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A STUDY OF CARBON DIOXIDE FIXATION 

IN THE HEN OVIDUCT* 

RICHARD W. HENDLER 

Laboratory o/Cellular Physiology and Metabolism, National Heart Institute, 
Bethesda, Md. (U.S.A.) 

The hen oviduct is a tissue uniquely versatile in its ability to utilize carbon dioxide. 
It has been shown that carbon dioxide is fixed efficiently into both carboxyl groups 
of glutamic acid 1 whereas in other tissues of higher organisms carbon dioxide goes 
almost exclusively to the a-carboxyl group. Carbon dioxide is fixed into the carboxyl 
groups of acetic acid and glycine under conditions where acetic acid itself is only 
poorly converted, if at all, to glycine ~. The following paper describes a compound 
in which incorporated radioactive carbon dioxide is present in labile configuration. 
A preliminary report of this work has already appeared s. 

EXPERIMENTAL 

The tissue system, medium, and conditions of incubation were the same as previously described 4. 
After 2 hours  of incubat ion the  contents  of the flask were centrifuged at  lOOO-2OOO r.p.m. Two 
volumes of alcohol were added to the supe rna tan t  fluid and, after centrifugation, a few drops  
of i N N a O H  to make the clear supe rna tan t  fluid alkaline to phenol  red. This solution was concen- 
t ra ted  nearly to dryness on the s team ba th  or in vacuo at  about  50°. 

Steam distillation and Duclaux procedures 
The residue f rom the above t rea tment ,  in a volume of 1-2 ml, was  placed in a Markham type  
steam-disti l lat ion appara tus  5. 35 ml of distillate was collected and t ransferred to a Duclaux 
distillation appa ra tus  of the KNETEMAN~ type  6, fitted wi th  a IOO ml flask. Before distillation a 
2.o ml aliquot of the 35 ml was  wi thdrawn for est imation of counts  and acid equivalents  and 
was replaced wi th  2.o ml of distilled water.  The first 3 ° ml of distillate were collected in three 
IO,O ml volumetr ic  flasks. The Duclaux cons tan ts  represent  the cumulat ive fraction of the  material  
in these three successive samples, expressed as per  cent of the total  in the three fractions. A fast  
s t ream of N z was passed th rough  all fractions for at  least 2 minutes  prior to neutral ization in 
order to remove dissolved carbon dioxide. 

* Par t  of this work was performed as a Fellow of the Nat ional  Founda t ion  for Infant i le  
Paralysis. 
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Counter-current distribution 

8 ml of steam distillate was placed in a 25 plate counter-current apparatus which contained 
the mutually saturated phases, n-amyl alcohol and water ~. After 25 transfers each fraction was 
analyzed for radioactivity, acid equivalents, or amount of carbonyl-containing compounds s. 

Synthetic procedures 

fi-methyl glutamic acid was synthesized in conjunction with Dr. ALTON ~-ViEISTER by the conden- 
sation of ethyl crotonate with ethyl acetoamidomalonate * by a process analagous to that used 
by SNYDER et al. 1°. 

Esters of acetoacetic acid were prepared by heating ethyl acetoacetate with an equivalent 
amount of the alcohol of the desired ester on the steam bath for 8-24 hours n. 2,4-dinitrophenyl- 
hydrazones of the esters were purified on columns of silica gel and celite developed with IO% 
ether in petroleum ether 12. 2,4-dinitrophenylhydrazones were chromatographed on VChatman 
No. i filter paper which had been impregnated with olive oil 13. 

Radioactivity measurements were obtained by counting the material after it had been dried 
on stainless steel planchets of 1.54 cm 2 area. A Geiger Miiller thin-window and open flow gas 
counter were used. Radioactivity measurements were corrected for background and self-ab- 
sorption. 

