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Summary 

The plasma membrane enzyme 5'-nucleotidase (EC 3.1.3.5) was prepared 
from rat liver as a complex with sphingomyelin or in detergent-solubilized 
forms. Each preparation exhibited a K m and Arrhenius break temperature 
indistinguishable from that of 5'-nucleotidase in plasma membranes. Measure- 
ment of fatty acid profiles, cholesterol and phospholipid content however 
showed a very wide variation between these preparations. We conclude that the 
biphasic nature of the Arrhenius plot of 5'-nucleotidase may be a property of 
the enzyme rather than its lipid environment. 

Introduction 

5'-Nucleotidase (EC 3.1.3.5) is a glycoprotein ectoenzyme which is tightly 
bound to the plasma membrane of  most  mammalian cells [1--4].  Reports  of 
soluble 5'-nucleotidase activity refer to either a different enzyme activity [5] 
or to material solubilized by high bile detergent concentration in liver [6]. 
In common with other  intrinsic membrane proteins 5'-nucleotidase may be 
purified as a phospholipid complex [7],  although the phospholipid does not  
appear to be a strict requirement for activity [8] as has been reported for Ca 2+- 
activated ATPase [9].  5'-Nucleotidase may be associated with sphingomyelin 
in vivo since it is found in the sphingomyelin-rich bilayer of the bile canaliculae 
of  mouse liver membranes [10].  The ability to solubilize 5'-nucleotidase with a 
phosphatidyl  inositol-specific phospholipase has suggested a role for this phos- 
pholipid in the anchoring of the enzyme in the membrane [11].  

5'-Nucleotidase has been purified from plasma membranes solubilized in 
detergent in an apparently phospholipid-free form [12,13] bu t  it has been 
noted that these preparations may be of  low specific activity and less stable to 
heat denaturation than the sphingomyelin-enzyme complex [8].  

We have used these preparations of 5'-nucleotidase to assess the relationship 
of  biphasic Arrhenius plots to the lipid environment of  the enzyme. 
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Materials and Methods 

Detergents. Sarkosyl NL35 (sodium lauroyl sarcosinate) was a gift from 
CIBA-Geigy (Simonsway, Manchester, M22, 5LB, U.K.). Lubrol 12 A9 was a 
gift from ICI Ltd. (Organics Division, P.O. Box 42, Blackley, Manchester, M9 
3DA, U.K.). 

Plasma membranes. Plasma membranes were prepared from 250 g Wistar or 
Sprague-Dawley rats by the method of Fleischer and Kervina [ 14]. 

Partial purification of 5'-nucleotidase. Solubilization and partial purification 
of 5'-nucleotidase from plasma membranes was achieved using the method of 
Evans and Gurd [12] in which the membranes were solubilized in 2.5% 
Sarkosyl at 4~C for 5 min and purified by equilibrium centrifugation in a 5 to 
15% sucrose gradient followed by gel chromatography. Alternatively, the 
plasma membranes were solubilized in 0.7% Lubrol at 37°C for 60 min fol- 
lowed by gel chromatography and DEAE-agarose ion-exchange chromato- 
graphy according to the method of Slavik et al. [13]. 

High specific activity material was purified from Wistar or Sprague-Dawley 
rat liver as a phospholipid complex by the method of Widnell [7]. 

Assays 
5'-Nucleotidase. 5'-Nucleotidase was assayed using the spectrophotometric 

assay of Ipata [15]. Cuvettes containing 50 mM Tris-HC1 buffer, pH 7.5, and 
2 mM MgC12 were pre-equilibrated to the temperature of the assay. Adenosine 
deaminase (2 units) and a sample (approx. 10 -3 unit) were then added and the 
cuvette transferred to a Gilford model 250 spectrophotometer (Gilford Instru- 
ments Ltd., 44-48 Church Road, Teddington, Middlesex, U.K.). The tempera- 
ture of the reaction mixture in the cuvette was measured with a 'thermolin' 
component (Sasco, P.O. Box 2000, Crawley, Sussex, U.K.) mounted on a probe 
built into the cuvette compartment lid, and displayed on a digital Voltmeter 
arranged in a bridge circuit with the sensor. The linear output of the device was 
calibrated against a mercury-in-glass thermometer. When the contents of the 
cuvette had reached a constant temperature, 100 pM AMP was added and the 
temperature averaged between the beginning and the end of each assay. This 
variation in temperature during an assay was less than 0.5°C. Arrhenius plots 
for CMP were performed on a thermal gradient block using the assay of Avruch 
and Wallach [16]. 

