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SUMMARY 

A soluble protein with lipid N-methyltransferase activity has been isolated 
from nficrosomes of dog lung. This protein catalyzes the transfer of methyl groups 
from S-adenosylmethionine to phosphatidyl ethanolamine with the formation of 
phosphatidyl choline. The partially purified protein was stable at pH greater than 
8.2 in the presence of cysteine. It  contained 2-5% lipid and had optimal activity at 
pH 8.0-9.0. Reaction velocities were markedly increased by exclusion of 02 from 
the reaction system. When saturating levels of S-adenosylmethionine were used, 
highest reaction velocities were obtained with disaturated phosphatidyl ethanolamine 
and lower rates with more unsaturated substrates. Reaction rates in the liver par- 
ticulate-bound system are higher than lung but are the same with saturated or un- 
saturated phosphatidyl ethanolamine as substrate. 

In sucrose density-gradient centrifugation experiments the transferase protein 
was shown to be associated with lamellated structures peculiar to lung pneumocytes. 
These results suggest that the N-methyltransferase of lung has special properties and 
may be important in the synthesis of disaturated surface-active phosphatidyl choline. 

INTRODUCTION 

Enzymes capable of catalyzing a variety of N-methylations have been described 
in various animal tissues and bacteria. Particular attention was directed by BREMER 
and co-workers to the N-methyltransferase activity of rat liver 1-~. Microsomes 
isolated from rat liver were shown to catalyze the transfer of methyl groups from 
S-adenosylmethionine to lipid precursors with phosphatidyl choline as a final product. 
Lipid methyltransferases have now been identified in liver, muscle, kidney and lung 
of several animal species, and attempts have been made to compare the contribution 
of the transferase pathway with other synthetic routes for phosphatidyl choline 4. 

Our interest in the properties of N-methyltransferases of lung was stimulated 
by the finding in dog lung of phosphatidyl N,N-dimethylethanolamine 5. This inter- 
mediate was of particular interest because it contained acyl groups whose composition 
closely resembled that of highly surface-active dipalmitoyl phosphatidyl choline. In 
both phosphatidyl dimethylethanolamine and phosphatidyl choline, palmitate ac- 
counted for 65-80% of fa t ty  acyl groups, and both lipids possessed the ability to 
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lower surface tension m a r k e d l y  when tes ted  b y  the Wi lhe lmy dyna mic  surface tension 
appa ra tu s .  These findings suggested t ha t  the  highly surface-act ive  phosphol ip ids  
might  be synthesized in lung b y  N-me thy l a t i on  of phospha t idy l  e tham)lamine  ra ther  
than  by  incort)orat ion of preformed choline and tha t  N-me thy l a t i on  in hmg may  1)e 
a selective process leading to the  specific concent ra t ion  of surface-act ive  l ipids in hmg 
tissue .~. 

In  s tudy ing  the role of lung N-methy l t r ans fe rases  in the  format ion  of surface- 
ac t ive  phospha t idy l  choline in lung, a soluble pro te in  fract ion with N - m e t h y l t r a n s -  
ferase ac t i v i t y  has been isola ted from dog lung. The isolat ion,  purif icat ion and 
charac te r i za t ion  of this  protein  with regard  to subs t ra te  specif ici ty and other  proper-  
t ies  pa r t i cu l a r ly  re la ted  to the  b iosynthes is  of surface-act ive  l ipids are the subject  of 
th is  report .  Previous  work also suggested tha t  l ipid biosynthesis  is a f l )c ted  by  exposure  
to  high Oo concent ra t ion  for prolonged periods a and led us to s tudy  the effect of 
va r ious  gas mix tures  on t ransferase  ac t iv i ty .  

M A T E R I A L S  A N D  M E T H O I ) S  

( i )  Isolat ion 
Adul t  mongrel  dogs were anes the t ized  by  the in t ravenous  admin i s t r a t ion  of 

io  mg p e n t o b a r b i t a l  per  kg b o d y  weight.  The chest  was opened and the dog ex- 
sanguina ted .  The lungs were removed  rap id ly  e~z bloc, and  the pu lmona ry  ar ter ies  
were i r r iga ted  with  cokt o.9°/o NaC1 solut ion to  remove blood. The lungs were then  
weighed, homogenized in 2 vol. o.I  M Tris buffer (pH 8.2) for I rain in a chilled 
War ing  b lender  and the homogena te  s t ra ined  through two layers  of gauze to  remove 
connect ive  tissue. All subsequent  opera t ions  were carr ied  out  a t  4 ° in the  same buffer 
unless otherwise noted.  The homogena te  was centr i fuged at  IOOO ~ g for 15 rain to 
remove nuclei  and  f r agmented  cells. The supe rna t an t  was decan ted  and  centr i fuged 
at  21 ooo x g for 15 rain. S t r ep tomyc in  sulfate  was a d d e d  to the  new s u p e r n a t a n t  
(final concn., IO mg/ml) to p rec ip i t a te  nucleic acids and  p reven t  bac te r ia l  growth.  
Af ter  3 ° rain the  mix ture  was centr i fuged a t  IOO ooo × g for 9 ° rain. The reddish-  
brown microsomal  sediment  was washed with Tris  buffer and  then resuspended to a 
pro te in  concent ra t ion  o17 5 IO mg/ml  as e s t ima ted  by  the method  of LOWRY et al. 6. 

