d i c a t e d .  

that  adequate amounts of dithiothreitol were present. However, when serum albumin 
was added to the incubation mixture a considerably increased activity level (Fig. 3) 
and excellent reproducibility were obtained. The optimal level of serum albumin was 
o.I mg/o. 5 ml of incubation mixture. The observed effect is probably due to pro- 
tection of enzyme against denaturation during incubation. 

T A B L E  I I I  

STABILITY OF ENZYME TO STORAGE 

T h e  e n z y m e  f r a c t i o n s  w e r e  s t o r e d  a t  o ° f o r  t h e  t i m e  i n d i c a t e d .  E n z y m e  a c t i v i t y  w a s  a s s a y e d  
w i t h  d T h d - 5 " - P  as  s u b s t r a t e ,  a s  d e s c r i b e d  u n d e r  MATERIALS AND METHODS. T h e  a m o u n t  o f  
e n z y m e  p r o t e i n  u s e d  w a s  a p p r o x .  5 # g  o f  F r a c t i o n  E 4 ,  1. 5 / ~ g  o f  E 5 ,  a n d  0 . 6 / ~ g  o f  E 6 .  

Enzyme Period of Addilion to enzyme preparation Remaining 
fraction storage at zero lime activity 

(days) (%) 

E 4  5 N o n e  78 
E 5  2 N o n e  78 
E 5  12 N o n e  26 
E 5  13 o . I  m g  o f  s e r u m  a l b u m i n / m 1  85 
E 6  2 o . I  m g  o f  s e r u m  a l b u m i n / m l  87 
E 6  i o  o . i  m g  o f  s e r u m  a l b u m i n / m l  42 

" I n  t h e  s t a n d a r d i z e d  p u r i f i c a t i o n  p r o c e d u r e  t h e  e n z y m e  is d i a l y z e d  a g a i n s t  a b u f f e r  
c o n t a i n i n g  i m M  d i t h i o t h r e i t o l .  
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With newly prepared enzyme (Fraction E 5 stored for 2 days) no significant 
effect of dithiothreitol (o to IO mM) in the incubation mixture was observed. However, 
with enzyme stored for 12 days dithiothreitol (5 raM) was necessary to obtain optimal 
and reproducible enzyme activity. 

Stability of enzyme 
The enzyme was moderately stable when stored in ice at o °, but was inactivated 

with freezing. Table I I I  shows that  enzyme Fraction E 4 lost 22% of its activity in 
5 days at o °. By further purification (Fraction E5) the activity decreased still more 
rapidly. The activity could be stabilized to a certain extent by addition of serum 
albumin (o.i mg/ml) to the enzyme preparation. Higher levels of serum albumin had 
no further stabilizing effect. The activity of enzyme fraction E6 decreased almost 
linearly with time at a rate of 6~o per day during a Io-day period. Dilution of the 
enzyme preparations led to a more rapid inactivation. 

Substrate specificities 
The relative activities of the nucleotidase toward a number of nucleotides and 

other phosphate esters are shown in Table IV. I t  can be seen that  the enzyme exerts 
high activity against the 5'-phosphates of dThd, dUrd, and dGuo. The other deoxy- 
nucleoside 5'-phosphates and the 5'-ribonucleotides were only slightly or insigni- 

TABLE IV 

RELATIVE ENZYME ACTIVITY WITH VARIOUS SUBSTRATES 

Fract ion E6 (approx. o.6/2g of enzyme protein) was used as enzyme source. The subs t ra tes  were 
tested at 5 InM concentrat ion under  the conditions for assay of nucleotidase activity, except for 
p-ni t rophenyl  phosphate  and glycerol-2-phosphate which were assayed at higher concentrat ions 
under  slightly different conditions. The incubation conditions are specified in MATERIALS AND 
METHODS. The rate  of  dephosphoryla t ion of the subs t ra tes  is given relative to t ha t  of dThd-5 ' -P,  
which is assigned a value of IOO. 