RESULTS AND DISCUSSION 

W h e n  5 g of hen  o v i d u c t  t i ssue  were  i n c u b a t e d  for  2 hours  w i t h  12.5 ml  of  m e d i u m  

c o n t a i n i n g  4 0 / z m o l e s  pe r  m l  of  N a H C O  3 a n d  s a t u r a t e d  w i t h  a 5 % ca rbon  d i o x i d e -  

9 5 %  o x y g e n  gas  m i x t u r e ,  a b o u t  0 . 6 - 0 . 7 %  of t h e  t o t a l  c a r b o n  d ioxide*  was  f ixed 

in to  t h e  t i ssues  a n d  soluble  c o m p o u n d s  of  t h e  m e d i u m  (Table  I). E a r l y  in t h e  incu-  

b a t i o n  (wi th in  30 minu te s )  an  e q u i l i b r a t i o n  was  r e a c h e d  whe re  t h e  gas  phase  ove r  

t h e  m e d i u m  c o n t a i n e d  2 7 %  of t h e  t o t a l  c a r b o n  d ioxide*  a t  e s sen t i a l ly  t h e  same  

specif ic  a c t i v i t y  as t h e  m e d i u m .  T h e r e f o r e  a b o u t  1% of t h e  c a r b o n  d iox ide  of  t he  

m e d i u m  or  a t  l eas t  5 /~mole  h a d  b e c o m e  inco rpo ra t ed .  A f t e r  2 hours  i n c u b a t i o n  t h e  

u n k n o w n  m a t e r i a l  d i scussed  in th i s  p a p e r  a c c o u n t e d  for  f r o m  1 - 8 %  of t h e  f ixed 

c a r b o n  d iox ide ,  d e p e n d i n g  on t h e  e x p e r i m e n t .  A p p r o x i m a t e l y  one  ha l f  of  t h e  f ixed 

r a d i o a c t i v e  c a r b o n  was  in t h e  a m i n o  acids,  p r i n c i p a l l y  g l u t a m i c  a n d  a s p a r t i c  acids,  

a n d  a b o u t  5 % in  t h e  ce l lu la r  p ro te ins .  A n  a p p r e c i a b l e  p a r t  of t h e  r a d i o a c t i v i t y  con-  

t a i n e d  in  t h e  a m i n o  ac ids  m a y  h a v e  passed  first  t h r o u g h  t h e  u n k n o w n  ma te r i a l .  

TABLE I 
EXTENT OF CARBON DIOXIDE FIXATION 

Total 
Counts[rain radioactivity % 

I. Radioactivity of carbon dioxide added at zero time 309 • lO 5 
2. Radioactivity of carbon dioxide of medium after 2 hours incubation 233" IO ~ 75 
3. Radioactivity of carbon dioxide in gas phase above liquid. 8o. io ~ 26 
4. Radioactivity of medium after removal of carbon dioxide. 2. IO ~ 0.65 

5 mg of oviduct mince was incubated for 2 hours with a total of 500 #moles of NaHCO 8 in 12. 5 ml 
of medium which was saturated with 95 % O3 - -  5 % COs- Therefore 1% of the dissolved carbon 
dioxide or at least 5/,moles of carbon dioxide was fixed. 

U p o n  D u c l a u x  d is t i l l a t ion ,  ace t i c  a c i d  d i s t r i bu t e s  w i t h  c o n s t a n t s  of  29, 61, lOO%. 
T h e  h i g h e r  f a t t y  ac ids  dis t i l l  p rog re s s ive ly  m o r e  r ap id ly ,  w i t h  o c t a n o i c  ac id  g iv ing  
c o n s t a n t s  a t  91, 99, IOO. T h e  u n k n o w n  s t e a m - v o l a t i l e  m a t e r i a l  r e su l t i ng  f rom rad io-  
a c t i v e  ca rbon  d iox ide  f ixa t ion  in t he  hen  o v i d u c t  e x h i b i t e d  c o n s t a n t s  of 68, 94, IOO**. 

* By total carbon dioxide is meant the sum of CO 2, HCO3-, and H2CO 3. 
** Average of 4 experiments. In other experiments the first constant has been as high as 78 %. 