Granu la r  (NHa)~S() 4 was a d d e d  to 3o~)~o satn.  After  s t and ing  12 h, the solut ion 
was clarified b y  cent r i fuga t ion  at  35 ooo ~< g for 2o rain. The supe rna t an t  was ad-  
jus ted  to 6o(}}~ satn.  wi th  (NH4)~SO 4 and  centr i fuged to  yield a reddish  p rec ip i t a te  
which redissolved on add i t ion  of 2 vo!. Tris buffer. (NHa),,SO ~ fl-actionation was 
r epea ted  on this solut ion as before. 

The second 3o 0o'}~, (NH4)2SO 4 p rec ip i t a t e  was then dissolved in Tris  l)ufl~r 
and  d ia lyzed  overnight  aga ins t  zo vol. of buffer con ta in ing  2 #M cysteine.  This 
pro te in  solut ion was d i lu ted  to  a pro te in  concent ra t ion  of 2-3 mg/ml  with o.o2 M 
KC1. C h r o m a t o g r a p h y  was carr ied out  a t  4 ¢ on a 2 cm x 3 ° cm DEAE-ce l lu lose  
column packed  in o.o2 M KC1 in o.oI M Tris--HCt buffer (pH 8.2) and  e lu ted with  o.I ,  
o.2, o. 3, and  0. 5 M KC1 in o.oz M Tr i s -2  #M cyste ine  buffer (Fig. z). Absorbance  at  
280 nm was moni to red  using a Gilson u l t rav io le t  moni tor ,  zo-ml f rac t ions  were ¢ol- 
lected which were then recombined  on the  basis  of the  absorbance  at  28o nm, d ia lyzed  
agains t  Tris  buffer and  assayed  for a c t i v i t y  as descr ibed below. Act ive  f ract ions  were 
lyophi l i zed  and  s tored  at  - zoL 
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(ii) Assay for phospholipid methyltransferases 
The reaction mixture consisted of transferase protein (or homogenate) ; IOO #- 

moles of Tris-HC1 buffer (pH 8.2), IO/,moles cysteine, io #,moles MgClz, o.14-o.3o #- 
mole S-adenosyl[Me-14C]methionine (6.6-1o 8 or 9.2" lO 8 disint./min 14C per #mole) 
and 0.5/zmole of dispersed phospholipid in a total volume of 1.5o ml. Phosphatidyl 
ethanolamine was isolated from dog lung using silicic acid and ammonium silicate 
column chromatography 5 and carefully dispersed by dialysisT, 8. Tile phospholipid 
after repeated chromatography was estimated to contain only trace amounts of 
plasmalogen, lysophosphatidyl ethanolamine and methylated derivatives of phospha- 
tidyl ethanolamine. Synthetic phospholipids were dispersed by dialysis or by ultra- 
sonic irradiation 6. S-AdenosylEMe-14C~methionine was obtained from Tracerlab, 
Waltham, Mass., and rechromatographed before use. Incubation was carried out for 
60 rain at 3 °° in a Dubnoff metabolic incubator. The reaction was stopped by adding 
o.15 ml concentrated HC1 and chilling. Each sample was extracted as described by 
KANESHIRO AND LAW 7 and the chloroform washes pooled and dried under N 2 were 
spotted on silica gel G thin-layer chromatography plates. Phospholipid standards 
were also applied to the plates which were developed in chloroform-methanol-water 
(95:35:4; by vol.) and exposed briefly to iodine vapor. Lipid fractions identified by 
comparison with the standards were scraped into scintillation vials filled with Cabosil 
(Thixotropic gel, Packard Instrument) and counted in 0.4% 3,5-bis-(2-(5-tert.-butyl- 
benzoxazolyl))-thiophene (scintillation grade) in toluene using a Packard Tri-Carb 
Liquid Scintillation Spectrometer. Quench correction was applied using automatic 
external standardization. Efficiency of the system was 73.00/0 . 

