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1. The pool sizes of the choline intermediates and cofactors involved in the CDPcholine pathway were studied 
in alveolar type II cells from adult rat lung. 2. The choline phosphate pool was much larger than both the 
choline and CDPcholine pools. 3. Kinetic analysis of the pool sizes revealed that cholinephosphate 
cytidylyltransferase catalyzes a non-equilibrium reaction. 4. These results are consistent with the idea that 
cholinephosphate cytidylyltransferase regulates the choline flux into phosphatidylcholine in adult rat lung 
type II cells. 

Introduction 

Phosphatidylcholine is the principal component 
of pulmonary surfactant which stabilizes the lung 
by lowering the surface tension at the alveolar 
surface [l]. The de novo synthesis of phosphatid- 
ylcholine in the lung proceeds predominantly via 
the CDPcholine pathway [2]. The regulation of 
biosynthesis of phosphatidylcholine in the lung 
has not been elucidated. Several studies suggest 
that, in the lung [3-61, as in other tissues [7], 
cholinephosphate cytidylyltransferase catalyzes a 
rate-limiting step in the de novo synthesis of 
pulmonary phosphatidylcholine. Because these 
studies were carried out with preparations of whole 
lung, the results are not necessarily applicable to 
type II cells, the producers of pulmonary surfac- 
tant [8]. Recent studies [9] with isolated type II 
cells from adult rat lung on the uptake of [Me- 
14C]choline and its incorporation into its metabo- 
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lites indicated that in these cells the choline phos- 
phate pool was much larger than the CDPcholine 
pool, suggesting that the formation of the nucleo- 
tide may be limited. This suggestion was sup- 
ported by the results of pulse-chase experiments 
with labelled choline [9]. In order to evaluate 
further the possible rate-limiting role of choline- 
phosphate cytidylyltransferase in the formation of 
phosphatidylcholine by adult type II cells, we de- 
cided to measure the pool sizes of the inter- 
mediates and cofactors involved in the CDPcho- 
line pathway in these cells. 

Methods 

Materials 
All radioactive chemicals were obtained from 

New England Nuclear (Boston, MA). Choline 
kinase, phosphodiesterase, alkaline phosphatase, 
nucleoside monophosphate kinase and nucleoside 
diphosphate kinase were supplied by Boehringer 
(Mannheim, F.R.G.). AGl-X8 anion-exchange re- 
sin in formate form was purchased from Bio-Rad 
(Richmond, CA). All other chemicals were sup- 
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plied by Sigma Chemical Company (St. Louis, 
MO) or J.T. Baker Chemical Company (Deventer, 
The Netherlands). 

Isolation of type II cells 

Type II cells were isolated from lungs of male 
Wistar rats (175-200 g) by trypsinization, density- 
gradient centrifugation and differential adherence 
in primary culture [lo-121. After 20 h in culture, 
the cells were used for the measurement of the 
pool sizes. Purity and viability of the type II cells 
were of the same order as reported previously [13]. 

Analysis of the pool sizes of the choline-containing 

compounds in adult rat lung and type II cells iso- 

lated from adult rat lung 

The lungs from the animals were quickly re- 
moved and frozen in liquid nitrogen. The frozen 
lungs were homogenized with 5 vol. cold 
methanol/H,0 (1 : 1, v/v) containing 3% (w/v) 
trichloroacetic acid. The homogenate was trans- 
ferred into centrifuge tubes and 5 vol. methanol/ 
chloroform (1: 1, v/v) were added. Subsequently, 
the lipids were extracted by the method of Bligh 
and Dyer [14]. Phosphatidylcholine was isolated 
from the lipid extract by thin-layer chromatogra- 
phy on silica gel G plates with chloroform/ 
methanol/H,0 (65 : 35 : 4, v/v) as eluent [9]. The 
acid aqueous phase remaining after lipid extrac- 
tion was extracted five times with 2 vol. diethyl 
ether to remove excess trichloroacetic acid. 
Hereafter, the aqueous phase was evaporated to 
dryness in a rotary evaporator. The residue was 
dissolved in water, and choline, choline phosphate 
and CDPcholine were separated by anion-ex- 
change column chromatography as described be- 
low. 

The cells, attached to the culture dishes, were 
washed three time with cold 0.25 M sucrose (pH 
7.4). The cells were harvested by scraping them in 
3 ml methanol/H,0 (1: 1, v/v) supplemented with 
3% (w/v) trichloroacetic acid. After the addition 
of 3 ml chloroform/methanol (1: 1, v/v), the lipids 
were extracted and phosphatidylcholine was iso- 
lated [9]. The aqueous phase remaining after lipid 
extraction was processed as described for the whole 
lung. Routinely, tracer quantities of radioactive 
choline-containing compounds were addded prior 

to homogenization or scraping and used to calcu- 
late recovery. 

