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Summary 

The specificity and characteristics of the uptake mechanism for radiolabeled 
L-carnitine has been studied in cultured human heart cells (CCL 27). Iodoace- 
tate, 2,4-dinitrophenol, arseneoxide and potassium cyanide do not  reduce the 
uptake significantly, while sodium fluoride in high concentration (25--50 mM) 
inhibits the transport. Sulfhydryl blocking agents like N-ethylmaleimide, 2,4- 
dinitrofluorobenzene and Ellman reagent [5,5-dithiobis-(2-nitrobenzoic acid)] 
all reduce the uptake of radiolabeled carnitine; while phloridzin (0.1 mM), 
ouabain or amino acids (1--5 mM) do not. Thus it seems that  the carnitine 
transport depends upon free sulfhydryl groups, and is neither linked to the 
transport of amino acids or glucose, nor to the activity of (Na ~ + K÷)-ATPase. 
Variation in osmolality in the incubation medium within 225 to 450 mosM/kg 
water does not  influence the uptake. An increase in pH from 7 to 8 reduces the 
transport approx. 40%. Compounds structurally related to carnitine, containing 
a t r imethylamino group and a carboxylic group, reduce the uptake. L-Carnitine 
has a greater affinity for binding to the transport mechanism than D-carnitine. 
Acylcarnitines with varying acyl group length inhibit the transport, and the 
L isomers more than their D counterparts. The 50% inhibiting concentration 
on the uptake of 2 pM L-carnitine, was 90pM for betaine, 11 • 103 pM for 
choline, 2 pM for butyrobetaine,  20 pM for D-carnitine, 14 pM for 5-trimethyl- 
aminovaleric acid, 8 pM for L-acetylcarnitine and 3 pM for L-palmitoylcarni- 
tine. Radiolabeled L-acetylcarnitine is also transported into the cells with a Km 
of 8 pM and a V of 10 pmol • pg-1 DNA • h -~. There is a competitive type of 
inhibition between L-carnitine and L-acetylcarnitine. Since L-acetylcarnitine 
constitutes 30% of total carnitine in rat plasma, both L-carnitine and L-acetyl- 
carnitine can be physiological substrates for this active transport mechanism in 
vivo. 
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Introduct ion 

Carnitine is synthesized in the liver and rapidly transported by the blood- 
stream to different tissues [ 1]. Different organs vary greatly in their intracellu- 
lar concentrat ion of  carnitine. The heart has a high concentration of carnitine, 
60-fold that  in plasma [1--3].  However, in some diseases the concentration of 
carnitine in the heart is reduced [5--7].  The concentrative mechanism 
described, especially active in human heart cells, might explain the high con- 
centration of  carnitine found in the heart in vivo [4]. 

These studies have been undertaken to investigate further this concentrative 
mechanism. 

Materials and Methods 

Materials 
L-[Me-3H]Carnitine (spec. act. 100 Ci/mol), L-[Me-3H] acetylcarnitine (spec. 

act. 100 Ci/mol), methylcholine,  DL-norcarnitine, dimethylamino-2-propanol 
and dimethylaminobutyr ic  acid were gifts from Prof. J. Bremer, University of  
Oslo, Norway. Other compounds  structurally related to carnitine were gifts 
from Prof. G. Lindstedt,  Dept. of  Clinical Chemistry, University of  Gotenburg, 
Sweden. e-N-Trimethyl-lysine was a gift from Dr. H.T. Haigler, Dept. of  Bio- 
chemistry, Vanderbilt  University, Nashville, Tenn., U.S.A. L- and D-carnitine 
were gifts from Otsuka Pharmaceutical Company,  Osaka, Japan. Butyrobetaine 
and Ellman reagent [5,5-dithiobis-(2-nitrobenzoic acid)] were obtained from 
Sigma Chemicals Co., St. Louis, U.S.A. D- and L-acylcarnitines were synthe- 
sized as earlier described [ 8]. Other reagents were commercially available prod- 
ucts of  analytical grade. The Girardi human heart cells (CCL 27) were obtained 
from American Type Culture Collection Cell Repository,  Rockville, Md.,U.S.A. 