Substrate Relative Substrate Relative 
activity activity 

dThd- 5 ' -P IOO dThd-3',5"-P~ 159 
dUrd-5 ' -P  lO8 dThd- 3' : 5 ' -P  2 
dGuo-5 ' -P 88 Urd-3 '  : 5 ' -P  2 
dAdo-5 ' -P 18 Urd-2 '  : 3 ' -P I 
dCyd-5 ' -P I dThd-5 ' -P-p-ni t rophenyl  o 
5-Methyl-dCyd-5'-P 2 dThd-P-dThd  6 

Urd-P-Urd  13 
Ino-5 ' -P  13 dThd-5 ' -P -P  o 
Guo-5 ' -P  12 dThd-5"-P-P-P 4 
Urd-5 ' -P  io 
Ado-5"-P i p-Ni t rophenyl  phospha te  3 ° 
Cyd-5"-P 2 Pyridoxal-5 ' -P 4 

Ribose-5-P o 
Glycerol-2-P o 
Glucose-6-P o 

dThd-3 ' -P  79 
Urd-3 ' -P  49 
Urd-2 ' -P 32 
Guo-3 ' -P 44 
Guo-2 ' -P i 
Cyd-3 '-P 4 
Cyd-2 '-P i 
Ado-3 '-P o 
Ado-2 '-P 2 
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ficantly degraded. Surprisingly, the enzyme showed relatively high activity toward 
certain 3'-nucleotides, viz. the 3'-phosphates of dThd, Urd, and Guo. Guo-2'-P was 
not significantly degraded in spite of the fact that Urd-2'-P was dephosphorylated 
relatively efficiently. Urd-2'-P should be free of contaminating isomers according to 
specifications given by P-L Biochemicals, Inc. No significant dephosphorylation of 
the 2'- and 3'-phosphates of Cyd and Ado was observed, dThd-5'-P and Urd-3'-P have 
been used as routine substrates for assay of the 5'- and 3'-phosphohydrolase activities, 
respectively. 

The high rate of dephosphorylation of deoxythymidine 3',5'-diphosphate might 
suggest that  the enzyme shows a preference for the cleavage of the 3'-phosphate 
group in the presence of a 5'-phosphate substitution or vice versa. Should this be the 
case, the enzyme might be able to split off terminal 3'- or 5'-phosphate groups from 
polynucleotides. This possibility has not yet been investigated. The enzyme showed 
no significant activity toward cyclic 2' :3'- and 3':5'-phosphates, dThd-5'-P-parani- 
trophenyl ester, dinucleoside phosphates of dThd and Urd, and di- and triphosphates 
of dThd. Sugar phosphates were inactive as substrates, but p-nitrophenyl phosphate 
was appreciably dephosphorylated. 

Consideration of the structure of the nucleotides which are actively dephos- 
phorylated by the enzyme indicates that  an oxygroup in the 4-position of the 
pyrimidine and in the 6-position of the purine component is essential for significant 
enzyme activity. Moreover, deoxyribonucleotides are dephosphorylated more rapidly 
than ribonucleotides, particularly when the phosphate is attached at the 5'-position. 

Purity of the enzyme 
The enzyme was purified about 2ooo-fold from the 123 ooo × g supernatant 

fluid, and during the course of this purification the ratios between the rate of dThd- 
5'-P dephosphorylation and the dephosphorylation of Urd-3'-P remained essentially 
constant (Table V). The ratio between dephosphorylation of dThd-5'-P and p-nitro- 
phenyl phosphate seemed to reach a constant value after purification step 5 had 
been carried out. Moreover, the activity ratios remained constant in Fraction E6 
which decayed to 20 % of the initial activity during storage. The fact that glycerol- 
2-phosphate, sugar phosphates, and a number of nucleotides were not dephosphoryl- 

T A B L E  V 

RATIOS OF SPECIFIC ACTIVITIES 

The enzyme  f rac t ions  f rom two different  pur i f ica t ion  expe r i men t s  (I and  2) were assayed  for 
r espec t ive  ac t iv i t i e s  as descr ibed  unde r  MATERIALS AND METHODS. The  a m o u n t s  of  enzyme  pro- 
t e in  used were  as in  Tab le  I. P N P P ,  p - n i t r o p h e n y l  phospha te .  