Choline, choline phosphate and CDPcholine 
were separated by chromatography on an AGl-X8 
formate ion-exchange column (60 X 1 cm) with a 
linear gradient of O-0.03 M ammonium bi- 
carbonate. 

Choline-containing, fractions were pooled and 
the solvent was evaporated under reduced pres- 
sure. The dry residue was resuspended in 250 ~1 of 
water. An aliquot of the resulting solution was 
assayed for choline content in a final incubation 
mixture containing 100 mM glycylglycine (pH 9.2), 
4 mM MgCl,, 6 mM ATP, 10 yCi [Y-~*P]ATP 
and 0.8 units per ml choline kinase. After 1 h 
incubation at 37 “C, the reaction was terminated 
by adding an equal amount of ethanol. The sam- 
ples were applied to an AGl-X8 anionic resin in 
the formate form (2.5 x 0.5 cm). The choline phos- 
phate was eluted with 2 ml of 0.1 M ammonium 
bicarbonate. The radioactivity in choline phos- 
phate was determined and choline content was 
calculated by comparison with a standard curve 
prepared with known amounts of choline [15]. The 
specificity of choline kinase for choline was tested 
by incubating the reaction mixture with ethanol- 
amine instead of choline. No phosphorylation of 
ethanolamine was observed. 

The choline phosphate pool size was de- 
termined after conversion of the choline phosphate 
to choline. After the anion-exchange column chro- 
matography, the fractions containing choline 
phosphate were pooled and evaporated to dryness 
under reduced pressure. The residue was redis- 
solved and incubated overnight at 37OC in 250 ~1 
of 0.2 M Tris-HCl (pH 8.9), 1 mM magnesium 
acetate and 7.5 units of alkaline phosphatase. The 
reaction was terminated by boiling for 3 min. The 
samples were then lyophilized, resuspended in 
water and assayed for choline content, as de- 
scribed above. 

The CDPcholine pool size was measured after 
conversion of CDPcholine to choline by the 
sequential action of phosphodiesterase and al- 
kaline phosphatase. The CDPcholine-containing 
fractions were pooled and dried under reduced 
pressure. The residue was redissolved in 250 ~1 of 
0.2 M Tris-HCl (pH 8.9) and 1 mM magnesium 
acetate. Phosphodiesterase (0.04 units) and al- 



554 

kaline phosphatase (7.5 units) were added and the 
samples were incubated overnight at 37 OC. The 
reaction was stopped by placing the incubation 
tubes in boiling water for 3 min. The samples were 
lyophilized, resuspended in water and assayed for 
choline content, as described above. 

Other methods 

The phosphorus content of phosphatidylcholine 
was determined according to Bartlett [16]. DNA 
was measured by the method of Burton [17] as 
modified by Giles and Meyers [18] using calf 
thymus DNA as standard. 

The ATP content was determined by the method 
described by Strehler [19]. The ADP pool size was 
measured indirectly. An aliquot of the aqueous 
phase remaining after lipid extraction was in- 
cubated in a buffer containing 75 mM potassium 
phosphate (pH 7.4), 15 mM MgCl,, 0.5 mM phos- 
phoenolpyruvate and 10 units pyruvate kinase. 
After 30 min incubation at 37 o C, the reaction was 
terminated by boiling, whereupon ATP was mea- 
sured as described above. The ADP content was 
calculated by subtracting the ATP content mea- 
sured directly. 

The CTP pool size was assayed by the method 
of Choy et al. 1201. The CMP pool size was assayed 
after first converting CMP to CTP by the sequen- 
tial action of nucleoside monophosphate kinase 
and nucleoside diphosphate kinase. An aliquot of 
the aqueous phase was incubated overnight at 
37OC in a mixture containing IO mM Tris-suc- 

cinate (pH 7.0) 92 mM magnesium acetate, 10 
mM ATP, 0.05 units nucleoside monophosphate 
kinase, and I unit nucleoside diphosphate kinase. 
At the end of the incubation CTP was measured 
[20] and the CMP pool size was calculated by 
substracting the CTP content measured directb. 
When the assay was repeated in the absence of 
nucleoside monophosphate kinase, no CDP was 
detected. Therefore, the values reported represent 
primarily CMP. 

Inorganic pyrophosphate pool sizes were de- 
termined according to the method of Putnins and 
Yamada 1211. 

Radioactivity was measured in a liquid scintilla- 
tion mixture described by Pande [22]. Counting 
efficiency was determined by the channels ratio 
method. 