]~e#rences p. z92. 
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This material was not simply a higher fa t ty  acid because the fixed carbon dioxide 
was extremely labile as will be described below. Acetic acid, upon counter-current 
distribution in a 25-plate apparatus, with n-amyl alcohol as the mobile phase and 
water as the stationary phase, forms a peak in plate No. 12. As can be seen in Fig. I 
the steam-volatile material under study distributes around plates 18 and 2o. Aliquots 
from the same solution gave both the material with high Duclaux constants and 
that which distributed in the alcohol-soluble region upon counter-current chromatog- 
raphy. 

The counter-current fractions containing this alcohol-soluble material were dried 
on the steam bath at a pH just alkaline to phenol red. The dried material upon 
subsequent steam distillation lost all of its radioactivity. Replacing the sodium by 
ammonia, with a Dowex ion-exchange column resulted in complete loss of radio- 
activity (95oo c.p.m.) upon drying*. The radioactivity of a dried residue of the un- 
known material was recovered completely as carbon dioxide upon acidification 
(Table II). 

T A B L E  I I  

R E C O V E R Y  O F  R A D I O A C T I V I T Y  O F  T H E  U N K N O W N  M A T E R I A L  A S  C A R B O N  D I O X I D E  

Countslmin Recovery % 

Total  radioact ivi ty in the form of the unknown  4025 
Radioact iv i ty  distilled into sodium hydroxide 431o IO 7 
Radioact iv i ty  recovered as BaCO 3 443o I io 

Plates 18-23 inclusive representing a peak the unknown  material  f rom Fig. 2 were pooled and 
dried on the s team ba th  f rom an aqueous solution jus t  alkaline to phenol red. An aliquot of a 
solution of the residue of this material  was  placed in a War bu r g  flask containing HC104 in the 
side a rm and N a O H  in the  center well. Two hours  at  room tempera ture  were allowed after  t ipping 
the acid, to  collect the carbon dioxide in the center well. Aliquots from a known volume of the 
center well contents  were counted after  drying and after conversion to BaCO 3. 

2.0 

• 1.5 ~ ~  
Z 
Z 1.0 

~o.5 

O~ 5 10 15 20 
Plate number 

Fig. I. After a 2 hour incubation of a hen ovi- 
duct mince wi th  NaH14CO3 the supe rna tan t  
fluid was deproteinized wi th  alcohol, concen- 
t rated,  and steam-distilled. This figure repre- 
sents  the  counter-current  dis tr ibut ion of the 
radioactive components  f rom the incubation, 
and  carrier acetic acid. Refer to t ex t  for details. 

, 1 , , 1 1 ,  ~ l  t t t  i i i i i  i l t t l r l  

BOC Unknown 
70C r n a t e ~  2100 2400 

LS,000 ~5(~C Ethylacetoacetate// ~ ~ 1800~ 

4012 1200~. 

30C Acetlc.ac 60~  

1 3OO 

2o o 
P~te number 

Fig. 2. This figure represents  the  counter-  
current  dis tr ibut ion of a steam-volatile distil- 
late obtained similarly as described in Fig. I. 
Carrier acetic acid and ethyl acetoacetate were 
added as s tandards.  The ordinate a t  left repre- 
sents optical density readings for the ethyl- 
acetoacetate determined as described in the 
tex t  and when divided by  a factor of IOOO, is 

equivalent  to the  number  of ml of o.oi N N a O H  needed to t i t ra te  the acetic acid. Refer to tex t  
for details, 

* (NH4)2CO ~ decomposes on heating. 

References p. r.92. 
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The possibility that  the unknown material may have arisen as a result of a 
reaction of a metabolite with the ethyl alcohol added to precipitate the proteins wa~ 
excluded by  the finding that  when acetone was used as the protein precipitant, the 
unknown material  was similarly observed. 

Since the lability of the bound carbon dioxide suggests a ~-keto configuration, 
acetoacetic acid and ethyl acetoacetate were examined as model compounds. Aceto- 
acetic acid was completely decomposed upon a t tempted steam distillation but ethyl 
acetoacetate gave Duclaux constants of 78, 95, IOO, and formed a peak in the counter- 
current apparatus at plate 17. The higher esters of acetoacetic acid, up to octyl 
acetoacetate, formed peaks around plate 22. Carrier ethyl acetoacetate was added 
to a steam distillate obtained from a 2 hour incubation of hen oviduct mince with 
radioactive carbon dioxide, and the solution parti t ioned in the counter-current ap- 
paratus. In Fig. 2 it can be seen tha t  the bulk of the material cannot be ethyl aceto- 
acetate, although radioactive ethyl acetoacetate may  also be present in the shoulder 
around tube 17 . 