Enzyme dThd-5"-P : dThd-5"-P : dThd-5"-P : 
fraction Urd-3 "-P Glycerol-2 -P P N P P  

I 2 i 2 i 2 
E1 2.98 2.66 1.16 2.88 o.186 0.322 
E2 2.08 2.16 1.35 2.86 o.532 o.9o 4 
E3 1.95 2.IO i . i 6  2.56 o .56i  0.942 
E4 1.98 2.02 6.61 2.47 2.23 1.21 
E5 1.96 1.99 34.0 27.6 2.88 3.13 
E6 1.95 1.95 oo oo 3.02 2.97 
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ated by Fraction E6 (Table IV) shows that  nonspeeific phosphatase was absent and 
could not be responsible for dephosphorylation of p-nitrophenyl phosphate. Chro- 
matography of the enzyme on DEAE-Sephadex and subsequent gel filtration on 
Sephadex G-ioo (Steps 5 and 6 in the purification procedure) showed that  the eluted 
enzyme activity for dThd-5'-P, Urd-3'-P, and p-nitrophenyl phosphate exactly 
coincided in a sharp peak in both experiments (Figs. I and 2). All in all, the evidence 
seems to suggest strongly that  the dephosphorylating activities of Fractions E 5 and 
E6 are associated with the same protein. 

Molecular weight 
A 2-ml aliquot of enzyme Fraction E5 containing o.I mg of serum albumin/ml 

was subjected to gel filtration on a 2.5 cm × 38 cm column of Sephadex G-Ioo. 
The column was calibrated with the following marker proteins: Cytochrome c, tool. 
wt. 12 4oo; horse myoglobin, tool, wt. 17 800; chymotrypsinogen A, mol. wt. 25 ooo; 
egg albumin, mol. wt. 45 ooo; bovine serum albumin, tool. wt. 67 ooo. The proteins 
showed close adherence to linear relationship between partition coefficient and log 
molecular weight 6. From the standard curve obtained the partition coefficient of the 
nucleotidase indicated a tool. wt. of 45 ooo. 

Kinetics 
The amount of phosphate released from dThd-5 '-P and Urd-3'-P was pro- 

portional with incubation time and with amount of enzyme in the ranges investigated 
(up to 30 rain; up to 4 enzyme units measured with dThd-5 '-P as substrate). 

Effect of pH on enzyme activity 
The nucleotidase exhibited a sharp activity optimum between pH 6.o and 6.1 

when dThd-5 '-P was used as substrate (Fig. 4). The same pH optimum, although 

10C 

BC 

60 

.>_ 

a 4 0  

a~ 2o 

O e d T h d - 5 ' - P  

& A Ur -d -3 ' -  p 

B • PNPP 

3 ' , 5 ' - p  2 

5 6 7 ~, - 9 -  
pH 

I 
10 

Fig. 4. Effect of p H  on enzyme activity. Fract ion E5 or E6 ( i . I  or o.5/~g of enzyme protein, 
respectively) was used as enzyme source and was measured with the subs t ra tes  shown in the 
figure under  assay conditions specified in MATERIALS AND METHODS, except tha t  p H  was varied 
as indicated. Open symbols,  Tr is -maleate  buffer; closed symbols,  glycine buffer, pI-I was adjusted 
to the desired value wi th  N a O H  and was measured at  20 ° in the complete incubat ion mixture.  
PNPP,  p-n i t rophenyl  phosphate .  