(iii) Identification of products of enzymatic activity 
A reaction mixture comprised as described in the preceding section, but con- 

taining 5/~moles dispersed phosphatidyl ethanolamine, 30 mg partially purified N- 
methyltransferase (DEAE-cellulose, Fraction 3 (Fig. I)) and 5-fold amounts of all 
other components, was incubated for 2 h at 30 °. The reaction was stopped and lipids 
were extracted as described above. I aliquot of the lipid extract was hydrolyzed by 
refluxing in 3 M methanolic HC1 overnight. Water was added and the mixture ex- 
tracted with 20 vol. diethyl ether. The remaining water-soluble components were 
separated by paper chromatography using a solvent system of 1-butanol-phenol- 
80% formic acid-water (5o:5o:3:1o; v/w/v/v) saturated with KC1. These water- 
soluble components were identified under ultraviolet light and by their color reactions 
with ninhydrin and Dragendorf spray reagents, and counted with a Nuclear-Chicago 
paper strip gas-flow counter. Ethanolamine, mono- and dimethylethanolamine and 
choline chloride (obtained from Eastman-Kodak) were chromatographed concur- 
rently as standards. RF values obtained are given in Table IV. Another aliquot of the 
lipid was hydrolyzed as above, and the identity of the water-soluble bases was 
confirmed by gas chromatography using a method previously described 5. A third 
aliquot of the lipid extract (containing approx. 2/,moles phosphatidyl ethanolamine 
and its biosynthetic products) was chromatographed on a 3-g A12Os columnS. The 
ethanolamine and choline phospholipid fractions separated by chromatography were 
deacylated and fat ty  acid composition was determined by gas chromatography 5. 
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(iv) Subcelhdar distribution of lipid methyltrans[erases 
A sample of lung was subjected to differential centrifugation as described in 

Section (i) above except that streptomycin was omitted. The material sedimenting 
at IOO ooo x g for 9 o rain was resuspended in o.i M Tris-HC1 buffer (pH 8.2) con- 
taining 24.2 mg sucrose/ml (~J i. Ioo) and centrifuged for 9 ° rain in a swinging 
bucket rotor at IOO ooo x g in a Spinco Model L ultracentrifuge. Aliquots of all 
sedimenting fractions and of the final sucrose supernatant were removed for assay 
of protein content and methyltransferase activity. The remaining portions of each 
fraction were stirred with 1.2% OsO 4 in S-collidine buffer (pH 7.4) and fixed for 4 h. 
Samples were then dehydrated and embedded in Epon 812, as described by Luvf", 
centrifuging briefly in a table centrifuge where necessary to sediment fixed samples. 
I-~ sections were cut and examined by Dr. (i. L. Huber using an RCA EMU-2A 
electron microscope. 

R E S U L T S  

Isolation and purification of N-methyltransferase activity from dog lung was 
carried out by a scheme similar to that employed by KAXESHIRO a.Xl~ LAW for the 
bacterial enzymeE Results of the purification are summarized in Table I. Overall 

T A B I . E  1 

P U R I F I C A T I O N  OF P H O S P H A T 1 D Y L  E T H A N O L A M I N E  ~\:-METHYLTRANSFF.RASI~2 

Slep  1:~7; vine E ~ z v m e  Phospho l ip id  
.~pecf!/i~ reco~,erv conte~l** 
act ivil ~," ( O/.o) 

\ V h o l e  l u n g  h o m o g e n a t c  o .oo  7 t o o  1 i .u  
S e d i m e n t  (~oo o o o  × g, 90  ra in)  o . o 4 7  28 20.0  
(NH4)2SO 4, 3 ° 6O%o f .27o  3 27.3 
D E A E - c e l l u l o s e  c h r o m a t o g r a p h y  : 

F r a c t i o n  2 _,. 1 So o .34  2.5 
F r a c t i o n  3 1 , 7 2 o  o . o 8  4 . 0  

* n m o l e s  [14C]me thy l  i n c o r p o r a t e d  i n t o  p h o s p h o l i p i d  p e r  m g  p r o t e i n  p e r  h. 
** ( P h o s p h o l i p i d  w e i g h t / p r o t e i n  w e i g h t )  x lOO. 

purification using (NH~)2SO ~ precipitation and DEAE-cellulose chromatography was 
3oo-fold. All DEAE-cellulose fractions showed transferase activity, but maximal 
enzyme activity was obtained by elution with o.I M KC1 (Fig. I). Chromatography 
was carried out rapidly in the cold, and even brief exposure to pH less than 7.o led 
to almost complete loss of activitv.~ The protein retained more than 5o°~/o activity, 
however, when lyoptfilized at pH 8.2 and stored at -IO ° for several weeks. 