Methods 
The heart cells were cultured and the L-[ 3H] carnitine uptake was determined 

as previously described [4],  with the following modifications. The cells were 
transferred to Costar Tissue Flasks one day prior to the experiments. Before 
the experiments,  the cells were washed twice with 3 ml medium devoid of  
serum to remove carnitine present in the serum. The monolayer  was removed 
from the flasks by using 4 ml of  a solution of 0.02% trypsin in Versene buffer 
(NaC1 140 mM, KH2PO4 3 mM, KC1 5 mM, Na2HPO4 16 raM, EDTA 1 raM) for 
5 min at 37°C. The cell pellet was washed twice with medium devoid of serum 
to remove extracellular carnitine, then heated to 100°C for 30 min in 10% tri- 
chloroacetic acid for complete  extraction of  intracellular carnitine and DNA. 
The precipitate was removed by filtration through a blueband filter. The DNA 
content  was determined according to Burton [9], and the amount  of radio- 
labeled carnitine taken up was related to gg DNA in the cells. 

Carnitine and acylcarnitines were separated as described by Christiansen and 
Bremer [10].  Cellular protein was determined by the method of Lowry et al. 
[11].  

Radioactivity was determined by dissolving the samples in Diluene scintil- 
lator solution (Packard Instrument  Co. Ill.) and counted in a Packard Tri-Carb 
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scintillation 
method. 

spectrometer, corrected for quenching by the channel ratio 

Results and Discussion 

The effect of  osmolality and pH 
High osmolality {above 450 mosM/kg water) or low osmolality {beneath 225 

mosM/kg water) significantly reduced the uptake of L-carnitine (Fig. 1). An 
increase in pH from 7 to 8 resulted in a decrease in the uptake of L-carnitine of 
approx. 40% (Fig. 2). No at tempt  was made to test a wider pH range since all 
the incubations were done within these limits, and the variation between differ- 
ent samples in the same experiment was less than 0.3 pH units. 

The effect of  metabolic inhibitors 
In previous studies metabolic inhibitors reduced the uptake of L-carnitine 

only moderately [4]. These studies, therefore, have been repeated and 
expanded. 

High concentrations of iodoacetate, 2,4-dinitrophenol and arseneoxide 
reduced the uptake moderately,  and no effect of potassium cyanide was ob- 
served (Table I). High concentrations of sodium fluoride (in accordance with 
previous observations [4]) reduced the uptake of L-carnitine. The lack of any 
appreciable effect of these inhibitors is not  unexpected. The concentration gra- 
dient of carnitine across the cell membrane is approx. 300 pM [4], and the 
transport is approx. 5 • 10 -~2 mol • pg-~ DNA • h -1. The required energy per 
unit  time is therefore probably small. Assuming a high affinity of the transport 
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Fig.  1. The u p t a k e  o f  L - [ 3 H ] c a t n i t i n e  at  v a r y i n g  o s m o l a l i t y .  The  cells ( c o n t a i n i n g  1 0 0 - - 2 0 0  pg D N A )  
were  i n c u b a t e d  wi th  [ 3 H ] c a ~ n i t i n e  (2 pM)  f o r  2 h at  37°C.  Dis t i l led  wa te r  or NaC1 was  a d d e d  to the me-  
d i u m  to a l ter  the  o s m o l a l i t y ,  wh ich  was  m e a s u r e d  in  a K n a u e r  o s m o m e t e r  p r io r  to  i n c u b a t i o n .  The  va lues  
r e p r e s e n t  m e a n s  f r o m  f o u r  sepa ra t e  e x p e r i m e n t s ,  and  ve r t i ca l  bars  are s t a n d a r d  dev ia t ions .  
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Fig.  2. The  u p t a k e  of  L - [ 3 H ] c a r n i t i n e  at  v a r y i n g  pH values.  The  cells ( c o n t a i n i n g  1 0 0 - - 2 0 0  pg  D N A )  were 

i n c u b a t e d  wi th  L - [ 3 H ] c a r n i t i n e  (1 pM)  fo r  30 m i n  (to m i n i m i z e  pH a l t e r a t ion )  at  37'JC in Eagle ' s  mini -  

m u m  essen t ia l  m e d i u m  wi th  Ear le ' s  b a l a n c e d  salt  so lu t i on  w i t h  Tr is  • HC1 (25 raM) as bu f fe r .  The  pH was  

ad ju s t ed  by  v a r y i n g  the  a m o u n t  of  HCI and  m e a s u r e d  b e f o r e  and  a f t e r  i n c u b a t i o n .  Each  bar  r e p r e se n t s  the 

m e a n  of  fou r  s amp l e s  wi th  s t a n d a r d  dev ia t i on .  

mechanism for the energy yielding process, it would be difficult to deplete the 
cells of  energy to such an extent  as to make it rate limiting for the transport of 
carnitine. The effect  of  sodium fluoride in the highest concentrations (50 raM) 
is most  likely a non-specific toxic effect. 