Biochim. Biophys. Acta, 235 (I97 x) i28 141 



A NEW NUCLEOTIDASE OF RAT LIVER 137 
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Fig. 5. Effect of  Mg 2+ on enzyme activity.  The enzyme (Fraction E5) was  dialyzed for 18 h against  
2 1 of 5 ° mM Tris-HC1 buffer (pH 7.5) containing i mM dithiothreitol.  Activity (I . I  #g  of enzyme 
protein) was measured wi th  the subs t ra tes  shown in the figure under  the assay conditions specified 
in MATERIALS AND METHODS, except tha t  Mg *+ was varied as indicated. PNPP,  p-ni t rophenyl  
phosphate .  

slightly less sharp, was found with,dUrd-5'-P, dGuo-5'-P, Guo-3'-P or Urd-2'-P. With 
Urd-3'-P a somewhat broader pH optimum around 6.2 occurred. The same pH de- 
pendence was observed with dThd-3'-P as substrate. With dThd-3',5'-diphosphate 
optimal enzyme activity was at pH 5.6, and with p-nitrophenyl phosphate at pH 5.8. 

Effect of Mg ~+ on enzyme activity 
The enzyme was completely inactive in the absence of Mg 2+ with either dThd- 

5'-P, Urd-3'-P or p-nitrophenyl phosphate as substrate (Fig. 5). Optimal Mg ~+ 
concentration was around 0.02 M with dThd-5'-P and Urd-3'-P, and was 0.05 M 
with p-nitrophenyl phosphate as substrate. 

Effect of substr ate concentration 
Fig. 6 shows the relationship of substrate concentration to enzyme activity for 

Th ' ' four types of substrates, viz. dThd-5'-P, Urd-3'-P, d d-3,5 -P2, and p-nitrophenyl 

T A B L E  VI 

A P P A R E N T  K m V A L U E S  F O R  V A R I O U S  S U B S T R A T E S  

The Km values were est imated f rom Lineweaver-Burk plots based on act ivi ty  measurements  
described in the legend to Fig. 6. 

Substrate Km 
(raM) 

dThd-5"-P 0.89 
dUrd-5"-P 0.72 
dGuo-5 ' -P  i. i 
dThd-3"-P o. 16 
Urd-3 ' -P  o.16 
Guo-3 ' -P 0.24 
dThd-3",5"-P, o.36 
p-Ni t rophenyl  phospha te  2. I 
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Fig. 6. Effect of subs t ra te  concentrat ion on enzyme activity. The rate of  dephosphoryla t ion  of 
the nucleotides and of  p-ni t rophenyl  phosphate  was measured under  the assay condit ions for 
nucleotidase and p-ni t rophenyl  phosphatase ,  respectively, as specified in MATERIALS AND METHODS, 
except tha t  the subs t ra te  concentrat ion IS 3 was varied as indicated. At each subs t ra te  concentra-  
tion, incubations were carried out  for 7.5 and 15 min in duplicate. The amoun t  of enzyme (approx. 
1.5 or 0.2/2g of enzyme protein from fraction E5 or E6, respectively) was adjusted so t ha t  less 
than  14 % of the subst ra te  was dephosphorylated.  In  all exper iments  1Dl released was proport ional  
wi th  t ime over the assay period. The absorbance of the colorimetric assay of l~i (or p-nitrophenol)  
released in the 7.5-min enzyme reaction is used to express reaction velocity (v). An absorbance 
of o.o1 corresponds to 1.65 nmoles or 1.46 nmoles of PI released f rom nucleotides or p-nitro- 
phenyl  phosphate ,  respectively. 1)NPP, p-ni t rophenyl  phosphate.  
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phosphate. I t  can be seen that  almost optimal enzyme activity was obtained with 
Urd-3 ' -P at concentrations above 2 mM, whereas higher concentrations were required 
for the other substrates to reach saturating levels. The apparent Km values for 
different substrates were estimated from the double reciprocal plots according to 
LINEWEAVER AND BURK 7 and are quoted in Table VI. The 5'-nucleotides have 
consistently higher Km values than the 3'-nucleotides. dThd-3' ,5'-diphosphate has 
Km 0.36 mM and may  kinetically be more closely related to the 3'-nucleotides than 
to the 5'-derivatives. I t  seems reasonable that  the artificial substrate p-nitrophenyl 
phosphate, which happens to be degraded by the enzyme, has a higher Km value 
than any of the other substrates. 

