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INTRODUCTION 

Acetate is normally produced in large amounts by the rumen microflora and is an 
important metabolite for ruminants I. Its role as a precursor of the major organic con- 
stituents of milk has been investigated in the intact cow 2. In these studies it was shown 
that carbon from acetate-14C was transferred mainly to milk fat but 1% to 2 % of the 
injected carbon-I 4 was recovered in casein during the first 33 hours after injection. 

Preliminary studies with 14C-labeled short chain fatty acids indicated that in the 
tissues of the cow, carbon from acetate was transferred in significant amounts only to 
the non-essential** amino acids in casein 3. The present paper reports on a more exten- 
sive study of the relationship between acetate and amino acids in the intact cow. 
Amino acids were recovered from twenty casein samples collected from five cows at 
intervals after injection of acetate labeled with 14C on either carbon atom. In each 
case it was found that carbon from acetate was transferred most efficiently to glutamic 
acid. Glucose, which was studied earlier ~, was a better precursor of serine and alanine. 
The differences between glucose and acetate as precursors of amino acids are discussed. 

METHODS 

T w e n t y  casein samples  were p repa red  from m i l k  collected at intervals  after inject ing five normal,  
lactat ing  cows wi th  a single dose of 4 to  5 mill icuries of acetate-14C. The  methods  for these  proce- 
dures  have  been descr ibed p rev ious ly  5. D a t a  concerning the  cows used for these studies are l is ted 
in Table  I. 

The  casein samples  were hyd ro lyzed  and a m i n o  acids separa ted  on iGn-exchange columns  of 
Dowex-5o  and I R 4 - B  5. The amino  acids i so la ted  from the  co lumns  were conver ted  to the i r  free 
base  form w i t h  propylene  oxide  and  then  c rys ta l l i zed  from solut ion according to me thods  de- 
scr ibed prev ious ly  5. Our procedure  for recovery  of alanine  was modif ied when  we observed that  

T A B L E  I 

DATA ON EXPERIMENTAL ANIMALS USED IN ACETATE TRIALS 

Millicuries Compound 
Trial No. Cow No. Breed Cow's wt kg injected injected 

AC I I I  905 Je rsey  414 4.7 Acetate-I-14C 
AC VI 962 Je r sey  499 5.5 Ace ta te - I  J*C 
AC V I I  to99 Hols te in  7oo 4.o Aceta te- I -UC 
AC I I  8o 5 Jersey  5oo 5.o Aceta te -2-uC 
AC X 947 Je r sey  465 3.86 Acetate-2-t4C 

* This  i nves t i ga t i on  was  suppor t ed  by  grants from the Nat iona l  Science Foundat ion  and the  
U.S. Atomic  E n e r g y  Commiss ion.  

** Glu t amic  and aspartic  acids, alanine,  serine, glycine, proline,  and  arginine.  
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occasionally alanine recovered directly from the Dowex-5o column, used for the initial hydrolysate 
fractionation, was contaminated with small amounts of glycine even after crystallization. The 
contaminating glycine was eliminated by adding the alanine to a Dowex-5o column and eluting 
with ammonium formate buffer (pH = 3.2) according to the method of HIRS, MOORE AND STEIN e. 
Most of the buffer could be removed from the recovered alanine by sublimation; the last traces 
of buffer were removed by adding the alanine sample to a small Dowex-5o column and eluting with 
1. 3 N HCI. 

The method for combustion of amino acids, planchet preparation and carbon-i 4 assay were 
described in an earlier publication 4. 

RESULTS AND DISCUSSIONS 

The specific ac t iv i t ies  of the  amino  acids are expressed in t e rms  of the  re la t ive  in jec ted  
dosages,  t ha t  is, microcuries  per  g ram a t o m  carbon/microcur ies  in jec ted  per  k i logram 
body  weight.  Specific a c t i v i t y  expressed in te rms of the  re la t ive  in jec ted  dose has  the  
a d v a n t a g e  t h a t  resul ts  ob ta ined  wi th  animals  of different  body  size which receive 
different  amoun t s  of c a r b o n - i  4 are more  d i rec t ly  comparable .  

The specific ac t iv i t ies  of amino  acids  recovered from casein af ter  in t ravenous  
in jec t ion  of acetate-I-14C and  acetate-2-14C are l i s ted  in Tables  I I  and  III,  respec- 
t ively .  In  each t r i a l  the  carbon from ace ta te  was recovered in signif icant  quant i t i es  
only  in the  seven non-essent ia l  amino acids, g lu tamic  and  aspar t ic  acids, alanine,  
serine, glycine,  prol ine and  arginine.  

Lysine  was the  only essent ia l  amino  acid recovered in this  s t u d y  since previous  
work  has ind ica t ed  t ha t  essent ia l  amino  acids  are  not  formed b y  t issues of the  cow 3, 4. 
Using  lysine as a r ep resen ta t ive  of the  essent ia l  amino  acids, these results  wi th  ace ta te  
14C cor robora te  our ear l ier  conclusion 3 t h a t  only  the  non-essent ia l  amino  acids are  
formed in apprec iab le  quant i t i es  b y  the  t issues of the  cow. 