Phosphorus. Phospholipid was extracted from samples with 3 X 5 ml chloro- 
form/methanol (2 : 1, v/v) and pyrolysed in H2SO4/perchloric acid (9 : 1, v/v) 
at 180°C for 3 h. Released phosphate was measured by the method of Fiske 
and Subbarow [17]. Alternatively, the sample was pyrolysed with magnesium 
nitrate [18] and phosphate measured by the method of Itaya and Ui [ 19]. 

Protein. Protein was estimated by the method of Lowry et al. [20]. 
Cholesterol. Total cholesterol plus cholesterol ester was measured using a 

Boehringer assay kit (Boehringer Corporation Ltd., Bell Lane, Lewes, Sussex, 
BN7 TLG, U.K.). 

Fatty acids. Fatty acids were analysed by gas chromatography of chloro- 
form/methanol extracts. After hydrolysis in 2 M NaOH f o r 3 0  min at 100°C 
the liberated fatty acids were extracted at low pH, dried down and methylated 
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with 14% BF3 in methanol for 5 min at 60°C. Alternatively, samples were 
transmethylated with 14% BF3 in methanol at 100°C for 90 min. Methyl esters 
were extracted in n-hexane, dried down in a stream of N2 and injected in CS2 
solvent. 

ESR 
ESR spectra were recorded on a Varian E3 spectrometer and the tempera- 

ture was monitored continuously during the experiment by a thermistor 
inserted immediately above the cavity. Samples were inserted in 1.0 mm 
internal diameter glass capillaries. 5-Doxyl stearic acid was used as spin label at 
a molar ratio to phospholipid of about 1 : 100. 

Results 

Fig. 1 shows the Arrhenius plots of 5'-nucleotidase in plasma membranes, 
and of three preparations extracted in different detergents and partially puri- 
fied. Apart from the activation energy for plasma membrane 5'-nucleotidase 
below the break temperature there is no significant difference between these 
lines. The mean break temperature for all preparations was 30.4 + 0.5°C. 

Sphingomyelin 5'-nucleotidase. Differential detergent extraction of rat liver 
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Fig. 1. Arrhenius plots of 5'-nucleotidase. 5'-Nucleotidase was assayed speetrophotometrically and initial 

rates were measured. Each point represents the mean of three assays. • ---o plasma membranes; 
o - - o  s p h i n g o m y e l i n - e n z y m e  c o m p l e x ;  ~ ,  saxkosyl-solubil ized p l a sma  m e m b r a n e s ,  o - -  a 
lubrol -solubi l ized  p l a sma  m e m b r a n e s .  
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T A B L E  I 

T H E  C O M P O S I T I O N  A N D  5 ' - N U C L E O T I D A S E  A C T I V A T I O N  E N E R G I E S  O F  P A R T I A L L Y  P U R I E D  
P R E P A R A T I O N S  F R O M  R A T  L I V E R  

Da ta  are  e x p r e s s e d  as a r ange  o f  va lues  fo r  t w o  e x p e r i m e n t s  or  as a m e a n  + S.E. w i t h  n u m b e r  o f  observa-  
t i ons  in p a r en t h e se s .  ,~ 

Spec i f ic  P h o s p h o r u s  Cho les te ro l  A c t i v a t i o n  e n e r g y  Break  
ac t i v i t y  (Dg/mg (~tg/mg (k  J / t oo l )  t e m p e r a t u r e  

( u n i t s / r a g  p r o t e i n )  p r o t e i n )  ( °C)  
p r o t e i n )  Be low b r e a k  A b o v e  b r e a k  

P l a s m a  0 . 5 2 - - 0 . 7 7  2 0 . 1 - - 2 1 . 4  1 1 7 - - 1 5 5  
m e m b r a n e s  

Pur i f i ed  5 '-  54 - -72  1 3 3 - - 1 6 9  1 1 6 - - 1 4 0  
nue l eo t idase  

Sarkosy l - so lu -  0 .5 - -1 .7  ~ 0 . 0 9  * ~ 8  * 
bi l ized 

m e m b r a n e s  

Lubro l - so lu -  1 .7 - -1 .8  ~ 0 . 0 5  * n.d.  
b i l ized  
m e m b r a n e s  

8 8 - - 9 2  

65.3 -+ 3 (11)  • 42.3_+ 3 (11)  *30.4 +_ 0.5 (13)  

* No  p h o s p h o r u s  or  cho l e s t e ro l  cou ld  be d e t e c t e d  in  these  samples ,  the  f igures  s h o w n  are  the  l imi t s  o f  

s ens i t i v i ty  o f  t he  assay t a k i n g  in to  a c c o u n t  t he  p r o t e i n  c o n c e n t r a t i o n  o f  the  sample .  

