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ABSTRACT 

The stearyl desaturase of lactating 
bovine mammary tissue is located in the 
microsomes and requires activated fatty 
acid and NADll for activity. Other 
enzymes, acyl-transferase(s) and deacy- 
lase which apparently compete with the 
desaturase for substrate are .also present. 
Both the substrate 1-14C-steary 1 CoA and 
the oleic acid produced by desaturase are 
esterified into the various lipid classes. 
The oleic acid is preferentially acylated 
into position sn-3 of the triglycerides and 
sn-2 of the phosphatidylcholine. Experi- 
mental conditions causing reduced de- 
saturase activity depressed triglyceride 
synthesis, and stimulation of desaturation 
by NADIt, lz c~ GP, acidic pH, 5.6, was 
accompanied b) increased incorporation 
of radioactive fatty acids into the triglyc- 
erides. These data indicated that desatu- 
rase and glyceride acyl transferase were 
located contiguously within the micro- 
somal membranes. The possibi.lity that 
desaturase activity might control triglyc- 
eride synthesis in vivo is discussed. It was 
observed thai mammary tissue from non- 
lactating cows I-2 weeks and 2 days  
prior to calving lacked or possessed very 
low stearyl desaturase activity. 

Oleic acid is the principal unsaturated acid i~ 
bovine milk, and its concentration and intra-. 
molecular distribution may be very ,significant 
in reducing the melting point of bovine milk fat 
and maintaining it in a fluid condition at 
physiological temperatures ( 1 ). The quantity of 
cis octadecenoic acid in milk is variable ranging 
from 50-70% of the total octadecenoic acid 
present (2). It is estimated that 30-40% of the 
cis isomer, i.e., oleic acid, is synthesized in the 
mammary tissue by the action of the anzyme 
stearyl desaturase on absorbed exogenous ste- 
aric acid (1-5). The possible importance of 
exogenous stearic acid and its metabolism in 
lactating bovine has been alluded to by some 
authors (6-8,34) in that it may directly or 
indirectly regulate triglyceride synthesis. The 
possible essential role of oleic acid inmi lk  fat 

synthesis has been discussed (1). In the present 
paper the finding that stearyl desaturase ac- 
tivity affects triglyceride synthesis by mam- 
mary microsomes in vitro c'orroborates the 
above intimations. 

MATERIALS AND METHODS 

Mammary tissue was obtained from lactating 
(30/40 lb. milk per day) llolstein cows follow- 
ing slaughter. The tissue was minced in a meat 
grinder, diluted 1:2 in 66 mmoles potassium 
phosphate buffer pH 7.4, and homogenized for 
30 sec in Waring blendor. The homogenate was 
rehomogenized for 30 sec in a small mill 
(Polyscience Corp., Ill.) and filtered through 
cheese cloth. Temperature was kept at 4 C. The 
filtrate was sequentially centrifuged at 5000 g 
for 10 rain, I0,000 g for 15 min, and 100,000 g 
for 60 rain, to remove cell debris and mitochon- 
dria and other material and to recover micro- 
somes in the final step (31). The microsomal 
pellet was washed with buffer and then freeze- 
dried and stored at -30 C. 

The standard assay system consisted of 66 
re,holes potassium phosphate buffer pH 7.4, 150 
nmoles NADH, 50 nmoles 1-14C-stearyl CoA and 
approximately 5 nag rnicrosomal protein in 2 
ml. Incubations were carried out at 37 C in a 
Rotamix shaker using capped culture tubes. 
The reaction was stopped after 15 rain by 
extraction of lipids by the procedure of Folch 
et al. (9). 

Nonlactating mammary tissue obtained by 
biopsy from pregnant cows.,-)ust prior to 
parturition, was minced in two volumes of 
tissue culture medi.a 199 (Grand Island Biologi- 
cal Co., N.Y.) under aseptic conditions. Two 
milliliter aliquots of this homogenate were 
incubated with 50 nmoles Na-1-14C-stearate (20 
/ac/pmole) for 2 hr after which the lipids were 
extracted (9). 

The lipids were separated by thin layer 
chromatography (TLC) into .the respective 
neutral lipid and phospholipid (PL) classes 
(1,10,11). The radioactivity in specific classes 
was determined by liquid scintillation counting 
(Packard Tri Carb). Radioactivity in the fatty 
acids was quantifie d by radio gas chromatog- 
raphy (1). Desaturase activity was measured by 
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FIG. 1. Radiogas chromatograms of the methyl 
esters prepared from total lipid extracts of bovine 
mammary microsomes showing the effect of NADH 
on the desaturation of 1-14C stearyl CoA to 14C-oleic 
acid. 

determining the quantity of the substrate 
1-14C-stearyl CoA (C18CoA) converted to 
labeled oleic acid (1), hereinafter referred to as 
endogenous oleic acid. 