N-Ethylmaleimide, 2,4-dinitrofluorobenzene and 5,5-dithiobis-(2-nitroben- 
zoic acid) (Ellman reagent) all reduced the uptake significantly (Table I), indi- 

T A B L E  I 

T H E  E F F E C T  O F  M E T A B O L I C  I N H I B I T O R S  ON T H E  U P T A K E  O F  L - [ 3 H ] C A R N I T I N E  

The  cells ( c o n t a i n i n g  1 0 0 - - 3 0 0  /lg D N A  and  3 0 0 - - 1 0 0 0  pg  p r o t e i n )  were  i n c u b a t e d  for  2 h at 37"C wi th  

L - [ 3 H ] c a r n i t i n e  (2 pM) .  The  resu l t s  are  g iven  as p e r c e n t  o f  the  m e a n  u p t a k e  of  L-carn i t ine  in three  con-  
tols (wi th  v a r i a t i o n  in c o n t r o l  va lues  in d i f f e r e n t  e x p e r i m e n t s  4--8  p m o l  • ~ g - !  D N A  • h -!  ). The  n u m b e r  
o f  o b s e r v a t i o n s  is g iven  in pa ren thes i s .  

I n h i b i t o r  Conch .  % U p t a k e  o1 L-carn i t ine  

( m M )  ( m e a n  ± SD) 

I o d o a c e t a t e  1 87 ± 10 (4) 

2 , 4 - D i n i t r o p h e n o l  1 74 _+ 6 (4) 

A s 2 0 3  0.1 80 ± 8 (4) 
K C N  1 124 ± 10 (4) 
N a F  2.5 117,  120  (2) 

12.5 93,  94 (2) 
25 61, 64 (2) 

50 7 ± 1 (3) 
N - E t b y l m a l e i m i d e  0.1 38 ± 32 (6) 

1 5 -+ 5 (6) 
2 ,4 -Din i t ro  f i n o r o b e n z e n e  0.5 30,  34 (2) 

5 2 ± 2 (4) 
5 ,5*Di th iob i s - (2 -n i t robenzo ic  ac id)  1 14 ± 6 (4) 
Ph lo r idz in  0.1 122 ± 17 (4) 

1 86 ± 29 (6) 
10 49,  72 (2) 

O u a b a i n  0.1 103 ± 11 (4) 
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cating that  free sulfhydryl groups are essential for the uptake of carnitine. 
Phloridzin inhibited the transport only in high concentrations (10 raM). This 

is probably a non-specific toxic effect, since the cells showed evidence of toxic 
influence after the incubation. Ouabain did not  reduce the uptake. It seems 
likely, therefore, that  the transport of L-carnitine is neither linked to transport 
of glucose nor dependent  on the activity of (Na ÷ + K*)-A'FPase. 

Effect o f  amino acids 
There was no reduction in the uptake of L-carnitine by lysine, valine or 

aspartate added to the incubation medium. Glutamine and proline caused only 
a moderate inhibition (30 and 20% respectively), when added in a concentra- 
tion 2500-fold that  of  carnitine in the medium. Thus, it is unlikely that  L-carni- 
tine transport is coupled to any of the transport mechanisms for the amino 
acids. 

The effect o f  compounds structurally related to carnitine 
Compounds containing a t r imethylamino group and a earboxylic group, with 

a carbon skeleton from 2--6 carbon atoms, all reduced the uptake of L-carni- 
tine (Table II). Similar compounds containing a dimethylamino group had no 
effect. (3-Dimethylaminopropionic acid, dimethylamino-2-propanol, 4-dimeth- 
ylaminobutyric acid, 4-dimethylamino-l-butanol,  DL-norcanitine, 5-dimethyl- 
aminovaleric acid.) Choline, which does not  contain a carboxylic group, reduced 
the uptake of  L-carnitine at much higher concentrations (Tables II and IV), 
while methylcholine had no effect. Butyrobetaine had, as previously described 
[4], an inhibitory effect (Table II). The other precursor, e-N-trimethyllysine 
showed no effect even in high concentrations (1 raM). 