Phospholipid content and composition was assayed in each step of the purifi- 
cation procedure (Table I). Phospholipid was 270..o of the microsomal fraction by 
weight, but the final enzyme fractions were low in phospholipid content. The phospho- 
lipid distribution in DEAE-cellulose Fractions 2 and 3 was phosphatidyl choline 57%, 
phosphatidyl ethanolamine 2o% and lysophosphatidyl choline plus sphingomyelin 
i o°/ These values were averages of five determinations, spots being identified as ' 0 " 

previously described ~. 
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Fig. I. DEAE-cellulose chromatography of 30-60 % (NH4)2SO4 fraction from dog lung microsomes. 
DEAE-cellulose chromatogram indicating the  e lut ion of  u l travio le t -absorbing mater ia l  at  280 nm 
( ). Details of the conditions are given in the  text .  Incubation of aliquots containing o. I m g  
protein was  carried out  for I h at  3 °0 (pH 8.2) as described in the  text .  Specific ac t iv i ty  : nmoles 
[14C]methyl incorporated into total phospholipid per mg protein per h. 

Fig. 2. Effect of time and pH on incorporation of ?*C]methyl into lipid fractions. Mixtures for in- 
cubation at 3 °0 contained 0.3 mg enzyme protein (isolated by  DEAE-cellulose chromatography), 
IOO/,moles Tris-HC1 buffer (pH 8.2 or as indicated), 0. 5/zmole dispersed dog-lung phosphat idy l  
e thanolamine ,  io pmoles MgC1 z and o. 3 ?,mole S-adenosyl[Me-14C]methionine in a total volume 
of i. 5 ml. After  var ious  intervals  (I h in pH experiment), the reaction was  stopped and the lipids 
separated as described in the  text .  I~--Q, incorporation into the  to ta l  phospholipid fraction; 
A - - - - - A ,  incorporation into phosphatidyl choline. Values given are means  of  dupl icate  
determinat ions .  

Properties 
Temperature dependence. N-Methyltransferase activity was assayed using DEAE- 

cellulose fraction 2 and exogenous phospholipid obtained from dog lung. Incubation 
at 35 ° frequently produced aggregation of protein, therefore, 3 °0 was selected for the 
routine assay system. Raising the reaction temperature to 35 ° approximately doubled 
the reaction rate and lowering to 25 ° halved the reaction rate. There was no transferase 
activity after heating 30 min at 5 o°. 

pH. N-Methyltransferase activity at pH greater than 8.0 was approximately 
three times that at lower pH values (Fig. 2). There was no appreciable activity in the 
pH range 2-6, while at pH greater than 9, decomposition of S-adenosylmethionine 
occurred, and the results were unreliable. 

Cofactors and inhibitors. Transferase activity was 30-50% of maximal activity 
in the absence of Mg 2+, and normal activity was rapidly lost during incubation or 
chromatography unless cysteine was added (Table II). Sulfhydryl inhibitors (IO #M 
HgC12 and p-chloromercuribenzoate, IOO/zM N-ethylmaleimide) effectively blocked 
lipid incorporation of E14C]methyl but CN-, F-  and maleate (at I raM) were without 
effect. The addition of ethanolamine or choline to the assay system had no effect on 
the rate of [l*CJmethyl incorporation into phospholipids. 
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26 T. 1,;. MOP, GAN 

TABLE l [ 

C O F A C T O R  A N D  I N H I B I T O R  E F F I ~ ; ( T  ON ~ \ ' - M E T H ' x ' L ' I ' R A N S F E R A S E  At T I V 1 T Y  

The complete assay system contained o. 1 mg protein (l)EAE-cellulose fraction el, o.sffmole 
dog lung phosphatidyl ethanolamine dispersed b\  dialysis 7.s, lo ,mnoles cysteine. 1o ,umoles 
MgC12, o. 14 ffmole S-adenosyl [Me-I*C methionine and I oo ffmoles Tris H t:l buffer (p H 8.2) in 
a volume of I. 5 ml. Incubation was i h at 3 o°. lncorpor~ttion was assayed as described m the text A. 

A" Methvl 

activity * 

Cofaclor requirements 
Complete system -.oS 
('omplete system, less dispersed phosl~hatidyl ethanolamine o.4S 
Complete system, less MgCI a o.91 
Complete system, less cysteine ~.3 l 
Complete system, phts ethanolamine (l ffmole) and choline 

(1 ffmole) -.o 

Su(tlLvdr3,l inhibitor.< 
Complete system 1.92 
Complete system, pl~fs tlgC! 2 (~o ffM) o.9!, 
Complete system, phts p-chloromercuribenzoate (l o ffM) o.53 
Complete system, plus N-ethylmaleimide (o. r mM) o.2o 

Metabolic inhibilors 
Complete system [.9 8 
Complete system, phts KCN (~ raM) i.qo 
Complete system, phgs NaK (I mM) _,.o2 
Complete system, p!us sodium maleate (~ raM) 1.85 

" nmoles [14C Imethyl incorporated in phospholipid per mg enzyme protein per h. 