Glutamic and aspartic acids 

Glu tamic  ac id  h a d  the  grea tes t  specific ac t i v i t y  among the amino  acids for each casein 
sample  af te r  in jec t ion  of bo th  acetate-I-14C and  acetate-2-14C. The specific a c t i v i t y  of 
aspar t i c  ac id  was smal ler  t han  t h a t  of g lu tamic  bu t  was genera l ly  g rea te r  t han  t h a t  
of any  of the  o ther  amino  acids. F r o m  these results  i t  m a y  be concluded t ha t  the  
carbon  from ace ta te  is t ransfer red  most  efficiently, t ha t  is wi th  least  di lut ion,  to 
g lu tamic  and aspar t i c  acids,  ind ica t ing  tha t ,  among  the amino  acids, the  most  direct  
p a t h w a y  from ace ta te  is to the  d ica rboxyl ic  amino  acids. One exp lana t ion  for these 
results  is the  t ransfe r  of ace ta t e  carbon to amino  a c i d s  v ia  the  Tr ica rboxy l ic  Acid 

Cycle (TCA) as shown 
~ @ ~  in Fig. I.  

Acid 

Glucose Serine Alanine 
(Lactose) 

(4 C) and to aspartic acid; or by decarboxylation of a (4 C) dicarboxylic acid to produce three 
carbon (3C) intermediates which serve as precursors of alanine, serine, and glucose (lactose). 

Re/erences p. 59. 

Fig. I. Abbreviated schema- 
tic diagram of the TCA cycle. 
This diagram shows the 
transfer of carbon-i 4 from 
acetate (2C) via the TCA 
cycle to a-ketoglutarate (5C) 
and, after transamination, 
to glutamate; from (5C) the 
isotope passes to four carbon 
intermediates of the cycle 
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Serine, alanine and lactose 

The specific activities of alanine and serine were approximately equal for each casein 
sample and were very close to the specific activities of lactose recovered from the same 
milk sample. These results suggest that,  in the intact cow, carbon from acetate either 
passes to a common precursor for alanine, serine, and lactose, or, more probably, 
passes to the three precursors of these compounds with almost no change of specific 
act ivi ty (see Fig. I). The latter possibility would indicate that  there are no large pools 
of intermediates on the pathway between precursors of alanine, serine, and lactose or 
that  there is rapid isotope equilibrium between the precursor pools. 

Several studies have demonstrated a relationship between glycine and serine in 
animal tissuesV,S, 9. Previous studies with the intact  cow have indicated that  carbon 
from glucose was primarily transferred along a pathway that  may involve serine as a 
precursor of glycine 4 and ARNSTEIN has reached a similar conclusion from studies with 
rats 1°. Our results obtained with acetate-14C (Tables I I  and III) support the same path- 
way. The specific act ivi ty of serine always exceeded that  of glycine initially (at 3 
hours) and then decreased relative to glycine at later t ime periods. These changes of 
specific activities would be expected if serine were the precursor of glycine but would 
not occur if glycine were the precursor of serine. 

Proline and arginine 

There is evidence that  glutamic acid, proline, and arginine are interconvertible in 
animal tissues 11,12. The most reasonable explanation for the data in Tables I I  and I I I  
would involve a pathway for the transfer of acetate carbon to glutamic acid and then 
to proline and arginine. If this were the major pathway involved then one would ex- 
pect the ratio of specific activities for these amino acids to remain constant. The ratios 
of mean specific acitivites for glutamic acid/proline have been calculated from the data 
in Tables I I  and I I I  to be 4.2, 5.0, and 5.0 for trials I I I ,  vii, and X, respectively. 
Similar calculations of the glutamic acid/arginine ratio were 3.7, 5.1, and 4.8 for trials 
vI, vii, and X, respectively. Since there was not a large variation between these 
ratios for the amino acids from different cows, our results suggest a relationship be- 
tween glutamic acid, arginine, and proline in the intact cow. These ratios indicate that  
a maximum of about 20 to 25% of proline and arginine in casein may  arise from 
glutamic acid. 

Acetate vs. glucose as precursor o/amino acids 

The relative specific activities of the amino acids after injecting acetate-14C differed 
markedly from that  previously observed 4 when glucose-14C was injected into cows. 
These differences are brought out by the curves in Fig. 2 and 3 which show the change 
of specific act ivi ty of glutamic acid and serine as a function of t ime after injecting 
glucose-14C or acetate-14C. 

The specific act ivi ty of serine (and alanine*) was2  to 3 times as great as that  of 
glutamic (and aspartic*) acid when glucose-14C was injected. These results indicate 
that  glucose is a more direct precursor for the three carbon amino acids than for the 
dicarboxylic amino acids. When acetate was injected, on the other hand, (see Fig. 3) 

* The specific ac t iv i t i e s  for these  amino  acids were ve ry  nea r ly  the  same so t h a t  the  curve  for 
one represents  the  change  of specific a c t i v i t y  for both.  

