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The  activity of chol ine-phosphate  cytidylyltransferase is increased by glucocort icoids in late gestation fetal lung in 
association with increased phosphatidlyleholine biosynthesis. Previous indirect  data had suggested that  the stimulator~ 
effect  of  the hormone was due to activation o f  existing enzyme rather than synthesis o f  new cytidylyltransferase protein. 
Using a rabbit antibody raised against  purified rat liver chol ine-phosphate  cytidylyltransferase,  we have now quanti tated 
the  amoun t  of  the enzyme in fetal  rat lung explants  cul tured with and without  dexamethasone .  Our  results show that  the 
hormone  increased the activity of  the enzyme but not  the a m o u n t  of  cytidylyltransferase protein. Thus  the stimulatory 
effect  of  dexamethasone  on cytidyW.yltransferase is due to activation of exis t ing enzyme rather  than induction of  enzyme 
synthesis. 

Cho l ine -phospha t e  cyt idylyl t ransferase  (cytidylyl-  
transferase;  EC 2.7.7.i5) is an impor t an t  regulatory 
enzyme [1-3]. I ts  activity has been 2how-n to be  in- 
creased in associat ion wi th  increased de  novo  phospha t -  
idylchol ine biosynthesis  in several systems [1-3]. The 
developing  fetal lung is a useful mode l  system in which 
to s tudy  the regulat ion of  phospha t idy icho l ine  biosyn- 
thesis. The  alveolar surface of  the lung is l ined with a 
phosphat idylchol ine- r ich  material ,  p u l m o n a r y  surfac- 
tant,  which is essential for no rma l  lung  funct ion  [4]. 
Towards  the  end  of  gestation,  as the fetal lung matures  
in p repara t ion  for  air breathing,  there is a surge in 
surfac tant  as well as phospha t idy lcho l ine  biosynthesis  
[3,5]. Fetal  lung matura t ion ,  sur fac tan t  p r o d u c t i o n  and  
phospha t idy lcho l ine  biosynthesis  are all enhanced  by 
glucocort icoids,  es t rogen and thyroid h o r m o n e  [3-5]. 
The  ho rmone - induced  increases in phospha t idy lcho l ine  
biosynthesis  are accompan ied  by  increases in  the activ- 
ity of  cyt idylyl t ransferase [3]. 

W h e n  s,.lbcellular f rac t iona t ion  is carr ied out,  
eyt idylyl transferase activity is found  in bo th  the  cytosoI 
and  endoplasmic  re t iculum [1-3]. There  is evidence 
f rom a n u m b e r  o f  systems that  the m e m b r a n e - b o u n d  
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enzyme is the active form and that  the increase in 
activity which accompanies  the increase in phospha t -  
idyichol ine  synthesis  is due  to enzyme transfer f rom 
cytosol  to endop la smic  reticulurn [1,6,7]. Subcellular 
t rans locat ion of  the enzyme in associat ion with in- 
creased phospha t idy lcho l ine  synthesis,  however, is not  a 
universal p h e n o m e n o n  [2,3,8]. In the fetal lung. al- 
though  microsoma!  cyt idylyl t ransferase activity was re- 
por ted  to be increased by h o r m o n e s  in some studies 
[9-11 ]. the increases were generally found  in the cytosol 
[9,12-17], the fract ion which also con ta ined  the bulk of  
the enzyme activity [9,12,18]. 

In vitro cytosolic cyt idylyi transferase activity can be 
increased by inclusion of  lipids, such as phosphat idyl -  
glycerol [12,191 or a mixture of  oleic acid and phospha t -  
idylchol ine [20], in the assay mixture. The st ' .mulatory 
effects of  g l u ~ r t i e o i d s  19,15,16,21], estrogen [12,131 
and  thyroid ho rmone  [15] on  cvtosolic cytidylyltrans- 
ferase in fetal lung were d iminished  or  abolished g,hen 
the assay was carried out  in the presence of  phospha t -  
idylglyceroi. Such data  s trongly suggested that the 
h o r m o n e s  increased the catalytic activity ra ther  than the  
a m o u n t  of  cytidylyltransferase pro'.ein. In o ther  systems 
there  was also evidence that the increase in cytidyl- 
yl transferase activity was due  to enzyme activat ion 
ra ther  than  prote in  synthesis !1,6]. Direct  p roo f  of  this 
concept ,  however,  has been lacking, since the mass of  
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cytidylyltransferase protein was not quantitated. With 
the development of procedures for purification of 
cytidylyltransferase [22,23] it has become possible to 
develop antibodies and by immunoti t ra t ion directly de- 
termine enzyme mass. Using that approach,  we have 
now addressed the question of  whether the glucocorti- 
coid-induced increase in cytidylyltransferase activity in 
fetal rat lung is due to an increase in the amount  of 
enzyme or to activation of existiug enzyme. 