Substrate .  The effect of various exogenous phospholipids on transferase ac t iv i ty  
was est imated using phosphat idyl  e thanolamine  obta ined from dog lung by chromato- 
graphy or from yeast (gift of D. J. Hanahan)  and  synthet ic  rT~z,fi-dipalinitoyl phospha- 
t idyl  e thanolamine  (obtained from In te rna t iona l  Chemical and  Nuclear, Los Angeles). 
Sa tura t ing  levels of S-adenosylmethionine  were employed to determine a sa turat ion 
curve for dog-lung phosphat idyl  e thanolamine  dispersed by  dialysis. When o.r mg 
enzyme protein and o.5 ffmole phospholipid were used, approx, o.o5 ffmole S-adenosyl- 
IMeA4C:methionine was required to saturate  the system (Fig. 3). The yeast and 
synthet ic  phospholipids could not  be dispersed by  the dialysis method of FLEISCHER 
AND KLOUWENS; therefore, all substrates  in this experiment  were suspended in buffer 
by  ul trasonic i r radiat ion with a 2o-kcycte Branson in s t rumen t  (o. 5 A, 3 ° rain, 4°). 
Following irradiat ion,  the suspension was clarified by  brief centr ifugation,  and  an 
al iquot  was removed for phosphorus assay and  thin- layer  chromatography.  Incu-  
bat ion was then carried out in the usual  way. Results  of this s tudy are presented in 
Fig. 4. An apparen t  Michaelis constant  of o.35 mM was calculated for d ipahni toyl  
phosphat idyl  e thanolamine  and higher constants  for the more unsa tu ra ted  yeast  and 
lung phosphat idyl  e thanolamine.  For comparison dog liver microsolnal methyl t rans-  
ferase was isolated by  the method of GIBSON et al. IO, and  a similar a t t empt  was made 
to demons t ra te  methyl t ransferase  subst ra te  specificity. The liver microsomal fraction 
was general ly more active than  lung (2. 3 2. 9 nmoles [14C methyl  incorporated per mg 
enzwne protein per h), bu t  the reaction rate was the same with all phosphat idyl  

Biochim. Biophys..'iota, ~78 (t909) 21 34 
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Fig. 3. A, Curve of  methyl t ransferase  sa tura t ion  with S-adenosylmethionine.  Each flask con- 
tained o.I mg enzyme protein and o. 5 #mole dog-lung phosphat idyl  e thanolamine dispersed by  
dialysis. Incuba t ion  wax i h a~c 3 o°. ]3. L ineweaver -Burk  plot. 

ethanolamine substrates regardless of acyl composition. This result could have been 
due to saturation of the enzyme with endogenous substrate. Phosphatidyl serine and 
phosphatidyl choline derived from dog lung by silicic acid column chromatography 
were also dispersed by dialysis and tested for substrate activity in the lung-enzyme 
system. With phosphatidyl choline as substrate incorporation was less than the 
endogenous rate. A IO% augmentation in rate of incorporation occurred with 
phosphatidyl serine. 

Subcellular distribution of methyltransferase 
A systematic identification of the intracellular components isolated by differ- 

ential centrifugation was carried out so as to ascertain which subcellular fractions 
were associated with methyltransferase activity. Centrifugation at IOO ooo x g for 
9 ° rain sedimented microsomes and fine tubular structures which possessed high 
specific activity (Table III). When this microsomal sediment was resuspended in 
24.2% sucrose (e = I.IOO) and again centrifuged for 500 rain at ioo ooo x g, the 
sediment now had low specific activity. Under the electron microscope, this sediment 
contained microsomes and some pale vesicular structures (Fig. 6C). By contrast, the 
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Fig. 4. A. Satura t ion  curves of methyl t ransfe rase  (o.i mg protein) wi th  phospha t idy l  e thanol -  
amine and o .o4/ ,molc  S-adenosyl[Me-~*C]methyl methionine.  (i) syn the t ic  d ipa lmi toylphos-  
phat idyl  e thanolamine;  ( z )dog- lung  phospha t idy l  e thanolamine  (acyl composi t ion:  pa lmi ta te  
36%, s teara te  t z °/o, unsa tu ra t ed  CI8, 20 f a t t y  acids 48 %); (3) yeas t  phospha t idy l  e thanolamine  
(palmita te  4°,o, pa lmi to lea te  6i~o , s teara te  io°,o, unsa tu ra t ed  Ci8,2o f a t t y  acids 20%).  All 
phosphol ipids  were dispersed by ul trasonic i r radiat ion (see text)  and react ions were main ta ined  
i h a t  3 o°. B. L ineweave r -Burk  plot.  

opalescent supernatant fraction (6B) shouted high enzyme activity. Morphologically, 
this supernatant fraction was shown to contain a few microsomes and numerous 
structures which had the appearance of lamellated bodies in various stages of de- 
generation. Total  protein content was relatively low, but there was high enzyme 
activity and a large amount (approx. 40°/) by wt.) of lipid was present. The lipid was 
found to be 6o% phosphatidyl choline and 30% phosphatidyl ethanolamine after 
thin-layer chromatography and phosphorus assay. By contrast, all N-methyltrans-  
ferase fractions isolated by DEAE-cellulose chromatography contained less than 5% 
phospholipid. 