Results 

The concentrations of choline and its deriva- 
tives in whole lung and in type II cells are shown 
in Table I. It can be seen that the choline phos- 
phate pool is much larger than the choline and 
CDPcholine pools in both whole lung and type II 
cells. Furthermore, the pool sizes of choline, choline 
phosphate and CDPcholine in the type 11 cells are 
at least an order of magnitude larger than those in 
whole lung. Compared to whole lung, the type II 
cells are also enriched in phosphatidylcholine con- 
tent. This enrichment of phosphatidylcholine in 
type II cells is, however, less pronounced than the 

TABLE I 

POOL SIZES OF CHOLINE-CONTAINING METABOLITES IN ADULT RAT LUNG AND TYPE II CELLS FROM ADULT 

RAT LUNG 

The concentrations of choline-containing compounds were determined as described under Methods. Values represent means and S.E. 

for the number of experiments indicated in parentheses. 

Whole lung 

(nmol/g 
wet wt) 

pmol/pg DNA 

Whole lung Type II cells 

Choline 29.6 i 6.6(4) 4.3 + 0.9(4) 102.7i 19.1(5) 

Choline phosphate 247.4rt l&4(4) 35.8 f 2.7(4) 2232.7 f 176.4(S) 

CDPcholine 31.81 X.9(4) 4.6 i 2.3(4) 482.7 f 102.7(5) = 

Phosphatidylcholine 17893 i-3343 (6) 2586 +483 (6) 12500 F991 (5) 

a see Discussion. 
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TABLE II 

POOL SIZES OF COFACTORS INVOLVED IN THE CDP-CHOLINE PATHWAY IN ADULT RAT LUNG AND TYPE II 
CELLS FROM ADULT RAT LUNG 

The concentrations of cofactors were determined as described under Methods. Values represent means and SE. for the number of 

experiments indicated in parentheses. n.d., not detectable (less than 2 pmol/pg DNA). 

Whole lung 

(nmol/g 
wet wt.) 

pmol/p g DNA 

Whole lung Type II cells 

ATP 721.2 2 190.0(4) 

ADP 141.7& 52.1(4) 

CTP 53.5 _t 10.1(4) 

CMP 23.4+ 12.2(4) 

Inorganic pyrophosphate nd. 

104.2 + 27.4(4) 

20.5 + 7.5(4) 

7.7 * 1.5(4) 

3.41 1.8(4) 

n.d. 

188.2k 56.4(4) 

50.9 + 20.0(4) 

190.0 f 30.0(3) 

364.6 k 95.5(3) 

n.d. 

enrichment of the choline-containing metabolites. 
Since type II cells produce phosphatidylcholine 
with an unusually high percentage of disaturated 
molecules [13,23,24], it can be expected that type 
II cells would be considerably more enriched in 
disaturated phosphatidylcholine. Indeed, it was 
found that 44-61% of the phosphatidylcholine in 
type II cells from adult rat lung is disaturated 
[25,26], whereas a much lower percentage (28%) 
has been reported for whole adult rat lung [27]. 
Based on these data, it can be calculated that the 
type II cells are at least 7.5-fold enriched in di- 
saturated phosphatidylcholine content. 

Table II shows the pool sizes of the cofactors 
involved in the CDPcholine pathway in whole lung 
and type II cells. It can be seen that, in contrast to 
the other cofactors, the type II cells are not highly 
enriched in ATP and ADP. The ratio of CTP to 
CMP in type II cells is directly the opposite of that 
in whole lung. The method used in the present 
study to measure inorganic pyrophosphate [21] is 
not sensitive enough to detect any inorganic pyro- 
phosphate in either type II cells or whole lung. A 
similar negative finding was obtained when in- 
organic pyrophosphate was measured according to 
the method described by Johnson et al. [28]. This 
result suggests that the pool sizes of inorganic 
pyrophosphate in both type II cells and whole 
lung are less than 2 pmol per pg DNA. 

Discussion 

Previous studies on the rate-limiting reaction in 
pulmonary phosphatidylcholine synthesis have 

shown that the choline phosphate pool in rat and 
rabbit lung is much larger than the CDPcholine 
pool, which suggests that the formation of 
CDPcholine by cholinephosphate cytidylyltrans- 
ferase is limiting [4-61. A similar finding with 
respect to pool sizes was deduced from labelling 
experiments of rat lung type II cells with radioac- 
tive choline [9]. In the present study we have 
extended this earlier work [4,9] and confirmed that 
the (unlabelled) choline phosphate pool in alveolar 
type II cells is much larger than the intracellular 
choline and CDPcholine pool. 