To determine the distribution of the labeled 
oleic acid (C18:1), the triglycerides (TG) and 
the phosphatidylcholine (Pc) isolated by TLC 
were enzymatically hydrolyzed by the methods 

of Luddy et al. (12) and Wells and Hanahan 
(!3), respectively, and the products were ana- 
lyzed as previously described (1). Protein was 
quantified by micro-Kjeldahl (14) or Lowry (15) 
method. 

Prepared radiochemicals were purchased 
from New England Nuclear (Boston, Mass.) and 
reliable NADH was obtained from Sigma 
(Sigma Chemicais, St. Louis, Mo.). 

RESULTS 

Of the various subcellular components tested 
only the particulate fraction sedimented at 
100,000 g, i.e., microsomal fraction, possessed 
stearyl desaturase activity. In the standard 
incubations used throughout this study desatu- 
rase activity varied among four different cows, 
but a mean value of 31+-7% desaturation of 
substrate stearyl-CoA was obtained (20 incuba- 
tions). In preliminary experiments when 
1-C14-stearyl CoA was replaced by 50 nmole 
Na-l-14C-stearate and appropriate amounts of 
cofactors (ATP, CoASH, NADH Mg 02)desat-  
u ra t ion  was only 7%, indicating low thiokinase 
activity in these microsomal preparations. 

Chemically pure NADH was essential for 
stearyl desaturase (Fig. 1). The concentrations 
cited in Figure 1 are approximate. Under opti- 
mum standard conditions a maximum 38% of 
the substrate 1-14C-stearyl CoA was desatu- 
rated to oleic acid. 

Analyses of the microsomal lipids revealed 
that both the substrate 14C stearyl CoA and 
the endogenous labeled oleic acid were mostly 
esterified. The TG and PL contained most of 
the radioactivity (Tables 1 and I1). The data 
(Table I) indicate that the microsomes con- 
tained active acyl transferases and deacylase. 
Because of their apparent propinquity and 
concurrent activity both the desaturase and 
acyl transferase(s) enzymes were monitored, 
and the experimental results are tabulated 
together. 

The distribution of radioactive stearic and 
oleic acid in various Iipids from a representative 
standard incubation is shown in the radiogas 
chromatograms (Fig. 2) The observation that 
the TG and Pc contained the preponderance of 
the endogenous oleic acid is noteworthy. The 
1,2 diglycerides and phosphatidylethanolamine 
(Pe) had low levels of labeled oleic acid. The 
ratio of stearic to oleic acid in the free fatty 
acids reflects that in the total lipid extract. 

A number of experimental variables influ- 
enced the production of oleic acid and its 
incorporation into specific glycerolipids (Table 
II). The total extent of desaturation and acyla- 
tion in the standard incubations were quite 

LIPIDS, VOL. 7, NO. 5 



B O V I N E  S T E A R Y L  C o A  D E S A T U R A T I O N  

T A B L E  I 

The  D i s t r i b u t i o n  o f  R a d i o a c t i v i t y  in the  
Lip id  Classes o f  Bovine  M a m m a r y  M i c r o s o m e s  a 
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P e r c e n t a g e  d i s t r i b u t i o n  

Lip ids  S t a n d a r d  S t a n d a r d  m i n u s  N A D H  

P h o s p h o l i p i d s  48  + 8 .6  67 .4  
Dig lyce r ides  4 .6  + 2 .0  5.2 
Free  f a t t y  acids  15 _+ 3.1 11 .0  
Tr ig lyce r ides  29  + 8.2 16.3  
C h o l e s t e r o l  e s te r  0 . l  _+ 0.1 0 . 1  
A m o u n t  o f  s u b s t r a t e  es te r i f i ed ,  % 85 89 

a F o l l o w i n g  i n c u b a t i o n  w i t h  1 -C14-s t ea ry l  C o A  u n d e r  s t a n d a r d  c o n d i t i o n s  w i t h  a n d  
w i t h o u t  N A D H .  

consistent with exception of experiment IV. 
Replacement of 0.5 ml of buffer with an equal 
volume of supernatant caused a ca. 33% de- 
crease in TG synthesis and an equal depression 
in extent of desaturation within the triglyc- 
erides. There was a concomitant increase in 
amount of radioactivity in the phospholipids 
though desaturation therein decreased slightly. 