D-Carnitine reduced the uptake of L-[3H]carnitine to a moderate extent  
(Table III). There is an increasing inhibition by D- and L-acylcarnitines with 
increasing chain length of the acyl moiety.  The L-acylcarnitines inhibited more 
extensively than their D-counterparts (Table III). L- and DL-palmitoyl-carnitine 
reduced the uptake of L-carnitine to 2--3% of controls. We cannot exclude, 
however, that  some of this inhibition is due to a detergent effect on the mem- 
brane. 

T A B L E  II 

T H E  E F F E C T  O F  S T R U C T U R A L L Y  R E L A T E D  C O M P O U N D S  ON T H E  U P T A K E  O F  L - [ 3 H ] C A R N I  - 
T I N E  

Th e  cel ls  ( c o n t a i n i n g  1 0 0 - - 2 0 0  pg  I ) N A )  were  i n c u b a t e d  f o r  2 h a t  3 7 ° C  w i t h  L - [ 3 H ] c a r n i t i n e  (2 t iM)  a n d  

i n h i b i t o r  ( 20  p M ,  w h e n  n o t  o t h e r w i s e  s t a t e d ) .  U p t a k e  in  c o n t r o l s  a n d  c a l c u l a t i o n  o f  r e s u l t s  as s t a t e d  in  

T a b l e  I. E a c h  r e s u l t  is  b a s e d  o n  f o u r  o b s e r v a t i o n s .  

C o m p o u n d s  % U p t a k e  o f  L - c a r n i t i n e  

( m e a n  + SD)  

B e t a i n e  54 + 4 
C h o l i n e  (70  raM) 2 2  ± 2 

3 - T r i m e t h y l a m i n o p r o p i o n i c  ac id  74  + 7 

B u t y r o b c t a i n e  23  + 6 

5 - T r i m c t h y l a m i n o v a l e r i c  ac id  48  ± 6 

6 - T r i m e t h y l a m i n o c a p r o i c  ac id  57 ± 18 
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T A B L E  III  

T H E  E F F E C T  OF A C Y L C A R N I T I N E S  ON T H E  U P T A K E  OF L - [ 3 H ] C A R N I T I N E  

The  cei ls  ( con ta in ing  1 0 0 - - 2 0 0 / l g  D N A )  w e r e  i n c u b a t e d  for 2 h at  37~C wi th  L - [3 H]ea rn i t i n e  (2 pM) and 
aey lca rn i t ines  (20  ~M). U p t a k e  in con t ro l s  and  ca lcu la t ion  of  results  as s ta ted  in Table  I. The  n u m b e r  of  
o b s e r v a t i o n s  is given in parenthes i s .  

Acylca rn i t ines  % Up take  of  L-carni t ine  
( m e a n  +_ SD) 

D-Carni t ine  53 + 10 (4) 
D-Ace ty lca rn i t ine  57 + 10 (4) 
D-Hexanoy l ca rn i t i ne  30 +_ 6 (4) 
L -Ace ty l ca rn i t i ne  27 _+ 5 (4) 
L - H e x a n o y t c a r n i t i n e  21 + 9 (4) 
L -Pa lmi toy lca rn i t i ne  3 t 1 (4) 
D L-Pahni t  o y lc a rn i t ine  3, 3 (2) 
L - B r o m o p a l m i t o y l c a r n i t i n e  18 +_ 3 (4) 

Competitive studies with calculations of K i and V for different substrates 
have not been undertaken due to the complexity of the system. However, a 
50% inhibiting concentration has been calculated from separate experiments 
(Table IV). The 50% inhibiting concentrations of butyrobetaine, D-carnitine, 
5-trimethylaminovaleric acid, L-acetylcarnitine and L-palmitoylcarnitine are all 
in the same order as the Km for L-carnitine (5 pM) [4]. Betaine has a 50% 
inhibiting concentration of  10--20 times the Km of L-carnitine, while for cho- 
line the concentration is approximately 1000 times higher. The importance of 
the carboxylic group for determining the affinity to the carrier, can be seen 
from the difference between betaine and choline. 