Timed pregnant Sprague-Dawley rats were purchased 
from Charles River Breeding Laboratories (Wilmingtor., 
MA). The day after mating was consider day 1; term in 
rat is day 22. On day 19 of gestation the dam was killed 
by decapitation and the fetuses were delivered by 
cesarean section under sterile conditions and weighed to 
confirm gestational age [24]. The lungs from all fetuses 
in each litter were combined to form a common pool of 
tissue from which explants (1 mm 3) were then prepared. 
The fetal lung explants were cultured for 48 h as de- 
scribed previously [25] in 2 ml of  serum-free Waymouth ' s  
medium containing penicillin and streptomycin.  The 
culture dishes were placed on a rocking platform 
(Bellco, Vineland, N J) so that at any one t ime half the 
explants were covered by the culture medium and the 
other  half exposed to the a tmosphere  of 95% 0 2 / 5 %  
CO 2. Dexamethasone (100 nM) was added to half of  the 
dishes from each litter and the other half were used as 
controls. This concentrat ion of  dexamethasone has pre- 
viously been shown to be more than sufficient to maxi- 
mally stimulate the activity of  cytidylyltransferase in 
18-day fetal rat lung explants [91 with the maximum 
stimulation being achieved in approx. 20 h [21]. In the 
present study we used 19-day rather than 18-day fetuses 
to generate sufficient tissue so that one  litter could be 
used in each experiment. In prel iminary experiments the 
stimulatory effect of dexamethasone was essentially the 
same when explants of  19 day fetuses were cultured for 

only 24 h and when the hormone  was added after 24 h 
as well as at the beginning of the 48 h culture period. 

The medium was removed and the exp]ants washed 
twice with ice-cold 0.9% NaC1 and once with 330 mM 
sucrose /10  mM Tr i s -HCl /1  mM E D T A  (pH 7.4). A 
20% homogenate  in the same buffer  was prepared with 
a Pot te r -Elvehjem Teflon-glass  homogen ize r  and 
centrifuged at 105000 x g for 1 h. Cytidylyl transferase 
was assayed in the supernatant  fraction by measuring 
the rate of phospho[Me-laC]chol ine incorporat ion into 
CDPchol ine  as described by Gilfillan et al. [26]. Unless 
stated otherwise, 1.1 m M  phosphatidylglycerol  [26] or 
0.2 mM phosphat idy lchol ine /0 .2  m M  oleic acid [22] 
were included in the assay mixture. 

Cyt idyi t ransferase  from rat liver was purified as de- 
scribed previously [22]. Ant iserum against the purified 
enzyme was raised in rabbits. The ant iserum immuno-  
precipitated cytidylyl transferase activity in the cytosolic 
fraction of adult  rat lung and liver. The IgG fraction 
isolated f rom the ant iserum detected the 45000 Mr 
subunit  of cytidyIyltransferase on Western blot analysis 
[27]. A detailed descript ion of the an t ibody preparat ion 
and characterizat ion will be subsequently published. To 
quant i ta te  the amount  of cyt idylyl transferase in the 
fetal lung explants, ant ibody-ant igen titrations were car- 
ried out using a fixed amount  of  ant ibody with variable 
amounts  of 105 000 × g supernate  [28]. The mixture  of 
ant iserum (2/~I) and  antigen in a final volume of 315/~l 
of 10 mM Tr i s -HCl /1  mM E D T A / 1 . 9  m M  dithio- 
threitol (pH 7.4) was incubated at 4 ° C  for 18 h. A 20% 
suspension of Protein A (50 /~l) was then added and 
after  mixing several times over a 1 h period at 4 ° C  the 
ant ibody-ant igen complex was removed by centrifuga- 
tion at 12000 x g for 10 rain. Cytidyl t ransferase activity 
was then assayed using 90 /~l of  the supernatant .  The 
units of enzyme activity ( p m o l / m i n )  remaining after  
immunoprecipi ta t ion  were plotted against the original 