N.D. ,  n o t  d e t e r m i n e d .  

with Triton X-100 and deoxychola te  followed by purification according to 
the procedure of  Widnell [7],  results in a material enriched in phospholipid 
relative to plasma membranes and with a similar cholesterol content  (Table I). 
This phospholipid co-chromatographed with sphingomyelin on 2-dimensional 
thin layer chromatography plates [21];  no other phospholipids were present. 
Gas-chromatography showed it to have a radically different fa t ty  acid compo- 
sition compared to plasma membranes (Fig. 2). Very long chain fat ty  acids (not 
shown here) accounted for less than 10% of  the total; at least 85% of  the fat ty  
acids were saturated. 

Despite the 50% change in activation energy of  this sphingomyelin-enzyme 
complex at 30°C, no discontinuity was observed over the temperature range 
20--40°C in the ESR parameter  2Tll of  the spin label 5-doxyl stearic acid when 
it was incorporated into the same material (Fig. 3). 

The Arrhenius plot  of  5'-nucleotidase activity towards CMP (Fig. 4) showed 
a break temperature at 20.8 + 0.7°C (S.E.M., 4 measurements) and activation 
energies of  86.5 and 41.8 kJ/mol  below and above the break, respectively. In 
this case the enzyme shows a marked change in break temperature and activa- 
tion energy despite a constant  lipid environment.  The Kin, however, was the 
same as that  for AMP. 

Detergent-solubilized plasma membranes. The cholesterol and phosphorus 
content  of  the detergent-solubilized plasma membranes was below the limits 
of  detect ion of  the assays used (Table I). Assuming a molecular weight of 
140 000 for the protein in these preparations, this corresponds to 0.4 mol 
phospholipid/mol protein. Both the sarkosyl- and the Lubrol-solubilized prepa- 
rations, however,  display Arrhenius plots indistinguishable from the sphingo- 
myelin enzyme (Fig. 1). The sarkosyl material was prepared in 0.25% deter- 
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Fig. 2. T h e  f a t ty  acid c o m p o s i t i o n  of  lipids e x t r a c t e d  f r o m  5 ' -nuc leo t idase  p repa ra t ion .  Fa t t y  acids f r o m  
saponi f ied  lipids e x t r a c t e d  f r o m  (a) p la sma  m e m b r a n e s  and  (b)  pur i f ied  5 ' -nuc leo t idase - sp ingomye l in  
c o m p l e x  were  m e t h y l a t e d  and  in jec ted  in CS 2 so lvent  on to  10% e thy l ene  glycol  succ ina te  c o l u m n s  at 
180°C and  60 m l / m i n  argon.  Peaks were  ident i f ied  b y  c o m p a r i s o n  wi th  s t anda rd  m e t h y l  esters  as fol lows:  
(1),  h e x a d e c a n o i c  m e t h y l  es ter  (16 : 0) ;  (2),  hexadec-9-eno ic  m e t h y l  es ter  (16 : 1);  (3),  oc t adecano ic  
m e t h y l  es ter  (18  : 0);  (4),  oc tadec-9-eno ic  m e t h y l  es ter  (18  : 1); (5),  oc t adec ,  9-, 11-dienoie  m e t h y l  ester  
(18  : 2); (6),  Eicosa,  5-, 8-, 11-, 14 - t e t r aeno ic  m e t h y l  ester  (20 : 4). F ID ,  f l ame ion iza t ion  de t ec to r .  
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Fig. 3. ESR of  sph ingomye l in -5 ' -nuc leo t idase .  Ar rhen ius  p lo t  o f  the  P a r a m e t e r  2T u ( a rb i t r a ry  uni t s )  for  
the  sph ingomye l in -5 ' - nuc l eo t i da se  c o m p l e x  spin label led w i th  5-doxyl  stearic acid (1 tool% of to ta l  l ipid).  
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Fig. 4. A r rhen i u s  p lo t  of  sph ingomey l in -5 ' -nuc l eo t idase  using CMP as subs t ra te .  E n z y m e  act ivi ty  was 
assayed  at  each  t e m p e r a t u r e  by  m e a s u r i n g  the  [ 3 H ] c y t o s i n e  re leased  f r o m  [ 3 H ] C M P  [ 1 6 ] .  Th e  m e a n  
b r eak  t e m p e r a t u r e  f r o m  fou r  m e a s u r e m e n t s  was  20.8 ± 0 .7°C (S.E.M.) and  the  ac t iva t ion  energies  were  
86.5 and  41 .8  k J / m o l .  