Omission of NADH, which eliminated desat- 
urase activity (experiment II and Fig. 1), 
markedly reduced triglyceride labeling, whereas 
the labeling in the phospholipids was increased 
by 35%. L-~-Glycerolphosphate (20 nmole) stimu- 
lated both triglyceride synthesis and desaturase 
activity and enhanced acylation of endogenous 
oleic acid into the triglycerides, whereas PL 
synthesis was depressed. 

Acidic incubation conditions reduced trans- 
acylase activity, especially with respect to the 
phospholipids. Desaturation was not impaired, 
and the quantity of endogenous oleic acid 
incorporated into the triglycerides actually in- 

creased slightly. Alkaline conditions decreased 
the activities of both desaturase and acyl 
transferase(s). 

These data (experiments I-IV) revealed that 
the incorporation of radioactivity into the 
triglycerides was stimulated when desaturase 
activity was enhanced, whereas diminution or 
elimination of desaturase activity enhanced 
incorporation of label into the phospholipids. 

Because the preponderance of the endoge- 
nous 14C-oleic acid in the PL was associated 
with the Pc, the distribution of radioactivity in 
the PL in absence of endogenous oleic acid was 
examined (Table III). Significantly even though 
there was a marked increase in PL acylation 
(Table II), there was a diminution in Pc labeling 
and a marked increase of radioactive stearic 
acid in Pe and Pi. There two classes normally 
had low levels of endogenous oleic acid as 
shown (Fig. 2). These data may indicate that 
the availability of endogenous oleic acid may 
also influence the synthesis of Pc in mammary 

T A B L E  II 

The  E f f ec t s  o f  E x p e r i m e n t a l  F a c t o r s  o n  the  E x t e n t  o f  
A c y l a t i o n  a n d  D e s a t u r a t i o n  o f  1 -14C-S tea ry l  C o A  a 

E x p e r i m e n t a l  c o n d i t i o n s  

A m o u n t  es te r i f i ed ,  n m o l e s  A m o u n t  d e s a t u r a t e d ,  n m o l e s  

T r ig lyce r ide s  P h o s p h o l i p i d s  T r ig lyce r ide s  P h o s p h o l i p i d s  

E x p e r i m e n t  I 
S t a n d a r d  15 .0  19.5 8 .7  7 .4  
+ S u p e r n a t a n t  10.5 23 .5  5.5 7 .0  

E x p e r i m e n t  II 
S t a n d a r d  14.1 24 .0  8.1 6.9 
- N A D H  8.1 33 .7  t r ace  0 

E x p e r i m e n t  III 
S t a n d a r d  16 .0  2 3 . 0  8 .8  6 .3  
+L-c~-Gly c e r o l p h o s p h a t e  21 .5  16.1 12.9 5 .3  

E x p e r i m e n t  IV 
S t a n d a r d  ( p H  7 .2)  12.5  18.0 7 .2  7 .4  

p H  5.6  9 .6  9 .0  8.5 6 .0  
pH 8.5 5 .0  10.0  3.3 3 .4  

aBy  bovine  m a m m a r y  m i c r o s o m e s  i n c u b a t e d  u n d e r  s t a n d a r d  c o n d i t i o n s  (see M e t h o d s ) .  
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FIG. 2. Representative radiogas chromatograms showing the location and relative concentration of 
radioactivity in the various lipid classes, isolated following the incubation of bovine mammary microsomes with 
1-14C-stearyl CoA under standard conditions. The proportion of endogenous radioactive 1-14C-oleic acid in 
these classes varied, i.e., free fatty acids (FFA) 32; 1,2 diglycerides (1,2DG) 13; 1,3 diglycerides 1,3DG) 27; 
triglycerides (TG) 60; phosphatidylcholine (Pc) 43; phosphatidylethanolamine (Pe) 16 and phosphatidylinositol 
(not shown) 5%, respectively. 

tissue. 
The in t romolecular  distr ibut ion of  endo- 

genous oleic acid was revealed fol lowing lipoly- 
sis (Fig 3). In the TG most  of  the 14C-oleic 
acid was in the primary posit ions of  the 
glyceride glycerol.  Assuming that  these triglyc- 
erides were synthesized f rom the 1,2 DG pool  
(Fig. 2), then conceivably most  of  the labeled 
oleic acid was on posit ion sn-3 of  the triglyc- 
erides. Endogenous  oleic acid was concent ra ted  
in posi t ion sn-2 of the Pc. 