Lipid products of methyltransferase activity 
The formation of labeled N-methyl  derivatives from phosphatidyl ethanolamine 

was confirmed by  the method of BREMER et al. 1. The results given in Table IV indicate 
that  a considerable amount of radioactivity was found in the ether-soluble fraction 

Biochim. Biophys. A cta, 178 (1969) 2 ~-34 
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TABLE I I l  

I N T R A C E L L U L A R  L O C A L I Z A T I O N  OF N-METHYLTRANSFERASE A C T I V I T Y  

29 

Procedure* Microscopic identification ** Specific 
activity *** 

(I) Homogenizat ion 
(2) Homogena te  (I), centrifuged at  IOOO × g, 

15 min: Sediment 
(3) Superna tan t  (2), centrifuged at  15 ooo × g, 

3 ° nlin : Sediment 
(4) Supe rna t an t  (3), centrifuged at  ioo ooo × g, 

9o min : 
(a) Sediment 

(b) Superna tan t  
(5) Sediment (4 a) resuspended in 24.2 % sucrose 

and centrifuged at  IOO ooo × g, IO h: 
(a) Sediment 

(b) Superna tan t  

- -  0.007 

Nuclei, f ragments  of tissue 0.05 

Mitochondria 0.09 

Microsomes, tubu la r  s t ruc tures  
and vesicles 2.92 
- -  0.03 

Microsomes, occasional pale 
vesicles 0.64 
Lamellated bodies 3.51 

* For details, see text.  
** Samples were collected, fixed, dehydrated and  embedded for electron microscopy as 

described in the text.  
*** nmoles [l*C]methyl incorporated into phospholipid per mg protein per h. 

after acid hydrolysis presumably due to incorporation into other lipid components. 
Similar ether-soluble activity was found in nonincubated controls, but there was no 
significant incorporation into N-methylated bases. Separation of the N-methylated 
bases by paper chromatography was not consistent, and base identity was confirmed 
by gas chromatography (choline excepted) 5. Although specific activity of the N- 
methylethanolamine or N,N-dimethylethanolamine fractions could not be accurately 
measured, these fractions are quantitatively minor in amount and appear to have 
high specific activity. Choline, qualitatively present in the greatest amount, was 
estimated to have lower specific activity. 

TABLE IV 

B A S E  P R O D U C T S  OF N-METHYLTRANSFERASE SYNTHESIS OF P H O S P H O L I P I D S  

A mixture  containing 3 ° mg transferase protein (DEAE-cellulose fraction 2), 1. 5/zmoles S- 
adenosyl IMe-14C]methionine (i. i • lO 9 disint./min), 5/~moles dog-lung phosphat idyl  e thanolamine 
dispersed by  dialysis, 50/zmoles cysteine, 50/zmoles Mg 2+ and IOO/zmoles Tris-HC1 buffer a t  
pH 8.2 was incubated 2 h at  3 o°. The reaction was s topped and lipids were extracted.  Aliquots of 
the liquid ext rac t  were hydrolyzed overnight  in methanolic HC1. Ether-soluble products  (16.2 % 
of to ta l  radioactivity) were removed, and the water-soluble components  were chromatographed  
on paper.  The components  were identified and counted using a gas-flow paper  str ip counter. Total  
radioact ivi ty in the lipid fraction was 8.8. lO 8 disint. /min. Details of the procedure are given in 
the text.  

Product R F Radioactivity 
(%) 

Ethanolamine  o. I4 2.4 
N-Methyle thanolamine o.39 15.o 
N , N - D i m e t h y l e t h a n o l a m i n e  o.55 43.o 
Choline o.7 ° 23.3 
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When the acyl composit ion of the phosphat idyl  choline formed by N-methyl-  
at ion of dog lung phosphat idyl  e thanolamine  was determined,  there was a relative 
increase in esterified sa tura ted  fa t ty  acids. The product  phosphat idyl  choline con- 
ta ined  8.6% more myristate ,  23.3% more pa lmi ta te  and (/ io /o  lnore stearatc than the 
precursor phosphat idyl  e thanolamine.  Also, the phosphat idyl  e thanolamine  con 
rained 49% satura ted  fa t ty  acids and the product  phosphat idyl  choline ()9~)~) sa turated 
fa t ty  acids. 