Fig. 5, L i n e w e a v e r - B u r k  p lo t  of  5 ' -nue leo t idase .  P lasma m e m b r a n e s  were  p r e p a r e d  f r o m  ra t  l iver [14 ]  
and  i n c u b a t e d  in 2.5% Sarkosy l  or  2.5% L u b r o l  for  5 rain a t  4°C.  The  ex t r ac t  was  cen t r i fuged  at  40  0 0 0  X 
gay for  30  rain and  the  s u p e r n a t a n t  assayed  a t  37°C in a final d e t e r g e n t  c o n c e n t r a t i o n  of  0 .01%. 
• ¢. p l a sma  m e m b r a n e s ;  m-- -'. Sa rkosy l  e x t r a c t ;  A - -  A Lubro l  ex t rac t .  
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gent and assayed at less than 0.001% while the Lubrol material was prepared in 
0.1% detergent and assayed at less than 0.0005%. Experiments in which plasma 
membranes were solubilized in 2.5% detergent and the activity measured in a 
supernatant after centrifugation showed no effect of the detergents on the Km 
of the enzyme (24 tzM) even at high concentration (Fig. 5). Sarkosyl, however, 
released more 5'-nucleotidase than Lubrol at the same concentration. 

Discussion 

Rat liver 5'-nucleotidase may be purified subsequent to detergent solubiliza- 
tion by a variety of different procedures. In contrast to the report by Naka- 
mura [22] we have found no change in the Km for AMP of the enzyme after 
solubilization in either Sarkosyl, Lubrol or deoxycholate.  This suggests that  the 
soluble enzyme functions, in most respects, like its counterpart  in the plasma 
membrane. The four detergents used in preparing the enzyme bear little resem- 
blance to each other or to sphingomyelin. They are also present at extremely 
low concentrations in the enzyme assays. It seems unlikely, therefore, that  the 
detergents played a significant part in producing biphasic Arrhenius plots. 

Cholesterol is a well known inhibitor of lipid phase transitions and Kreiner 
et al. [23] have suggested that  enzymes exhibiting biphasic Arrhenius plots in 
mammalian membranes must either exist in cholesterol-depleted areas of the 
plasma membrane or, alternatively, show changes in activation energy that  are 
dependent  on the protein rather than the surrounding lipid. We have shown 
that  the break temperature of 5'-nucleotidase Arrhenius plots in plasma mem- 
branes with a cholesterol : phospholipid ratio of 0.52 is indistinguishable 
from that  of the sphingomyelin complex with a ratio of 0.07. 

The sphingomyelin complex had a fa t ty  acid profile consisting principally 
of saturated fa t ty  acids, in agreement with published values [24,25]. No 
difference was observed however in the break temperature of this preparation 
compared with that  of plasma membrane 5'-nucleotidase which contains a 
much greater proportion of medium chain-length unsaturated fa t ty  acids. There 
was no evidence from ESR data of a phase transition in the sphingomyelin of 
purified 5'-nucleotidase corresponding to the break temperature of the 
Arrhenius plot of the enzyme. The discontinuity at 20°C, however, agrees with 
published values for bovine erythrocyte  sphingomyelin [25] and the high 
degree of saturation of the fa t ty  acid side chains. Preparations of 5'-nucleo- 
tidase containing no measureable phospholipid or cholesterol still exhibited a 
break in their Arrhenius plot at 30°C. 

It is interesting to note that  the higher activation energy of plasma mem- 
brane 5'-nucleotidase below the break temperature, which is the only signifi- 
cantly different feature of the Arrhenius plots from all the preparations, can be 
simulated in the sphingomyelin complex simply by changing the substrate. 
This change in the Arrhenius plot behaviour of 5'-nucleotidase using CMP 
rather than AMP as substrate is difficult to explain in terms of a modification 
of the lipid environment of the enzyme. A number of explanations for biphasic 
Arrhenius plots which do not  involve changes in the environment have been 
suggested [26--28] and an example of such behaviour has been provided by the 
hydrolysis of ITP by the soluble protein myosin [29]. In this case a biphasic 
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Arrhenius plot  was observed which was not  present when the usual substrate, 
ATP, was used. This behaviour was interpreted as a conformational  change of 
the protein induced by substrate binding, which allowed further folding of  the 
proteins to occur at the break temperature of  the Arrhenius plot. Presumably a 
similar mechanism operating in the enzyme 5'-nucleotidase could account  for 
the changes in both break temperature and activation energies when the pyri- 
midine substrate CMP is used. The values of  the activation energies above and 
below the break temperature for myosin are very similar to those reported here 
for solubilized 5'-nucleotidase. 

5'-nucleotidase appears, therefore, to be an example of  a membrane enzyme 
which displays a biphasic Arrhenius plot  independent  of  its lipid environment.  
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