Re/ere~ces p. 59. 
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. . . . .  GLUTAMIC ACID 

SERINE 

I% 

I ~: GLUTA.IC ACID 
7"~ ~ . . . . . . . .  SERINE 

F- ' l -  

O0 3 6 9 12 15 18 21 24 27 30 3~, 36 
r ~ ~ HOURS AFTER INJECTION 

Fig. 3. 14C in g lu t amic  acid and  serine af ter  in t rave-  
nous  in ject ion of acetate-14C. The  specific act ivi t ies  

~. are p lo t ted  as t he  m e a n  resul t  for all of the  ace ta te-  
1-14C and  acetate-2-z4C trials.  The  specific ac t iv i ty  of 2 

~ . . .  serine a lan ine  and  lactose were a p p r o x i m a t e l y  equal  
t . so t h a t  the  curve  for serine represents  t he  change  of 

t t specific ac t iv i ty  for a l l  th ree  compounds .  
O, 3 6 9 12 15 IS 21 £4 27 30 33 

HOURS AFTER INJECTION 

Fig. 2. 14C in g lu t amic  acid and  ser ine af ter  i n t r avenous  inject ion of un i fo rmly  labeled glucose. The  
curve  for serine also represen t s  the  c h a n g e  of specific ac t iv i ty  for a lanine  since these  amino  acids  
had  a p p r o x i m a t e l y  the  s a m e  specific ac t iv i t ies  t h r o u g h o u t  t he  expe r imen ta l  period. The  curve  for 
g lu tamic  acid represen ts  t he  change  of specific ac t iv i ty  in aspar t ic  acid, as well, for the  s ame  reason.  

the reverse relationship was observed; the specific acitivity of glutamic acid was 2 to 3 
times as great as that  of serine (alanine and lactose). These results may be interpreted 
as indicating that  the precursor of glutamic acid is "closer" to the "acetate pool" 
than the precursors of the three carbon amino acids (see Fig. i). This relationship 
suggests that, quantitatively, acetate is a more important precursor for glutamic acid 
than for the three carbon amino acids. 

The fact that the specific activity curves for serine and glutamic acid maintain 
their same relative position throughout the experimental period for both glucose-14C 
and acetate-Z4C suggests that  there is not extensive mixing of carbon between the 
"acetate" and "glucose" pools. Otherwise one would expect the curves would coincide 
or even cross over at later intervals. 

For each amino acid, except arginine, the specific activity per unit injected dose 
was greater after glucose than after acetate in the initial sample collected three hours 
after injection. This result could be explained by the postulate that  in the cow the 
acetate pool is larger than the glucose pool. This condition would result in a greater 
dilution of the injected acetate-14C and correspondingly lower specific activities in the 
amino acids. The specific activity of the amino acids at later time intervals was reduced 
to between 1/5 and I/IO for acetate while for glucose the final specific activity was 1/7o 
to 1/8o of the initial value. These results indicate that  the smaller glucose pool is 
turning over more rapidly than the larger acetate pool. 
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SUMMARY 

Five lactating dairy cows were injected in t ravenously  with acetate-I-14C or acetate-2-14C. Eight  
amino acids, recovered f rom casein collected at  3, IO, 22, and 34 hours  after acetateA*C injection, 
were assayed for carbon-I  4. 

Carbon from acetate was transferred most  efficiently to glutamic and aspartic acids and in 
lesser amoun t s  to alanine, serine, glycine, proline, and arginine. Lysine did not  contain significant 
amounts  of 14C. 

The labeling of amino acids from acetate-i4C differed markedly  from tha t  previously observed 
for gluccse-14C. Carbon f rom uniformly labeled glucose was t ransferred most  efficiently to alanine 
and serine and in smaller amoun t s  to glutamic and aspart ic acids, glycine, proline, and arginine. 

The specific activities of alanine, serine, and lactose were quite similar after acetate-14C injec- 
tion suggesting a close relationship between the precursors  of the three carbon amino acids and 
lactose. 

The distr ibution of 14C among the amino acids formed by the intact  cow was consistent  with 
results t ha t  would be expected if the TCA cycle and the glycolytie p a t h w a y  were the p a t h w a y  for 
t ransfer  of carbon from acetate to amino acids of casein. 
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T H E  T R I C A R B O X Y L I C  ACID CYCLE AS 

A P A T H W A Y  F O R  T R A N S F E R  OF CARBON 

FROM AC ETATE TO AMINO ACIDS IN T H E  INTACT COW* 

A. L. BLACK AND MAX K L E I B E R  

School o/Veterinary Medicine and College of Agriculture, University of California, 
Davis, Call]. (U.S.A.) 

INTRODUCTION 

The role of acetate as a precursor of amino acids of casein was discussed in a preceding 
publication 1. Carbon from acetate was transferred most directly to glutamic acid and 
with greater dilution to aspartic acid, serine, and alanine. The level of specific activity 
among the amino acids was consistent with a pathway for transfer of carbon from ace- 
tate via the Tricarboxylic Acid (TCA) Cycle and the Embden-Meyerhof glycolytic 
scheme. 

* This work was suppor ted  by  grants  f rom the National  Science Foundat ion  and the U.S. 
Atomic Energy  Commission. 
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