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INHIBITION OF ENZYMIC TRANSAMINATION OF ASPARTIC ACID 

BY HYDROXYASPARTATE, 2,3-DIAMINOSUCCINATE 

AND 2,3-DIAMINOPROPIONATE* 

MARIO G A R C I A - H E R N A N D E Z  AND E R N E S T  IZUN** 

Department o/Biochemistry and Institute ]or Enzyme Research, University o] Wisconsin, 
21/Iadison, Wis. (U.S.A.) 

It was reported from this laboratory (KuN AND GARCIA-HERNANDEZ 1, KUN ~) that 
oxaloglycolic and diketosuccinic acids were among the main products of the enzymic 
oxidation of tartaric acid. One of the enzymic pathways by which these keto acids 
may be further metabolized is transamination. So far we have been able to show 
only one transamination, viz. the reaction of oxaloglycolate with glutamate, to yield 
hydroxyaspartate and a-ketoglutarate. This reaction is catalyzed by an aqueous 
extract of acetone powder of isolated pig kidney mitochondria. In the course of an 
independent investigation, SALLACH 3 also described this reaction, brought about by 
an enzyme preparation obtained from sheep brain. Diaminosuccinic and diamino- 
propionic acids were obtained only by chemical synthesis. It has been previously 
known (HASKELL et a/, 4) that diaminopropionic acid is a constituent of a tubercu- 
lostatic antibiotic isolated from certain actinomycetes, while hydroxyaspartic and 
diaminosuccinic acids inhibited bacterial growth (SHIVE AND MACOW ~, SUZUKI et aL e' 7). 
One of the many possible mechanisms by which these uncommon amino acids may 
exert their inhibitory action is an interference with certain enzymic transaminations. 
In order to test this hypothesis we determined their effect on the transamination 
of aspartate and a-ketoglutarate. 

*This  invest igation was suppor ted  by  research grants  (H-2163) from the Nat ional  Hear t  
Ins t i tu te  of the  National  Ins t i tu tes  of Health,  Public Heal th  Service (Bethesda 14, Maryland) 
and f rom the Lilly Research Laboratories  (Eli Lilly Company,  Indianapolis  6, Indiana).  

** Establ ished Inves t iga tor  of the  American Hear t  Association Inc. Present  address:  The 
Univers i ty  of California Medical Center, Depar tmen t  of Pharmacology and Exper imenta l  Thera- 
peutics,  San Francisco 22, California. 
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EXPERIMENTAL 

Preparation and properties o] hydroxyaspartic, diaminosuccinic and diaminopropionic acids 
Syn theses  of these  acids  were carr ied ou t  by  a procedure  s imilar  to m e t h o d s  descr ibed by  DAKIN 8 
a n d  more  recent ly  b y  HAUPTMANN AND BERL 9. T he  precursor  of h y d r o x y a s p a r t i c  acid, chloromalic  
acid, was  p repared  by  t r ea t ing  maleic  anhyd r i de  wi th  a solut ion of f reshly m a d e  hypochlor i te .  
Th i s  was  done by  dissolving 6.25 g Ca(OC1)~ in 25o ml  H 2 0  + 44 g K,CO3 + 12.5 g K O H  in 
20o ml  HzO followed by  fi l tration. The  hypochlor i t e  solut ion is chilled to IO to 15 ° C and  acidified 
wi th  ioo  ml  conc. HC1, w h e r e u p o n  2o g of maleic  a n h y d r i d e  is added  wi th  con t inuous  st irr ing.  
The  reac t ion  m i x t u r e  is se t  as ide overn ight .  E x t r a c t i o n  of carboxyl ic  acids is carried ou t  wi th  
e the r  (50o ml) in a Ku t sche r -S t eude l  ex t rac tor .  The  e ther  ex t rac t  con ta ins  some  unreac ted  maleic  
acid in add i t ion  to chloromalic  and  dichlorosuccinic  acids. A m i x t u r e  of these  acids  were ob ta ined  
in crysta l l ine  form af ter  evapora t ion  of t he  so lven t  in vacuo (total weight  13-14 g). A por t ion  
of th i s  crude m i x t u r e  (5 g) was  dissolved in 50 ml  of concen t ra ted  a m m o n i a  and  hea t ed  in a 
sealed vessel  a t  ioo  ° for io  hours .  The  resul t ing  h y d r o x y a s p a r t i c  and  d iaminosucc in ic  acids  were 
sepa ra ted  as follows: af ter  cooling 2.5 g of N a O H  (dissolved in io ml  H~O) were added  and  the  
solut ion concen t ra t ed  in vacuo (at r oom tempera tu re )  to ~ of i ts  original vo lume ;  the  p H  is 
t h e n  ad ju s t ed  to 7.o wi th  glacial acetic acid and  the  bu lk  of crysta l l ine  d iaminosucc ina te  (I g) 
which  set t les  ove rn igh t  a t  4 ° C is filtered off. T he  yellow m o t h e r  l iquor is t r ea ted  success ively  
twice wi th  o. 5 to I g por t ions  of ac t i va t ed  charcoal  and  filtered. Crystal l ine h y d r o x y a s p a r t a t e  
(I g) is ob ta ined  f rom the  fi l trate by  the  addi t ion  of 20o ml  of absolu te  methano l .  H y d r o x y -  
a spa r t a t e ,  which  is ve ry  soluble in water ,  can  be fu r the r  purified by  redissolut ion,  charcoal  
t r e a t m e n t  and  reprecipi ta t ion,  followed by  co lumn  c h r o m a t o g r a p h y  as described b y  MOORE ANn 
STEIN TM. The  separa t ion  of h y d r o x y a s p a r t i c  acid by  pape r  c h r o m a t o g r a p h y  is shown  in Fig. I. 
H y d r o x y a s p a r t i c  acid reacts  readi ly  wi th  the  c a d m i u m - n i n h y d r i n  r eagen t  (BARROLIER 11) to give 
an  orange-red  spo t  on pape r  (absorpt ion m a x i m u m  a t  50o m#) .  A pure  p repara t ion  of 2 ,3-diamino-  
succinic  acid was  also syn thes ized  as described by  RHINESMITH TM. Diaminosucc in ic  acid does no t  
reac t  readi ly  wi th  t he  n i n h y d r i n  r eagen t  (only af ter  severe heat ing) ,  b u t  yields a yellow-colored 
qu inoxa l ine  der iva t ive  wi th  g lyoxal  (reaction is carried ou t  by  hea t ing  t he  d iamino  acid wi th  
g lyoxal  in glacial acetic acid according to DECHARY, KUN AND PITOTI~). Diaminopropionic  acid 
gives bo th  n i n h y d r i n  and  qu inoxa l ine  color tests .  A p repara t ion  of L(+)2 ,3 -d iaminoprop ion ic  
acid was  ob ta ined  f rom M a n n  Resea rch  Labora tor ies  Inc. (New York).  