Because stearyl desaturase, which is a mixed  
funct ion  oxidase (16), is inducible,  it may be 
inf luenced by the endocrinological  status of  the 
cow. Hence we compared  the desaturase activ- 
ity in mammary  tissue from pregnant  nonlactat-  
ing and lactat ing cows which were on similar 
diets. Because of  the small amounts  of  tissue 
procured by biopsy,  homogenates  ra ther  than 

microsomes were incubated  with Na-114C 
stearate (Fig. 4). The homogenate  from the 
lactating tissue possessed m u c h  more  active 
desaturase and acyl transferase(s) than the 
tissues from the nonlac ta t ing  cows. The mam- 
mary homogenates  from the cow 1-2 weeks 
prepar tum lacked desaturase activity com- 
pletely.  

DI SC USSI ON 

These data demonstrate  that the stearyl 
desaturase is located in the mic rosomes  of  
lactat ing bovine mammary  tissue, and its cofac- 
to t  requirements  are quite similar to the desatu- 
rase of rat and hen liver ( t7 -23) ,  rat adipose 
(24), goat mammary  (2,5),  fungal microsomes 
(25), plants and bacteria (16). These mammary  
microsomes also possessed active acyl trans- 
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FIG. 3. Radio gas Chromatograms Showing the relative concentrations and positional distribution of 
radioactive stearic and oleic acid in triglycerides (TG) and phosphatidylcholine.(Pc)isolated following the 
incubation of bovine mammary microsomes with. 1,14C-stearyl CoA. The original lipids, i.e., triglycerides (TG) 
and phosphatidyl-eholine (Pc) were hydI01yzed with l ipases (see methods ) and the radioactive methyl esters of 
the products, separated by thin Iayer chromotographY, were analyzed by radio gas chroi~at0gtaphy. 

ferases and deacylase. Probably these enzymes 
competed for available substrate as indicated by 
the consistent acy!a t ion  and deacylation of 
stearyl CoA even- when the acyl desaturase was 
inactivated. The apparent affinity o f  the trans= 
acylase enzymes for activated stearic and 01eic 
acid differed with the glyceride acyl transfei:ase 

preferring the endogenous oleic acid, whereas 
the phosphatide acyl transferaseappaJ:ently pre- 
ferred steanc acid,  

The selectivity may be at tr ibuted to claemi- 
cal ,specificity or to the jaxtaposi t ion of these 
enzymes in t h e  microsomai .~membranes'  
Baker and Lynen (25) suggested some models 
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FIG. 4. Histogram showing the extent of esterifica- 
tion and desaturation (stippled areas) of Na-l-14C - 
stearate by homogenates of bovine mammary tissue 
from non-lactating cows ca. 1-2 weeks (A) and 2 days 
(B) weeks prior to calving, and lacting cow (C) ca. 3 
months atter calviflg. TG and PL denote the triglyc- 
erides and phosphofipids recovered from the incubated 
tissue. 

pertaining to this with respect  to fungal micro-  
somal desaturase. In the la t ter  the endogenous  
oleic acid is placed preponderant ly  in the PL, 
whereas in the bovine microsomes i t  is esteri- 
fied into  TG and PL and when more oleic acid 
is produced more  TG is made. In the present  
con tex t  the negligible effect  of acidic pH on 
desaturase and tr iglyceride acylation may be 
const rued to suggest that  the desaturase and 
glyceride acyl transferase enzymes are located 
close together  in the inter ior  of  the mammary  
microsomal  membranes ,  where because of  its 
hydrophobic i ty  the effects  of H ion concentra-  
t ion on funct ional  charged groups are mini- 
mized (26). Exper imenta l  evidence showing that  
lipids are necessary for desaturase activity (22) 
would support  the above suggestion. Conceiv- 
ably, as might  be rat ionalized f rom surface 
chemistry requirements ,  the phosphat ide  acyl 
transferases are si tuated in the surface region of  
the membranes ,  and consequent ly  they  utilize 
the substrate stearyl CoA more effect ively  for 
PL synthesis. The closely parallel effects  of  
various incubat ion  condi t ions  on desaturase 
activity and tr iglyceride synthesis in the present  
s tudy are consistent  with this suggestion. 
A t t empt s  to isolate the individual enzymes  
from this complex  are in progress to de termine  
if this proposi t ion is valid. 

The depression of  desaturat ion and glyceride 
synthesis by supematan t  fractions was also 
observed in goat mammary  microsomes  (2). 
This could be explained by several factors in 

TABLE 11I 

Distribution of Radioactivity in the Phospholipids a 

Percentage distribu- 
tion of radioactivity 

Standard incubation 

Lipid class +NADH -NADH 

Lysoph osphatidylcholine I. 1 1.2 
Sphingomyelin 2.0 1.3 
Phosphatidylcholine 46.5 31.1 
Phosphatidylserine 4.2 3.6 
Phosphatidylethanolamine 26.7 39.3 
Phosphatidylinositol 19.5 23.5 
Per cent of substrate esterified b 46 67 

aFollowing the incubation of bovine mammary 
microsomes with 1-14C-stearyl CoA in presence and 
absence of NADH. 

bln phospholipids 

the supernatant ,  i.e., added free fa t ty  acids 
which inhibi ted the desaturase (2), addit ional 
PL-acyl transferase activity,  and/or  the progress 
of  reactions which consumed the available 
NADH.  