Effect of composition o~ enzyme activity 
There was marked effect of var ia t ions  in gas composition on the rate of N- 

methyl t ransferase  synthesis of phospholipids (Fig. 5). Usual ly assays of methyl t rans-  

3.0 

& 

~ 2.0 

1.0 

0 
p02 720 150 150 OmmHg 

pC02 0 3 ii OmmHg 

Fig. 5. Effect of gas conlposition on N-methyltransferase activity. Samples were gassed io min 
with the gas mixtures shown and for 2 min at t o-min intervals during incubation. Total incubation 
was i h at 3 o°, pH 8.2. Incubation mixtures and other details as in Fig. 2. Values Kiven are 
means of three experiments, vertical lines indicate range of values obtained. 

ferase ac t iv i ty  were carried out with incubat ions  at an 02 par t ia l  pressure of 15o mm 
Hg and  pCO 2 of 3 mm Hg. Incuba t ions  were also carried out in atmospheres of o or 
72o m m  pO 2 but  with pCO 2 less t han  3 m m  Hg. An atmosphere composed of pO 2 
15o mm and pCO 2 increased to i i  m m  Hg was also used. Varying the gas composit ion 
had little effect on the rate of incorporat ion of [14C]methyl into phosphat idyl  N-  
methyl-  and  N,N-dimethy le thanolamine ,  but  increased 02 par t ia l  pressure signifi- 
cant ly  depressed incorporat ion of radioact iv i ty  into phosphat idyl  choline. Variat ions 
in pCO2 were wi thout  effect when the pH was controlled to prevent  changes in the 

assay system. 

DISCUSSION 

Of the various biosynthet ic  pathways  known for the formation of phosphat idyl  
choline tile cyt idine diphosphocholine pa thway appears to be the most impor t an t  
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for the formation of plasma and liver phosphatidyl choline 4. From the data of 
BJORNSTAD AND BREMER 4, we may  also conclude that  N-methyltransferase-mediated 
phosphatidyl choline synthesis from phosphatidyl ethanolamine proceeds at a lower 
but significant rate in most organs. Ill this study, our attention has been focused on 
the problem of the enzymatic synthesis of the highly saturated phosphatidyl choline 
which appears in greatest quanti ty in the lung, and we have not dealt with the 
relative quantitat ive importance of various pathways of phosphatidylcholine syn- 
thesis. The transferase system isolated from lung may represent, as in microorgan- 
isms 11, two enzymes, one of which methylates phosphatidyl ethanolamine and a 
second which carried out subsequent methylations. Since phosphatidyl choline is the 
final product of this system, we assume that  both enzymes, if present, have been 
isolated together and since we have no direct evidence whether one or more enzymes 
are present, we assume that  a partially purified system of enzymes has been obtained. 

We have compared some of the properties of the N-methyltransferases isolated 
from liver as well as lung and agree with BJORNSTAD AND BREMER 4 that  hepatic 
transferase activity is greater than lung. There are, however, several differences 
between the properties of the liver and lung transferases. First, the liver subcellular 
fraction with greatest activity was bound to microsomes and was obtained at less 
than 30% satn. with (NH4)2SO a, but the lung transferases appear to dissociate from 
the microsomes on prolonged standing in 3O~o (NH4)2S04 and to precipitate at be- 
tween 30 and 60% satn. Second, enzymes derived from lung had reasonable stability 
at pH above 7.5 on DEAE-cellulose chromatography, but  liver-enzyme activity was 
rapidly lost on chromatography. In these respects the N-methyltransferases of lung 
more closely resembled the soluble bacterial enzyme described by  KANESHIRO AND 
LAW v, although strictly comparable studies are not available for the particulate liver 
enzymes. Finally, when methyltransferases from liver and lung were incubated with 
substrates varying in acyl composition, saturated substrates gave high reaction 
velocities with the lung system. Acyl composition had no effect on the reaction 
velocities obtained with the liver enzymes. 

The acyl composition of phosphatidyl choline isolated from lung differs markedly 
from that  of liver or plasma. The lung shows a higher saturated acyl composition with 
a preponderance of palmitate. Further, previous studies have shown that  phosphatidyl 
N,N-dimethylethanolamine contains the same high proportion of palmitate and shows 
the same high surface activity as does phosphatidyl choline isolated from lung. Other 
lung phospholipids do not show this composition or surface activity 5. Two methods 
of investigation were used in this s tudy to determine whether the N-methyltransferase 
system might operate selectively to produce the high degree of saturation which 
characterizes surface-active lung phosphatidyl choline. The first method employed 
standard enzyme kinetics and the determination of reaction velocities at saturating 
levels of S-adenosylmethionine. When the transferase system was incubated with a 
variety of exogenous phosphatidyl-ethanolamine substrates varying in the degree of 
saturation of the esterified acyl groups, reaction rates were highest in the presence of 
dipalmitoyl substrates and lower when unsaturated groups were present. We were 
able to obtain Michaelis constants for the lung transferase, but the results obtained 
must be interpreted with caution. First, it is likely that  more than one enzyme is 
active, second, such velocity measurements cannot be strictly equated with substrate 
affinity and, third, solubility problems made it necessary to disperse substrates in 
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a q u e o u s  s o l u t i o n s  b y  u l t r a s o n i c  i r r a d i a t i o n .  Sols t h u s  o b t a i n e d  m a y  b e a r  l i t t l e  r e l a t i o n  