From these experiments it seems that the carrier for the L-carnitine transport 
has two "recognition sites", one site which detects with high specificity the 
presence of  a trimethylamino group, the second detects a carboxylic group 
within the molecule. The carrier has a preference for the L-isomers (Tables III 
and IV), and depends upon free sulfhydryl groups. The length of the carbon 

T A B L E  IV 

THE 50% I N H I B I T I N G  C O N C E N T R A T I O N S  OF D I F F E R E N T  COMPOUNDS ON THE U P T A K E  OF 
L - [ 3 H ] C A R N I T I N E  

The  cel ls  (con ta in ing  1 0 0 - - 2 0 0  pg D N A )  w e r e  i n c u b a t e d  for 2 h at  37°C wi th  L - [ 3 H i c a r n i t i n e  (2 pM) 
and the i n h i b i t o r  in increas ing c onc e n t r a t i ons .  Each d e t e r m i n a t i o n  of  the  50% inhibi t ing c o n c e n t r a t i o n  
was  based  u p o n  4 c o n t r o l  va lues  ( w i t h  var iat ion  f r o m  4--8 p m o l .  pg - ]  DNA • h - l  ) of  the u p t a k e  o f  
L - [ 3 H ] c a r n i t i n e  and  three  d u p l i c a t e  s a m p l e s  w i t h  increas ing  inh ib i tor  c o n c e n t r a t i o n .  

C o m p o u n d  50% inhibi t ing c o n c e n t r a t i o n  
(pM) 

Betaine  90  
Chol ine  11 - 103 
B u t y r o b e t a i n e  2 
D-Carni t ine  20 
5 - T r i m e t h y l a m i n o v a l e r i c  acid 14 
L-Ace ty l ca rn i t i ne  8 
L-Palmit  oy lca rn i t ine  3 
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skeleton seems to be of less importance within the limits we have tested 12--6 
carbon atoms). 

The specificity thus found for this carrier, shares many of the aspects of 
specificity found for both carnitine acetyltransferase /EC 2.3.1.7) [ 12], carni- 
tine palmitoyltransferase (EC 2.3.1.21) [13,14] and carnitine acylcarnitine 
translocase system of mitochondria [15,16]. They are all inhibited by sulf- 
hydryl  reagents and show stereospecificity. The effect of a number of com- 
pounds structurally related to carnitine are similar, though there are some 
differences in the requirements for methylated amino groups. The specificity 
found for the uptake of L-carnitine in liver cells [101, also differ from ou: 
results in this respect. 

The uptake of L-[Me-3H]acetylcarnitine 
L-Acetylcarnitine accounts for 30% of total carnitine in rat plasma [10]. It 

is therefore of interest to see whether acetylcarnitine itself is transported into 
the cells, and not  only inhibits the uptake of L-carnitine. L-[Me-3H] Acetylcarni- 
tine was taken up into the cells as depicted in Fig. 3. The data were fitted into 
a Lineweaver-Burke plot  (not  shown) giving a Km of 8 pM and a V of 10 pmol • 
pg-t DNA • h - ' ,  being of the same magnitude as the K m and V of L-carnitine 
previously reported [4]. The radiolabeled L-acetylcarnitine contained approx. 
7% of free L-carnitine. This impurity does not  seriously affect the results, since 

uptake of L-acetylcarnitine 
p m o l e  • IJg D NA-~'  h-1 

10 

5 

I I I I 

10 20 30 40 

laM L- acetylcarnitine 

Fig.  3. The  u p t a k e  of  I , - [ 3 H l a c e t y l c a r n i t i n e .  The  cells ( c o n t a i n i n g  1 0 0 - - 2 0 0  ~tg D N A )  w e r e  i n c u b a t e d  for  
2 b wi th  i nc reas ing  c o n c e n t r a t i o n s  of  L -ace ty l ca rn i t i ne .  The  va lues  are m e a n s  of  f o u r  s amples  and  ver t ica l  

bars  are s t a n d a r d  dev i a t i ons .  The  u p t a k e  d a t a  were  f i t t e d  in to  a L i n e w e a v e r - B u t k e  p lo t  ( n o t  s h o w n ) ,  
g i v i n g a  K m of  8 p M  a n d a  V o f  1 0 p m o l . p g - 1  D N A  . h  -1 .  
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the amount  of radiolabeled tracer was kept constant, and increasing amounts of 
non-radioactive L-acetylcarnitine was added in determining K m and V. Distribu- 
tion of the radioactivity among carnitine and acylcarnitines after incubation 
with L-[Me-3H]acetylcarnitine, showed 60% as carnitine and 40% as acetyl- 
carnitine. This is quite similar to that  previously reported after incubation with 
L-[Me-3H]carnitine [4]. It is therefore likely that  radiolabeled acetylcarnitine 
rapidly mixes with the intracellular carnitine pool. 

