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AROMATIZATION OF HEXAHYDROBENZOIC ACID 

BY MAMMALIAN LIVER MITOCHONDRIA 

CHOZO MITOMA,  H E R B E R T  S. P O S N E R  AND F R E D E R I C K  L E O N A R D *  

Laboratory o/Clinical Biochemistry, National Heart Institute, National Institutes o] Health, 
Bethesda, Md. (U.S.A.) 

Since the original observation by LAUTEMANN 1 that orally administered qninate is 
excreted as HA** by man, many cyclohexane ring compounds have been found to 
be oxidized by animals*. More recently, BEER, DICKE~S AND PEARSON 3 studied the 
,aromatization of HHBA in detail using tissue slices. However, they were unable to 
demonstrate this reaction in tissue extracts which could vigorously oxidize straight 
,chain fatty acids. 

In the present report the enzyme system for oxidizing HHBA to form HA is 
.described and some of its properties are discussed. 

EXPERIMENTAL 

Materials 
A T P  and  c y t o c h r o m e  c were p r o d u c t s  of t h e  S igma  Chemical  C o m p a n y .  CoA was  ob ta ined  f rom 
t h e  P a b s t  Labora tor ies .  H H B A  was  p u r c h a s e d  f rom t he  E a s t m a n  Organic  Chemicals ,  Amino  
ac ids  a n d  a K G A  were p r o d u c t s  of  e i ther  California F o u n d a t i o n  for Biochemica l  Resea rch  or  
N u t r i t i o n a l  Biochemica l  Corpora t ion.  S o d i u m - H H B A - I - l i C  (1.2/zc/#moles)  was  p u r c h a s e d  f rom 
Nuc lea r  Chicago Corpora t ion .  

H e x a h y d r o - H A  was  p repa red  b y  t he  m e t h o d  of GODCHOT 4. H e x a h y d r o b e n z o h y d r o x a m i c  
a c i d  was  p repa red  as  descr ibed b y  WILSON et al. 5. H H B C o A  was  p repared  b y  t h e  procedure  
descr ibed for t h e  s y n t h e s i s  of benzoyl  CoA 6. T he  acid anhyd r ide  used  in th i s  p r epa ra t i on  was  
syn the s i zed  f rom H H B A  b y  t h e  m e t h o d  of LUMSDEN ~. The  H H B C o A  solu t ion  af te r  e the r  ex-  
t r a c t i on  (to r e m o v e  un rea c t ed  acid anhydr ide )  con ta ined  2.6 #,moles of  acyl  m e r c a p t a u  per  ml  
w h e n  e s t i m a t e d  b y  t h e  p rocedure  of GRUNERT A N D  P H I L L I P S  8 wi th  g lu t a th ione  as t h e  s t a n d a r d  and  
2 .1 /~moles  pe r  nil  b y  t h e  modif ied  p rocedure  of LIPMANN AND TUTTLE 9 wi th  t h e  cor respond ing  
h y d r o x a m i c  acid as t h e  s t a n d a r d .  T h i s  so lu t ion  was  used  for e n z y m e  s tudies .  W h e n  a por t ion  
of t h i s  so lu t ion  was  c h r o m a t o g r a p h e d  on  W h a t m a n  No. 3 pape r  u n d e r  t he  condi t ions  descr ibed 
b y  ST&DTMAN 10 for acy l  m e r c a p t a n s ,  a c o m p o u n d  wi th  a n  RF of o.84 was  de tec ted  u n d e r  t h e  
u l t r av io le t  l a m p  in  add i t i on  to  t h e  t wo  CoA spo t s  (RF's of o.52 and  o.71 ). Af te r  e lu t ion  f rom 
t h e  p a p e r  th i s  c o m p o u n d  gave  a pos i t ive  h y d r o x a m i c  acid t e s t  s. The  difference s p e c t r u m  be tween  
t h e  u n t r e a t e d  s amp le  and  a base  hyd ro lyzed  sample  showed an  abso rp t ion  peak  a t  236 m/~. 