Enzyme activity with combinations of two different substrates 
Table VII  shows that  if two different 5'-nucleotides were present in the incu- 

bation mixture (Expts. I and 2), the enzyme activity was almost equal to that  ob- 
tained with a single substrate. The small difference may  be explained as a result of 
increased substrate level. Essentially the same was found when a mixture of two 

T A B L E  V I I  

ENZYME ACTIVITY WITH COMBINATIONS OF TWO DIFFERENT SUBSTRATES 

Fract ion E6 (approx. 0.6/~g of enzyme protein) was used as enzyme source. The subs t ra tes  were 
tested under  the condit ions for assay of nucleotidase activity, as specified in MATERIALS AND 
METHODS. The concentrat ion of the 5'-nucleotides was 5 mM and tha t  of the 3'-nucleotides 2.5 raM. 
The rate  of  dephosphoryla t ion  of single subs t ra tes  and subs t ra te  combinat ions is given relative 
to t ha t  of  dThd-5"-P, which is assigned a value of IOO. 

Expt. Substrate % of rate of 
No. dThd-5 "-P 

dephospho- 
rylation 

I dThd-5 ' -P  IOO 
dUrd-5 ' -P  lO8 
dThd-5 ' -P  + dUrd-5 ' -P  125 

2 dGuo-5 ' -P  88 
dThd-5 ' -P  + dGuo-5 ' -P  IOI 

3 Urd-3 ' -P  48 
dThd-3 ' -P  76 
Urd-3 ' -P  + dThd-3 ' -P  76 

4 Urd-3 ' -P  + dThd-5 ' -P  18o 

5 dThd-3 ' -P  + dThd-5 ' -P  243 

different 3'-nucleotides was incubated (Expt. 3). However, if a combination of a 3'- 
and a 5'-nucleotide was present in the incubation mixture (Expts. 4 and 5), the 
enzyme activity exceeded the sum of the activities with the individual substrates. 
The excess of activity was 22% for Urd-3 ' -P plus dThd-5'-P, and was 38% for 
dThd-3 ' -P plus dThd-5'-P.  

Nucleoside triphosphates such as Ado-5'-P-P-P and dThd-5'-P-P-P (not 
shown) did not exert any effect on the rate of dephosphorylation of dThd-5 ' -P or 
Urd-3'-P. 
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DISCUSSION 

The nucleotidase reported in the present communication has a unique 
substrate specificity in that  it degrades 5'-deoxyribonucleotides far more rapidly 
than 5'-ribonucleotides, in contrast to the 5'-nucleotidases studied previously in rat 
liver1-3, 8-11, other animal tissues 12-17, Escherichia coli 18, and plants 19. A nucleotidase 
present in Bacillus subtilis after phage infection 2° showed significant activity only 
toward dThd-5'-P. The relative activities of the enzyme toward certain 3'-nucleotides 
further show that  it is distinctly different from previously described enzymes with 
3'-nucleotidase activity 21-3°. These facts clearly distinguish the present nucleotidase 
from other nucleotidases previously detected, and indicate that  the nucleotidase is 
a new enzyme of rat  liver. 