When the uptake of L-[Me-3H]acetylcarnitine was inhibited by L-carnitine 
(not shown) K i for the latter was 4 pM, and there was no change in V. The K i 
of L-acetylcarnitine on the uptake of a-[Me-3H]carnitine was 8 pM (not shown). 
These data indicate a competitive type of inhibition between L-carnitine and 
L-acetylcarnitine. The inhibition (98%) of L-acetylcarnitine uptake of 1 mM 
N-ethylmaleimide (not shown), is similar to the inhibition found for the uptake 
of L-carnitine (Table I), and further supports the assumption of a common 
transport mechanism for carnitine and acetylcarnitine. 

The studies of  carnitine turnover time in rats have given different results for 
radiolabeled DL- and L-carnitine [17,18]. In addition there have been discrep- 
ancies between elimination of carnitine as calculated from kinetic data and the 
measurements of urinary excretion of carnitine [19,20]. Since we have found 
that D-carnitine inhibits the transport of L-carnitine, it is apparent that  DL- and 
L-carnitine tracers would give different results. It is possible that L-acetylcarni- 
tine, present in rat plasma [10], and transported by the same mechanism as 
L-carnitine, could at least partly be responsible for such discrepancies. 

The transport mechanism described for L-carnitine and L-acetylcarnitine 
could be the physiological basis for the high carnitine concentration in the 
heart in vivo [4]. It is possible that  a defect in this cencentrative mechanism 
could be involved in the pathogenesis in some diseases in which the concentra- 
tion of carnitine in the heart is known to be low [5,6,7]. 
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8 B 0 h m e r ,  T.  a n d  B r e m e r ,  J .  ( 1 9 6 8 )  B i o c h i m .  B i o p h y s .  A c t a  152 ,  5 5 9 - - 5 6 7  
9 B u r t o n ,  K .  ( 1 9 6 0 )  B i o c h e m .  J .  6 2 , 3 1 5 - - 3 2 2  

10  Chr i s t i an sen ,  R .  a n d  B r e m e r ,  J .  ( 1 9 7 6 )  B i o c h i m .  B i o p h y s .  A c t a  4 4 8 ,  5 6 2 - - 5 7 8  
11 L o w r y ,  O .H . ,  R o s e b r o u g h ,  N . J . ,  F a r r ,  A .L .  a n d  R a n d a l l ,  R . J .  ( 1 9 5 0 )  J .  Biol .  C h e m .  193 ,  2 6 5 - - 2 7 5  
12  Fr i t z ,  I.B. a n d  Sehu lz ,  S .K.  ( 1 9 6 5 )  J .  Biol .  C h e m .  2 4 0 ,  2 1 8 8 - - 2 1 9 2  
13  N o r u m ,  K . R .  ( 1 9 6 5 )  B i o c h i m .  B i o p h y s .  A c t a  9 9 ,  5 1 1 - - 5 2 2  



3 0 4  

14  N o r u m ,  K . R .  ( 1 9 6 5 )  B i o c h i m .  B i o p h y s .  A c t a  1 0 5 ,  5 0 6 - - 5 1 5  
15  R a m s a y ,  R . R .  a n d  T u b b s ,  P .K.  ( 1 9 7 5 )  FEBS L e t t .  54,  2 1 - - 2 5  

16 P a n d e ,  S .V.  a n d  R e h a n a ,  P. ( 1 9 7 6 )  J .  Biol .  C h e m .  2 5 1 ,  6 6 8 3 - - 6 6 9 1  
17 Tsai ,  A.C. ,  R o m s o s ,  D . R ,  a n d  Levei l le ,  G .A .  ( 1 9 7 4 )  J .  N u t r .  1 0 4 , 7 8 2 - - 7 9 2  
18 Tsai ,  A.C. ,  R o m s o s ,  D .R ,  a n d  Levei l lc ,  G .A .  ( 1 9 7 5 )  J .  N u t r .  105 ,  3 0 1 - - 3 0 7  
19 B r o o k s ,  D.E.  a n d  M c I n t o s h ,  J . E . A .  ( 1 9 7 5 )  B i o c h e m .  J .  1 4 8 , 4 3 9 - - 4 4 5  
20  C e d e r b l a d ,  G.  a n d  L i n d s t e d t ,  S. ( 1 9 7 6 )  A r c h .  B i o c h e m .  B i o p h y s .  175 ,  1 7 3 - - 1 8 0  