Enzyme preparation and assay 
F r e s h  gu inea  pig  l iver was  homogen ized  in 9 v o l u m e s  of o.25M sucrose solut ion con ta in ing  
i o - 3 M  E D T A  a n d  t h e  m i t o c h o n d r i a  were  isola ted b y  t h e  m e t h o d  of HOGEBOOM et al. n.  The 
m i t o c h o u d r i a  were  t h e n  w a s h e d  twice  a n d  r e suspended  in 1.15 % KC1 solu t ion  con ta in ing  I o - 3 M  
E D T A .  I n c u b a t i o n  w a s  carr ied o u t  for i hou r  a t  37 ° in 2o ml  beakers  us ing  a Dubnof f  metabol ic  
shaker .  T h e  compos i t i on  of t h e  var ious  i n c u b a t i o n  m i x t u r e s  is descr ibed u n d e r  each table.  Benzoic 
acid or H A  was  e s t i m a t e d  by  a modif ica t ion  of t he  colorimetr ic  m e t h o d  of DICKENS AND PEARSON i*. 

P r e sen t  address ,  Geigy  Chemica l  Corp., Yonkers ,  New York.  
** The  following ab rev i a t i ons  are  used  in th i s  pape r :  H A  for h ippur ic  acid, H H B A  for hexa -  

hydrobenzo ic  acid or cyc lohexaneca rboxy l i c  acid, A T P  for adenos ine t r iphospha te ,  CoA for 
coeuzyme  A, a K G A  for a -ke tog lu ta r ic  acid, H H B C o A  for h e x a h y d r o b e n z o y l  CoA and  E D T A  
for e thy l ened iamine t e t r aace t i c  acid. 
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RESULTS 

Requirements/or the enzyme system 
During the fractionation studies of the guinea pig liver homogenate, it became 
evident that the overall enzyme system for aromatization was localized in the mito- 
chondrial fraction. However, the mitochondria alone were inactive unless fortified 
by the boiled supernatant fraction. Systematic studies led to the findings that the 
supernatant could be completely replaced by aKGA, MgSO4, EDTA, glycine, ATP 
and cytochrome c (Table I). The addition of CoA had no effect. The enzyme system 
is extremely sensitive to heavy metals, thus, EDTA was routinely added to sucrose 
and KC1 solutions in preparing the mitochondria. The need for EDTA could be 
obviated by using distilled water passed through a demineralizer in preparing all of 
the reagents used in incubation. The system is also dependent on oxygen, since 
incubation of HHBA under nitrogen yielded less than half of the aromatic product. 

TABLE I 

REQUIREMENT FOR ENZYMIC AROMATIZATION 

pmoles o/benzoic acid 
or HA/ormed Relative activity 

Complete 3.6 ioo % 
No ATP 2.7 75 
No cyt. c 2.7 75 
No glycine 1.2 33 
No E D T A  0.8 22 
No MgSO 4 0. 3 8 
No a K G A  0.2 6 

The complete  sys tem contained 0. 5 ml of 0.5 M p H  7.4 phospha te  buffer, I m] of mitochondrial  
p repara t ion  equivalent  to o. 7 g of liver, IO/~moles of HHBA,  0. 3 #*moles ATP, o.o 3/*moles cyt. c, 
3 ° /~moles  glycine, i / ,mole EDTA,  15/~moles MgSO 4 and 15/*moles of a K G A  in a final volume 
of 3 ml. The incubat ion was  carried out  for I hour  in air, 

Nature o/the product 

The requirement for glycine in the oxidation of HHBA indicated that HA is the 
major product in this reaction. This was confirmed by comparing the absorption 
spectrum of an authentic sample of HA with that of the extracted product in o . I N  
HC1 or NaOH. Upon hydrolysis, the product acquired an absorption peak charac- 
teristic of benzoic acid at 275 m~ in o . I N  HC1. Further evidence for the formation 
of HA was obtained by ascending paper chromatography on Whatman No. I paper. 
The solvent system used was 1-butanol-ammonium carbonate buffer* in which the 
R~ values for HA, benzoic acid and HHBA were o.15, 0.24, and 0.38, respectively. 
When 4/~M of HHBA-IJ4C were incubated under the condition described in Table I, 
the radioautogram of the paper chromatogram showed an almost quantitative con- 
version of HHBA to HA. If the incubation mixture was hydrolyzed before applying 
it to paper, a spot arose which corresponded to benzoic acid. The radioautogram 
from the incubation mixture without glycine showed that the major portion of the 
substrate was unmetabolized and only a trace of HA and a small spot for benzoic 