T A B L E  I 

The effect of dexamethasone on the activity and amount of  cytidylyltrt.nsferase in fetal rat lung explants 

Exp lan t s  of  19-day fetal  rat  l ung  were cu l tu red  + 100 n M  d e x a m e t h a s o n e  for  48 h a f t e r  w h i c h  cy t idy ly i t r ans fe ra se  ac t iv i ty  a n d  equ iva '  n e e  p o i n t s  
in the  1 0 5 0 0 0 ×  g s u p e r n a t a n t  f rac t ion  were measured .  Cy t idy ly ! t r ans fe ra se  ac t iv i ty  was  m e a s u r e d  ± 1.1 m M  phospha t i dy lg lycc ro l  ( P G )  in the  
assay  mixture.  Phospha t idy lg lycero l  was  inc luded  in the  assay mix tu re  w h e n  equ iva l ence  p o i n t s  were  de t e rmine d .  T h e  d a t a  a re  means:l= S.E. f rom 
four  l i t ters a n d  were ana lyzed  s ta t is t ica l ly  wi th  S t u d e n t ' s  t- test  for  pa i r ed  samples .  

Contro l  D e x a m e t h a -  T r e a t e d /  P 
sone - t r en t ed  c o n t r o l  

p m o l / t r d n  p e r  ra 8 p ro te i l~  

E n z y m e  act ivi ty 

- P G  1 190 ± 129 2 230 ± 299 1.87 < 0.02 
+ P G  2 360 + 213 a 3 530 + 554 1.50 > C.08 

p f f t o l / m i n  p rec ip i t a t ed  hv  2 lal o f  a n t i s e r u m  

Equiva lence  po in t  g5 + 14 138 ± 21 1.62 0.056 

• Cyt idy ly l t rans fe rase  act ivi t ies  in the  con t ro l  g roup  were  s igra f ican t ly  d i f f e ren t  ( P  < 0.05) w h e n  assayed  w i th  a n d  w i t h o u t  a d d i t i o n  o f  
phospha t idy ig lycero l  to the  assay mixture .  



and the equivalence point (the amount  of enzyme re- 
moved by the antibody) determined [28]. Immunot i t ra-  
tion using a fixed amount  of cytidylyltransferase and  
variable amounts  of ant ibody was carried out similarly. 

Protein was assayed by the method of Lowry et al. 
[29] using bovine septm aibutaJn as standard. Phospho- 
[ M e -  t ~ C]choline was obtaint.d f rom Amersham (Arling- 
ton Heights, IL), culture medium from Gibco (Grand  
Island, NY) and dexamethasone,  Protein A (lyophilized 
cell powder  from S t a p h y l o c o c c u s  a u r e u s )  and other  bio- 
chemicals f rom Sigma (St. Louis, MO). 

The effect cf  dexamethasone  on the activity of  
cytidylyltransferase in fetal rat lung explants is shown 
in Table I. When a.ssayed without addit ion of phosphat-  
idylglycerol to the reaction mixture, the hormone in- 
creased cytidylyltransferase activity by 87% (range: 57% 
to 14I %). This degree of st imulation was similar to that  
previously reported for explants of  18-day fetal rat lung 
[9.15,21]. As also reported previously [9,15,16,21], the 
s t imulatory effect of  dexamethasone  was diminished 
when cytidylyltransferase activity was measured in the 
presence of phosphatidylglycerol (Table I). Phosphat-  
idylglycerol doubled the activity in the control group 
but  only increased that in the dexamethasone- t rea ted  
group by 58%. Thus the st imulatory effect of the 
hormone  was reduced from 87% to 50% when thc assa2,' 
was carried out  in the presence of phosphatidylglycerol.  
However,  as the stimulator 3, effect  of  phosphatidyl-  
glycerol was variable, the dexamethasone- induced in- 
crease in cytidylyltransferase activity ranged from 6% to 
83% in this assay condition. 