to  in vivo c o n d i t i o n s ,  a n d  l ip id  p r o t e i n  i n t e r a c t i o n s  in  t h i s  s y s t e m  m a y  n o t  be  

c o m p a r a b l e  to  t h o s e  f o u n d  in  t h e  i n t a c t  cell ~2. A s e c o n d  m e t h o d  was  also u sed  as  a 

f u r t h e r  t e s t  of  t h e  s e l e c t i v i t y  of  t h e  e n z y m a t i c  s y s t e m .  I n  t h i s  e x p e r i m e n t ,  p h o s p h a -  

Fig. 6. Electron micrographs of dog lung. A. Section through alveolar pneumocyte, Type [t, 
showing: alv, alveolar space; b, tamellated bodies; end, endothelial cell; epi, epithelial cell; m, 
basement membrane;  mi, mitochondria. The space, L, is presumed to be a lipoid droplet. Section 
fixed and stained as described in text.  B. Superna tan t  fraction, derived from dogdung microsomal 
pellet suspended and centrifuged in 24.2~£ ~ sucrose (Table III,  Step 5)- C. Sediment (Table I l l ,  
Step 5)- Magnification: (A) × 25 ooo; (B) and (C) × 2o ooo. 
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tidyl ethanolamine isolated from dog lung and containing acyl groups of various chain 
lengths and degrees of saturation was incubated with transferase protein and co- 
factors. The product phosphatidyl choline was isolated and found to contain a signifi- 
cantly higher proportion of palmitic acid and other saturated fat ty  acids than the 
starting material. Together, the results lend support to the hypothesis that disatu- 
rated phosphatidyl choline is formed in lung by N-methyltransferase activity. 
Whether dipalmitoyl phosphatidyl choline is also selectively formed by CDP-choline 
or by a reacylation mechanism such as that suggested by LANDS AND MERKEL 13 has 
not yet been determined, but work is now in progress to investigate this possibility. 

An interesting and unsuspected susceptibility of N-methyltransferase activity 
to high concentrations of 02 was encountered. Transferase activity appears to be 
facilitated by exclusion of 02 from the incubation environment. The presence of high 
02 tension apparently depresses the last step of transmethylation. Since cysteine 
protects against loss of activity during chromatography and sulfhydryl inhibitors 
effectively block methyltransferase activity, it appeared possible that the effect of 
02 was due to oxidation of sulfhydryl groups important in tertiary enzyme protein 
structure or, possibly, in lipoprotein enzyme-substrate interaction. However, 02 
inhibition could be reversed by subsequent flushing of the incubation atmosphere with 
N 2, and the 02 inhibition could not be prevented by addition of cysteine to the incu- 
bation media. In a study which may have relevance to the present work, MEYER AND 
BLOCK 14 have noted differing rates of esterification of saturated and unsaturated 
fat ty  acids into phospholipids of yeast grown under anaerobic or aerobic conditions. 
These workers have not identified the exact mechanism by which anaerobiosis effects 
these changes. 

Circumstantial evidence suggests that the surface-active lipid or lipoprotein 
appears in peculiar organelles of the alveolar pneumocyte 15. These organelles, the so- 
called lamel]ated bodies, probably contain a large amount of lipid material (Fig. 6). 
Our attempts to localize N-methyltransferase activity, however, showed it to be in 
the 'microsomal' fraction. That  this operationally defined microsomal fraction did 
indeed contain microsomes was confirmed by electron microscopy. The microsomal 
fraction was about 27% lipid by weight and also contained lipoid droplets and vesicles 
with lamellated structure. On recentrifugation in a sucrose density gradient, two 
fractions were obtained. The sediment contained microsomes; the supernatant was 
rich in lipid-N-methyltransferase activity and was composed of lipoid droplets and 
lamellated bodies with but few microsomal elements. On subsequent DEAE-cellulose 
chromatography N-methyltransferase activity was highest in lipid-poor (less than 
5% lipid) fractions. These findings suggest that lipid is intimately associated with, 
but not an integral part of the enzyme. The association of lamellated bodies isolated 
by differential centrifugation and N-methyltransferase activity makes it tempting 
to assume that surface-active phosphatidyl choline is synthesized in the lamellated 
bodies. However, this assumption cannot be considered proved and must be tested 
by further experiments. 
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