The experimental evidence for identification of the 3'- and 5'-nucleotidase 
activities with the same protein is discussed under RESULTS, Purity of the enzyme. 
Additional evidence is provided by the finding that  the Pi released in the presence 
of combinations of 3'- and 5'-nucleotides exceeded significantly the sum of the 
activities with single substrates (Table vii, Expts. 4 and 5). I t  would be difficult to 
explain this excess of activity if two enzymes were responsible for the dephosphory- 
lations. I f  one accepts that  the two activities are intrinsic properties of the same 
enzyme molecule, one of two possible consequences must follow: (I) The enzyme 
possesses two catalytic sites which degrade 3'- and 5'-nucleotides, respectively. Bind- 
ing of substrate at one site induces a conformational change of the enzyme molecule, 
resulting in increased activity of the other site. The phenomenon of two catalytic 
sites in enzymes related to nucleotide degradation has been reported for bacterial 
cyclic phosphodiesterases having 3'-nucleotidase activity z4,31m. (2) The enzyme 
possesses an allosteric site at which a 5'- or 3'-nucleotide can bind and activate the 
dephosphorylation of a 3'- or 5'-nucleotide, respectively. The validity of the hypo- 
theses will be investigated by means of isotopieally labeled nucleotides. 

The activity of the nucleotidase toward p-nitrophenyl phosphate is surprising 
in view of the difference in structure between this compound and the nucleotides. 
I t  is possible that  the activity may be related in some way to the 3'-nucleotidase 
activity of the enzyme. Thus, it has been reported27m that  phosphodiesterases with 
3'-nucleotidase activity also exerted activity toward p-nitrophenyl phosphate. I t  may 
be significant that  this enzyme also possessed two substrate-binding sites ~4,31,z2. The 
observations may point out the uncertainty of using dephosphorylation of p-nitro- 
phenyl phosphate as a measure of nonspecific phosphatase activity. 

The physiological significance of the enzyme is not known, although its speci- 
ficity for a limited number of 3'- and 5'-nucleotides and the possible existence of 
allosteric regulation of its activity suggest that  it may have some function in the 
control of nucleotide metabolism. The enzyme resembles in some respects a bacterial 
3'-nucleotidase described by BECKER AND HURWITZ 2~, which catalyzed the selective 
removal of terminal 3'-phosphoryl groups from DNA. This enzyme also hydrolyzed 
deoxythymidine 3',5'-diphosphate and deoxythymidine 3'-phosphate. Although its 
substrate specificity was otherwise somewhat different from that  of the present 
enzyme, the possibility appears that  our nucleotidase exerts activity toward phos- 
phate termini of polynucleotides. The relatively high Km values of the substrates 
tested so far could suggest that  the true substrate has not yet been found. On the 

Biochim. Biophys. Acta, 235 (1971) I28-I4I 



A NEW NUCLEOTIDASE OF RAT LIVER I41 

other hand, the Km values recorded in the present paper were determined with only 
one substrate present in the incubation mixture. Our data indicate that the simul- 
taneous presence of 3'- and 5'-nucleotides will influence the kinetic characteristics 
of  the enzyme. However, should the enzyme turn out to hydrolyze phosphate termini 
from polynucleotides, it might be expected to have a direct influence on the D N A  
template activity. It is well known that a 3'-phosphate end in DNA is a potent 
inhibitor of DNA polymerase, and that hydrolytic removal of  this 3'-phosphoryl 
group is essential for the priming function of the DNA chain 34. 

Previous observations indicate that the enzyme undergoes activity variations 
in growing tissues, at least when the growth stimulus is a carcinogen. Thus, a tempo- 
rary and striking increase in dephosphorylation of dThd-5'-P at pH 6 occurred in 
the lO5 ooo x g supernatant fluid of rat liver homogenates during induction of 
carcinogenesis by 2-acetylaminofluorene85, 3~. A slight increase in activity level also 
seemed to occur during liver regeneration 1. In fact, these observations prompted the 
search for the present enzyme S . The importance of further investigations on the 
biological role of  the enzyme seems to be indicated. 
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