Fig. 1 shows that rabbit ant iserum raised against rat  
liver cytidylyltransferase immunoprecipi ta ted the en- 
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Fig. 1. I m m u n o t i t r a t i o n  o t  cy t idy ly l t rans fe rase .  Fe ta l  t ype  l l  cell 
100000  × g s u p e m a t e  c o n t a i n i n g  a f ixed a m o u n t  cy t idy ly l t r ans fe ra :  " 
(165 p m o l / m i n )  was  i n c u b a t e d  wi th  d i f fe ren t  a m o u n t s  o f  a n t i s e r u m  
aga ins t  ra t  l iver cy t idy ly l t r ans fe rase  ( a )  o r  s e r u m  f rom a con t ro l  
r a b b i t  t@) a f te r  wh ich  cy t idy lv l t r ans fc ra se  ac t iv i ty  was  m e a s u r e d  in 
the  p resence  of  p h o s p h a t i d y l c h o l i n e  oleic acid.  T h e s e  d a t a  a re  f rom a 
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UNITS OF" ENZYkIE ADDED 

Fig. 2. Equ iva l ence  p~ in t  d e t e r m i n a t i o n  by i m m u n o t i t r a t i o n .  A fixed 
a m o u n t  o f  a n t i s e r u m  (2 tad was i n c u b a t e d  with increas ing  a m o u n t s  of  
1 0 5 0 0 0 ×  g s u p e r n a t e  f rom con t ro l  ("3 . . . . .  O) a n d  d e x a m e t h a s o n e -  
t rea ted  ( O ~ O )  fetal  rat  l ung  exp lan t s  a f te r  which  cyt idy-  
ly l t r ans fe rase  was  assayed  in the  p resence  of  phospha t idy lg lycero l .  
T h e  equ iva lence  poin t ,  un i t s  of cy t idy ly l t rans fe rase  ( p m o l / m i n )  im- 
munoprec~p i t a t ed ,  is the  in te rcep t  on  the  absc issa  when  the  intt ial  
versus  the  final un i t s  of  e n z y m e  were  p lo t ted .  These  da ta  a re  f rom o n e  
expe r imen t ,  l n i u a l  cy t idy lyhra r t s fe rase  act ivi t ies  in  the con t ro l  a n d  
d e x a m e t h a s o n e - t r e a t e d  expla . t t s  were  1123 and  2708 p m o i / m i n  pe r  
m g  p ro t e in  w h e n  assayed  w i t h o u t  phospha t idy lg lyce ro l  a n d  were 
inc reased  to 2392 and  438[3 p m o l / r m n  per  mg  p ro t e in  when  p h o s p h a t -  

idytglyceroi  ,*'as i nc luded  in the  assay. 

zyme in the supematan t  fraction of type II cells which 
were isolated from 19-day fetal lungs as described by 
Viscardi et al. [11]. Serum from a control rabbit had no 
effect on cytidylyltransferase activity. A similar immu- 
noprecipitat ion profile was obtained when the enzyme 
in control fetal rat lung explants was incubated with the 
antiserum. This ant iserum was, therefore, used to 
quant i ta te  the amount  of  cvtidylyitransferase in the 
control and dexamethasone- t rea ted explants. In these 
experiments,  cytidylyltransferase was assayed in the 
presence of phosphatid~Iglycerol, since the immuno-  
precipitation data  were difficult to interpret when the 
assay was c a ,  tled out in its absence Although the 
st imulatory effect of  the hormone  was greater when the 
enzyme was assayed without addition of phospbatidyi- 
glycerol, it is possible that the presence of inactive 
enzyme, which could be immunoprecipi ta ted by the 
antibody,  compromised the results. 

The result of  an immunoti t ra t ion using a fixed 
amoun t  of ant ibody and variable amounts  of supernate 
is shown in Fig. 2. In that experiment,  dexamethasone 
increased cytidylyltransferase activity, assayed in the 
presence of pbosphatidylglycerol,  by 83% and increased 
the amotmt  of activity inmaunoprecipitated by 107%. 
When the stimulator3, effect of  the hormone  on enzyme 
activity was less, its effect on the amount  of activity 
immunoprecipi ta ted was correspondingly less. As shown 
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Fig. 3. Corre la t ion  be tween  the dexame thasone - induced  increases in 
eyt idylyl t ransferase  activity and  equivalence poin t .  The  data,  ex- 
pressed as  percentage  increase over  controls ,  are f rom the expe r imen t s  
described in Table 1. Cytidylyltransferase was assayed in the presence 
of phosphatidylglycerol. The regression coefficient (r = 0.996) is sta- 

tistically significant (P < 0.005). 

in Fig. 3, there was a highly significant correlat ion 
between the de×amethasone-induced increase in cytidyl- 
yltransferase activity and enzyme units immunoprecip-  
itated. As shown in Table I, the same amount  of  anti- 
body removed 62% more units of enzyme from the 
treated group than the control and this increase was 
similar in magni tude to the 50% increase in cytidylyl- 
transferase activity. Since the ant ibody should react 
with the same amount  of protein in both  the control  
and dexamethasone-trt .ated groups these data  show that 
the hormone-induced increase in cytidylyltransferase 
activity is due to an increase in enzyme activity rather  
than mass. 