* I -Butanol  is sa tura ted  wi th  an aqueous  solution which is 1.5N N H  a and 1 . 5 N  (NH4)~CO a. 
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acid  were detected.  Thus,  i t  is a p p a r e n t  t ha t  a romat i za t ion  of H H B A  is favored b y  
the  r emova l  of benzoic acid as HA.  CHELDELIN AND BEINERT TM also have found 
t ha t  the  ox ida t ion  of phenyl  f a t t y  acids is s t imu la t ed  b y  the  add i t ion  of glycine. 
They  a t t r i b u t e d  this  fact  to the  inh ib i to ry  effect of benzoic acid  on the  f a t t y  acid 
oxid iz ing  system.  

Participation o~ HHBCoA 

F r o m  the  foregoing exper iments  one cannot  conclude whether  the  condensat ion  of 
glycine wi th  the  r ing compound  takes  place before or af ter  the  a romat i za t ion  reaction.  
In  order  to es tabl ish this  poin t  h e x a h y d r o - H A  was used as a subs t ra te .  Before 
incubat ion ,  a sample  of this  was hyd ro lyzed  b y  au toc lav ing  overnight  in a s a tu r a t ed  
Ba(OH)~ solut ion and  was then  neut ra l ized  wi th  H~SO 4. The control  sample  also 
received Ba(OH)2 and  H2SO 4 bu t  was not  au toc laved.  Resul ts  in Table  I I  show tha t  
only  the  free H H B A  is oxidized.  

TABLE II 

AROMATIZATION OF FREE HHBA 

l~moles of HA lormed 

Hexahydro-HA, control, IO/2moles o 
Hexahydro-HA, hydrolyzed, IO #moles I 
HHBA, io pmoles 2 

Incubation condition was the same as described under Table I, except that io #moles of glycine 
were added to each beaker. The amount of mitochondria used was equivalent to 0.5 g of liver. 

TABLE III  

AROMATIZATION OF HHBCoA 

~moles o] benzoic acid 
or HA /ormed 

io #3//HHBA, unfortified o.o8 
i #M HHBCoA, unfortified o.36 

io/~M HHBA, fortified 2.62 

Incubation condition was as described under Table I. Mitochondria equivalent to o. 5 g of liver 
were used. 

Since the  a romat i za t ion  reac t ion  is s imilar  to the  dehydrogena t ion  of f a t t y  acids, 
the  ac t iva t ion  of H H B A  b y  the  format ion  of H H B C o A  as in f a t t y  acid ox ida t ion  14 
was considered l ike ly  as the  in i t ia l  step.  Thus,  H H B C o A  was p repared  and incuba ted  
wi th  the  unfort i f ied mi tochondr ia .  

As shown in Table  III ,  H H B C o A  was oxidized under  condi t ions  where negligible 
amoun t  of H H B A  was oxidized.  The  presence or absence of glycine d id  not  a l ter  
the  magn i tude  of benzoic acid  format ion  from HHBCoA.  This  m a y  be because the  
amoun t  of benzoic acid formed was not  large enough to inhibi t  the  a romat iza t ion  
react ion.  I t  is clear t ha t  the  requi rements  for the  energy genera t ing  factors in this  
reac t ion  are for the  fo rmat ion  of H H B C o A  which is then  dehydrogena ted  and  con- 
j uga t ed  with  glycine to form HA.  The  l a t t e r  s tep has been s tud ied  recent ly  b y  

SCHACHTER AND TAGGART e. 
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TABLE IV 