In another experiment the steam-volatile material from two separate flasks were 
converted to 2,4-dinitrophenylhydrazones and chromatographed on paper im- 
pregnated with olive oil. The major part  of the material from one flask traveled with 
an RF between that  for the derivatives of butyl  and amyl acetoacetate. This material 
was uncharged at pH 7.o, as determined by electrophoresis on paper. After further 
purification on a silica gel-celite column, infra-red spectroscopy revealed the structure 
as a keto derivative of a carboxylie acid ester. Its spectrum however, was distinct 
from that  of butyl  and amyl acetoacetate derivatives. Acetone was virtually absent 
from the steam-volatile material. The second flask, however was found to contain 
almost exclusively the 2,4-dinitrophenylhydrazone of acetone with the complete 
absence of the keto ester which predominated in the steam-volatile fraction of the 
first flask. Since these flasks contained aliquots of the same tissue mince it seems 
possible tha t  the keto ester of the first flask was an acetoacetyl derivative. An aliquot 
of solution known to contain at least 220o counts per minute in the form of the 
unknown was placed with 5 ~1 of ethyl acetoacetate in the main compartment  of 
a Warburg flask. 1.5 ml of 0.8% 2,4-dinitrophenylhydrazone in 2 N HC1 was placed 
in the center well. 0.3 ml of 15 N H2SO 4 was added to the unknown and the flask 
was stoppered and stored at 4 °o overnight. Acetone liberated by  H~SO 4 decomposition 
of ethyl acetoacetate was collected in the form of needle-shaped crystals of the 2, 4- 
dinitrophenyl hydrazone, which melted exactly at 126 ° (reported value) and con- 
tained no radioactivity. 

Preliminary experiments suggested that  the ability to obtain the steam-volatile 
unknown material  was influenced by  the addition of CoA and arsenate. As can be 
seen in Table III ,  CoA decreased the number of steam-volatile counts, whereas the 
subsequent addition of arsenate markedly stimulated the appearance of radioactive 
steam-volatile material. I t  is interesting to note that  in incubations of hen oviduct 
mince with radioactive carbon dioxide the 14C-labeled steam-volatile material  upon 
COmlter-current distribution has revealed either exclusively acetic acid or exclusively 
the unknown material. Mixtures of the two have not been obtained. When no free 
acetic acid is found, it is apparent  that  a derivative must  be formed since radio- 
act ivi ty is found in carbon atoms known to originate from acetic acid (i.e. 7-carboxyl 
of glutamic acid). In experiments run on different days, the same amount of radio- 

References p. 192. 
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TABLE III  
EFFECT OF CoA AND ARSENATE ON STEAM-VOLATILE FRACTION 

FROM 14CO2 INCUBATIONS WITH HEN OVIDUCT 

x z 3 
Control + CoA + CoA and Arsenate 

Hen oviduct I 

mls. of o.oi N steam-volatile acid obtained 

Duclaux distribution 
of steam-volatile titratable acid 

3 .6 4 .6 4-9 

I 27 27 26 
2 56 55 56 
3 IOO IOO IOO 

Total steam-volatile radioactivity 

Radioactivity relative to control 

Radioactivity relative to " +  CoA" flask 

Duclaux distribution 
of steam-volatile radioactivity 

4.66.1o 3 i . i 2 . i o  3 

I 0 . 2 4  

4.65 I 

78 62 
85 79 

IOO IOO 

1 . 6 0 "  104 

3.4 

14.3 

72 
88 

IOO 

Hen oviduct 2 

Total steam-volatile radioactivity 

Radioactivity relative to control 

Duclaux distribution 
of steam-volatile radioactivity 

2 . i . io  3 1.75.io s 1.67. io 4 

I 0.83 8.0 

i 67 28 28 
2 83 60 64 
3 IOO IOO IOO 

14 Cell flasks contained Nai l  CO 3 (0. 5 me). The concentration of CoA was ioo units/ml and potassium 
arsenate was at o.o5 M. 

a c t i v i t y  has  a p p e a r e d  in the  s t eam-vola t i l e  f ract ion,  one t ime  comple te ly  in the  form 
of acet ic  acid, the  o ther  in the  form of the  unknown (see Table  III). 