Glucocorticoids have long been known to accelerate 
lung maturation, stimulate surfactant product ion and 
increase lung phosphatidylcholine biosynthesis in the 
late gestation fetus [3-5]. Consistent with cytidylyl- 
transferase being a regulatory enzyme in phosphatidyl-  
choline biosynthesis [I,2], glucocorticoids have been re- 
pot t~  , m .cease the activity of this enzyme in the fetal 
lung [2]. "1'.. st imulatory effect of  the hormone  was 
shown to be mediated by the g l u ~ r t i c o i d  receptor  
and dependent  on transcriptioL, and synthesis of  new 
protein [91. The stimulatory effect o7 g l u ~ r t i c o i d s  on 
cytidylyltransferase activity could bt. ~,~nsiderably di- 
minished when the enzyme activity was increased by 
inclusion of phosphatidylglyeerol in the assay ~.-rtixture 
[9,15,16]. These indirect data  suggested tha~ the 
hormone-indueext increase in activity was due to activa- 

tion of  existing enzyme rather  than synthesis of new 
enzyme protein. As at least some stimulation was still 
apparent  [9,15-17] even when the enzyme was assayed 
in the presence of sufficient phosphatidylglycerol  to 
maximally activate the enzyme in vitro [12,19,26] the 
possibility of  glucocorticoid induct ion of cytidylyl-  
transferase synthesis remained. In the present s tudy we' 
have now shown that the gluct-~orticoid-induced in- 
crease in cytidyl31transferase activity is not due  to an 
increase in the amount  of enzyme and must  therefore be 
due to enzyme activation. 

The increased cytidylyltransferase activity which 
accompanies  increased phosphat idylchol ine biosyn- 
thesis in o ther  systems has also been at tr ibuted to 
enzyme activation rather  than increased synthesis [1,6]. 
However,  because of difficulty in obtaining an an t ibody  
which immunoprecipi ta tes  cytidylyltransferase [30], the 
mass of  the enzyme has not  generally been quanti tated.  
To our  knowledge there is only one previous s tudy in 
which the mass of cyt idylyl t ransferase was measured. In 
that s tudy Choy  et al. [31] generated a chicken an t ibody  
to rat liver cyt idylyl t ransferase with which they showed 
that the amoun t  of the enzyme was not decreased in 
association with decreased phosphat idylchofine synthe- 
sis in the livers of choline-deficient  rats. 

The finding that the activity but  not  the amount  of  
cyt idylyl t ransferase is increased by glucoeorticoids in 
fetal lung suggests two major  questions. Firstly, how is 
cyt idylyl t ransferase activity enhanced  by the hormone?  
Secondly, since the s t imulatory effect  of  the hormone  
on  cyt idylyl t ransferase activity [91 as well as on 
phosphat idylchol ine  biosynthesis [9,32] is dependent  on  
protein synthesis, which protein or proteins are in- 
duced? A number  of  mechanisms for activation o f  
cyt idylyl t ransferase have been proposed [1] and there is 
evidence that each of  them can occur  in the fetal lung. 
These include activation by dephosphorylat ion [33], free 
fat ty acids [181 and phospholipids [12,19] as well as 
translocation f rom the cytosol to a membrane  fraction 
of  the cell [18] possibly promoted  by one or more  of the 
above activation mechanisms.  The activity of fatty-acid 
synthase (EC 2.3.1.85) has been reported to be in- 
creased by glucocorticoids in fetal ra: [34,35] and  hu- 
man [36] lung. There  is evidence that this enzyme is 
induced by the ho rmone  as both its activity and amoun t  
were increased [35]. We have also reported that inhibi- 
tion of de  novo fat ty acid synthesis results in abolit ion 
of  the s t imulatory effect  of  dexamethasone  on cytidylyl- 
transferase activity in fetal rat lung explants [21]. A 
plausible hypothesis,  therefore, is that glucoeorticoid 
induct ion of fat ty-acid synthase results in increased 
synthesis of  fa t ty  acids which in t a m ,  either d~rectly or 
after incorporat ion into phosphor  pids, activate cytidyl- 
yl transferase [371. 
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