S P E C I F I C I T Y  F O R  S U B S T R A T E  A N D  ACCIgPTOR 

Substrate Acceptor l~moIes o/benzoic axid 
or HA ]ormed 

H H B A  None i . i  
H H B A  Glycine 4.6 
Quinic acid Glycine o.o 
Shikimic acid Glycine o.o 
H H B A  Sarcosine 3.4 
H H B A  Betaine o.o 
H H B A  fl-Alanine o.o 
H H B A  Alanine o.o 
H H B A  Taurine o.o 
H H B A  Serine o.o 
H H B A  Ornithine o.o 
H H B A  Arginine o.o 
H H B A  Glutamine o.o 

Incuba t ion  condition was as described under  Table I. Io #moles of substrate ,  30/~moles of ac- 
ceptor, and mitochondr ia  equivalent  to 0.5 g of liver were used. 

Specificity/or substrate and acceptor 

Table IV summarizes the specificity of the present system for compounds which can 
serve as substrates and for compounds which act as acceptors in stimulating the 
oxidation of HHBA. 

The stimulation of HHBA oxidation by sarcosine was not surprising since 
sarcosine is known to give rise to glycine by the action of sarcosine oxidase in the 
mitochondria 15. The oxidation of quinic acid could not be demonstrated even with 
a human liver homogenate although feeding experiments indicated a fairly rapid 
oxidation of this compound in man 3. 

Other properties o/the system 

The aromatization of HHBA by guinea pig liver mitochondria took place at a rate 
of 4-8/,moles per g of liver per h. The reaction proceeded linearly up to I hour and 
showed an optimal pH range of 7.0-8.0. Under the incubation conditions already 
described 8/~moles of HHBA were required to saturate the enzyme system. Guinea pig 
kidney mitochondria showed considerably less activity than the liver mitochondria. 
Rabbit liver showed activity comparable to that of guinea pig but was not con- 
sistently active. A very weak activity was detected with rat liver mitochondria, but 
the mitochondria from cat, mouse, dog, monkey, toad, human, chicken, and pigeon 
livers did not oxidize HHBA. Replacing glycine with ornithine in the case of chicken 
or pigeon liver, experiments still gave negative results. 

DISCUSSION 

The data presented above establish the following sequence of reactions in the for- 
mation of HA from HHBA: 

(a) H H B A  + CoA + ATP Mg++_> HHBCoA 

(b) H H B C oA  ------+ benzoyl CoA 

(c) benzoyl CoA + glycine ; HA 
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Steps (a) and (b) are quite analogous to the activation and fl-oxidation of fa t ty  acids. 
The question arises as to what extent the present system overlaps with the fat ty 
acid oxidase system. BEER et al. 3 have shown that the fat ty acid dehydrogenase 
system did not  dehydrogenate HHBA. It is possible that the HHBA activating 
enzyme is particularly labile and that their preparation was lacking in this enzyme. 
We have found that kidney oxidizes HHBA to one-eighth the extent of an equivalent 
weight of liver. Tills may be attributed to difference in t h e  amount of HHBA acti- 
vating enzyme in the two organs, since kidney oxidized 1/2 as much HHBCoA as 
the liver. The inability of heart, another organ rich in the fat ty acid oxidase system TM, 
to oxidize HHBA may also be attributable to lack of the HHBA activating system. 
Liver and kidney mitochondria and heart extract catalyzed the decolorization of 
2,6-dichlorophenolindophenol by HHBCoA. 

The failure to demonstrate the oxidation of HHBA with human and dog liver 
preparations despite the positive i n  vivo findings by BERNHARD 17 points to the lability 
of this enzyme system. 
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SUMMARY 

I. The enzyme sys tem which aromatizes cyclohexanecarboxylic acid has been shown to be 
loca]ized in the mitochondrial  fraction of guinea pig liver. 

2. The sequence of reactions has been shown to be the  format ion of the  CoA derivative of 
the acid, dehydrogenat ion and the conjugat ion wi th  glycine to form hippuric  acid. 

3. The removal of the  oxidat ion product,  benzoic acid, as hippuric acid great ly accelerated 
the oxidation reaction. 

4, Analogy between the present  sys tem and the fa t ty  acid oxidase sys tem has been discussed. 
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