The finding that both  desaturase act ivi ty  and 
triglyceride labehng varied in a corresponding 
manner  may be significant and help to explain 
some observations made with regard to milk 
glyceride synthesis in vivo (6,7). The relatively 
consistent  structure of  milk fat and n o n r a n d o m  
pat tern of  fat ty acid acylation reflects an 
orderly assembly o f  milk glycerides in presence 
of  the proper  concent ra t ion  and ratios of  fatty 
acids. On the basis of  exper imenta l  data a 
number  of authors have concluded that  mam- 
mary triglyceride synthesis is somehow con- 
t r o l l e d  by  t h e  p a r t i c u l a r  types  and 
concent ra t ions  of long chain fatty acids avail- 
able to the synthetic enzymes,  and in the 
absence of  these condi t ions  tr iglyceride synthe- 
sis is depressed (6,7,34).  Thus in cows on 
special concent ra te  rich diets, changes in the 
availability of  stearic acid have been related to 
depressed milk fat p roduct ion  (7). Because in 
the present  study tr iglyceride synthesis is re- 
duced when desaturase activity is depressed, it 
is possible that  in vivo the availability of  a 
specific quant i ty  of  endogenous oleic acid may  
be the critical factor in facilitating or  l imit ing 
tr iglyceride product ion .  Thus any fac tor  which 
influences the activity of  desaturase, i.e., avail- 
ability of  activated precursor  stearic acid, local 
NADH levels, and the inherent  enzyme concen-  
t ra t ion may theoret ical ly regulate tr igIyceride 
synthesis. 

Steele et al. (27) have reported that  feeding 
stearic acid to c o w s  increased the secret ion of  
oleic acid and milk fat yield,  and Askew et al. 
(8) showed that stearic acid stim~dated esterifi- 
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cation of fatty acids by homogenates of lactat- 
ing mammary tissue. Both of these effects may 
have been mediated via the action of the stearyl 
desaturase. 

The intramammary levels of NADH could 
act as a potent regulator of desaturase activity 
and thereby influence milk glyceride produc- 
tion. The enhanced incorporation of stearic 
acid into PL in absence of NADH (and hence 
desaturase activity) is consistent with the possi- 
ble competition of the stearyl desaturase and 
PL acyl-transferase for the substrate. The con- 
comitant depression in TG synthesis may be 
relevant to observations of changes in fat 
synthesis in certain in vivo situations. Con- 
ceivably under dietary conditions, e.g., high 
concentrate diets, and/or specific physiological 
conditions, e.g., ketosis, glucose and acetate 
concentrations in mammary tissue may be 
reduced with a subsequent drop in production 
of reducing equivalents (NADH, NADPH) 
(28,34). This would impair desaturase function 
and thereby limit milk triglyceride production. 

Dietary and physiological factors, i.e. fasting 
and diabetes, may directly affect the level of 
desaturase in mammary tissue as occurs in the 
rat (24,29,30). 

The effect of Lc~GP in stimulating desatura- 
tion and glyceride synthesis in the bovine 
microsomes may reflect the availability of extra 
acyl acceptors with consequent reduction of 
desaturase inhibition by the free fatty acids 
present in the microsomes (8). Goat mammary 
microsomes showed a similar response (2). The 
effect of LaGP on microsomai desaturase in 
vitro may obtain in vivo in mammary tissue of 
cows on high concentrate diets, though in these 
tissues LaGP concentration is quite high (34). 

The intramolecular distribution of  endoge- 
nous oleic acid in TG and Pc is similar to that 
obtained using mammary cells in vitro and that 
found in milk, and further indicates that 
mammary microsomes possess the enzymes 
required for milk fat synthesis ( 1,31,32). 

The apparent absence of the stearyl desatu- 
rase in nonlactating tissue may reflect the 
inducible nature of this particular enzyme or of 
some of its components (24,29,22). The fact 
that stearyl desaturase of rat liver responds to 
insulin may indicate that the desaturase of 
bovine mammary tissue requires the lactogenic 
hormones for activity. However the difficulty 
in interpreting this type of data especially in 
bovine mammary tissue has been discussed by 
Baldwin (33). 
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