One scheme, the  occurrence of which is well  au then t i ca t ed  in higher  t issues, 
resul ts  in the  incorpora t ion  of a4COz into  the  ca rboxy l  group of acet ic  ac id  ~.  

Senecioyl  CoA --> B - h y d r o x y l i s o v a l e r y l  CoA co ,~  B-hydroxy B-methyl  g lu ta ry l  
CoA (HMG) - ->  ace toace ta te  and  ace ty l  CoA. 

The  Duc laux  cons tan ts  of senecioic* ac id  were de t e rmined  as 51, 83, IOO and 
hence were too low to cor respond to the  proper t ies  of the  unknown s tud ied  here. 
B - h y d r o x y i s o v a l e r i c  acid  is more  hydrophi l i c  t h a n  i sova ler ic  acid  and  hence would 
have  lower constants .  HMG has two ca rboxy l  groups and  would therefore  not  be 
s team-vola t i le .  H M G  is s t ruc tu ra l ly  s imilar  to c i t r ic  ac id  and  if i t  could form a- 
h y d r o x y  B-methyl  g lu tar ic  acid,  analogous to  i soc i t r ic  acid  format ion  from ci t ra te ,  
an  equi l ibr ium concent ra t ion  of the  monocarboxy l i c  ac id  in te rna l  ester  (lactone) 
would be expected .  This  compound  migh t  be s team-vola t i le .  B-methyl  g lu tamic  acid  
was syn thes ized  in con junc t ion  wi th  Dr. ALTON MEISTER 9. This  compound  when 
t e s ted  wi th  the  h y d r o x a m i c  ac id  reagents  for esters TM was comple te ly  negat ive .  
However ,  af ter  t r e a t m e n t  wi th  n i t rous  ac id  under  condi t ions  for rep lacement  of the  
amino  group b y  a h y d r o x y l  group,  abou t  20% of the  resul t ing  ma te r i a l  r eac ted  

"The senecoic acid was kindly contributed by Dr. M. J. CooN. 
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positively. None of the hydroxamic  acid-react ive mater ia l  was steam-volat i le ,  indi- 

cat ing tha t  the laetone of a -hydroxy  fi-methyl glutaric  acid is not steam-volati le.  

Fo rma t ion  of acetoacet ic  acid from acetic acid would result  in doubly labeled 

acetoacet ic  acid and might  be expected to leave the acetic acid pool appreciably 

radioact ive  in the  presence of the unknown.  Nei ther  of these conditions have been 

observed and  so it  would appear  tha t  formation of acetoacet ic  acid by this route is 

unlikely. Thus, if the unknown is an acetoacetyl  der ivat ive ,  it would precede acetic 

acid in any  major  metabol ic  pa thway  occurring in oviduct  tissue. 

The  propert ies of the  unknown mater ia l  exclude it  from being considered in the 

present  scheme of BACHHAWAT, ROBINSON AND COON 14. I t  is possible t ha t  the com- 

pound  m a y  mirror  an aspect  of the above scheme not ye t  elucidated, or may  indicate 

another  pa thway  for the incorporat ion of carbon dioxide into the carboxyl  carbon 

of acetic acid. 
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SUMMARY 

I. An unknown radioactive material arises during the course of radioactive carbon dioxide 
fixation in the hen oviduct. 

2. This unknown material is very steam-volatile, becomes distributed in the alcohol region 
of a n-amyl alcohol-water counter-current distribution, and contains its radioactivity in a very 
labile form so that 14CO~ is liberated on heating. 

3. The material appears to be interconvertible with carboxyMabeled acetic acid. 
4. Present evidence indicates that the material may be one or more acyl derivatives of a 

fl-keto acid, possibly acetoacetic acid. 
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