The overall pattern of the pool sizes of the 
choline-containing metabolites in whole rat lung is 
very similar to that reported previously [4]. The 
level of choline is somewhat lower than that found 
earlier [4], but agrees with the choline content 
reported by Gail and Farrell [29] for rat lung, 
using a method similar to that reported here. The 
levels of CDPcholine and phosphatidylcholine are 
slightly greater than previously reported for rat 
lung [4]. 

The alveolar type II cells are extremely enriched 
in intracellular choline and its intermediates. It 
should be noted, however, that the levels of 
choline-containing metabolites in the isolated type 
II cells do not necessarily reflect the situation in 
vivo. It is plausible that the levels in the isolated 
cells will be influenced by the choline concentra- 
tion of the culture medium. However, the choline 
concentration of the medium used in the present 
study is only 3-fold higher than the concentration 
of choline reported for rat plasma [30]. Hence, it 
appears unlikely that the enrichment of type II 
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cells in choline derivatives could be due entirely to 
the increased choline content of the culture 
medium. 

The most notable enrichment in pool size was 
observed in the content of choline phosphate and 
CDPcholine. It should be emphasized that the 
values of CDPcholine for the isolated type II cells 
should be interpreted with caution. If the 
CDPcholine content is calculated from the ratio of 
radioactive choline incorporated into choline phos- 
phate and CDPcholine at the time of isotopic 
equilibrium after 24 h of incubation together with 
the measured choline phosphate values, the true 
concentration of CDPcholine would be 61.6 & 8.4 
pmol per pg DNA (data not shown). Conse- 
quently, assuming the correctness of this latter 
result, the type Ii cells would be most strongly 
enriched in choline phosphate, which would be 
consistent with the idea that cholinephosphate 
cytidylyltransferase catalyzes the rate-limiting re- 
action in the biosynthesis of phosphatidylcholine 
[9]. On the other hand, an alternative explanation 
for the enrichment of type II cells in CDPcholine 
may be that under the incubation conditions 
utilized, the equilibrium of the reaction catalyzed 
by cholinephosphotransferase is shifted toward the 
backward direction. Several studies have shown 
that the cholinephosphotr~sferase reaction is re- 
versible in different organs (31-34), including lung 
133,341, The hypothesis that the cholinephospho- 
transferase reaction may be reversed is supported 
by the observation that the cells contain high 
levels of CMP. It has been demonstrated that in 
the presence of CMP lung microsomes catalyze the 
conversion of microsomal phosphatidylcholine to 
diacylglycerols and CDPcholine 133,343. 

The levels of the high energy nucleotides, ATP 
and CTP, are comparable to those reported previ- 
ously 135,361 for rat and rabbit lung. The con- 
centration of CMP agrees well with that found for 
rabbit lung [36]. Interestingly, the type II cells are 
highly enriched in cytidine nucleotides but not in 
adenosine nucleotides. An explanation may be that 
cytidine nucleotides are mainly present in lung 
cells which have a high rate of phosphatidylcholine 
synthesis, such as alveolar type II cells, while 
adenosine nucleotides are more evenly ~st~buted 
among all lung cells. The present results may 
indicate that, compared to other lung cells, type II 

cells are not greatly enriched in mi~o&ondri~l 
activity. 

The inability to detect inorganic gyrophosphate 
in either whole lung or type 11 cells implies the 
presence of very active pyrophosphatases. Jn this 
respect it may be noted that Infante and Kinsella 
[37] have suggested that pyrophosphatases pro- 
mote the formation of CDPcholine by favoring the 
forward reaction of cholinephosphate cyridyl- 
yltransferase. 

On the basis of thermodynamic calculations, it 
has been suggested that in rat liver 1381 and chick 
embryonic muscle cells [39] the choline kinase and 
cholinephosphate cytidylyltransferase enzymes are 
far from equilibrium, while the terminal enzyme 
cholinephosphotransferase is near equilibrium. 
Similar kinetic analysis of the present data of pool 
sizes in alveolar type if cells leads to the same 
conclusion. Both choline kinase and cholinephos- 
phate cytidylyltransferase catalyze non-eq~i~i~~nrn 
reactions, indicating that either enzyme may be 
regulatory in the type I1 cells. The indications that 
the cholinephosphotransferase reaction may be re- 
versed make it unlikely that this enzyme is regula- 
tory in the type II cells. In previous studies [9] it 
has been shown that labelled choline taken up by 
the type YI cells is rapidly phosphorylated to 
choline phosphate. This finding and the present 
observation that the choline phosphate pool is 

much larger than the intracellular choline pool 
argue against a rate-limiting role of choline kinase. 
No satisfactory explanation can as yet be offered 
for the irreversibility of the choline kinase reac- 
tion. Nevertheless, it is evident from the previous 
191 and present findings that cholinephosph~te 
cytidylyltransferase regulates the flux of choline in 
adutl lung type I‘f cells. 
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