Pyridoxal phosphate was also p u r c h a s e d  f rom th i s  firm. Pure  L( + ) - a spa r t i c  and  L( + ) - g l u t a m i c  
ac ids  were received f rom Merck and  Co. 

Oxaloacetic acid was prepared  and  purified according to HEIDELBERGER 14 while a -ke to -  
g lu tar ic  acid was  p u r c h a s e d  f rom N u t r i t i o n a l  Biochemicals  Inc. D i h y d r o x y f u m a r i c  acid was  
suppl ied  by  Aldr ich  Chemica ls  (Milwaukee, Wis.).  

The  bes t  p repa ra t ion  of n i n h y d r i n  was  one obta ined  f rom E a s t m a n  Organic  Chemicals ,  a n d  
was  used  w i t h o u t  fu r the r  purif icat ion.  

Enzyme preparation. Acetone  powder  of pig  k idney  mi tochondr i a  (isolated by  differential  
cen t r i fuga t ion  in 8 % sucrose) was  p repared  following t he  procedure  of DRYSDALE AND LARDY 15. 
Th i s  powder  was  s t i r red mechan ica l ly  for 3 ° m i n u t e s  wi th  4 t imes  i ts  weight  of o.oi M p h o s p h a t e  
or  o. i  M t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e  (Tris) buffer  of p H  7.4 a t  o ° C. Af ter  t he  add i t ion  
of i g of Nor i te  t he  s lur ry  was  cent r i fuged  down (at 5ooo × g a t  o °) for 3 ° m i n u t e s  and  a clear 
s u p e r n a t a n t  obta ined .  The  p ro te in  con t en t  of  th is  ex t r ac t  was  de t e rmined  according to WARBURG 
AND CHRISTIAN TM and  by  t he  b iure t  tes t .  

Transaminase assay. The  fo rma t ion  of oxa loace ta te  f rom a spa r t a t e  in the  presence of a -ke to -  
g lu ta ra t e  and  e n z y m e  was  de t e rmined  spec t ropho tomet r i ca l ly  wi th  t he  B e c k m a n  D U  and  t h e  
Cary  recording spec t ropho tome te r .  T h e  mic romola r  ex t inc t ion  coefficient of oxa loace ta te  a t  
p H  7.3 is o.55o a t  280 m/~ and  i . i 25  a t  26o m/~. 

Chromatographic analyses were carr ied ou t  as p rev ious ly  described (KuN AND GARClA- 
HERNANDEzl~). A m i n o  acids  were de te rmined  q u a n t i t a t i v e l y  a f te r  ex t rac t ion  of the  red c a d m i u m -  
n i n h y d r i n  complex  f rom pape r  c h r o m a t o g r a m s  wi th  abso lu te  me thano l .  Absorbances  for m o s t  
a m i n o  acids  were de t e rmined  a t  5o9 m/*. The  lowest  l imit  for q u a n t i t a t i v e  a m i n o  acid ana lys i s  
is i mic rogram.  Beer ' s  law is followed up  to 2o mic rograms .  The  c a d m i u m  n i n h y d r i n  color of 
a m i n o  acids  is developed b y  d ipp ing  t he  d ry  c h r o m a t o g r a m s  into a solut ion of th is  r eagen t  (75 m g  
of CdCl~ + 6 ml  of H~O + o. 3 ml  glacial acetic acid + 2oo m g  n inhyd r in  dissolved in IOO ml  
of acetone) .  

RESULTS 

Transamination o[ oxaloglycolic acid 

The time sequence of this reaction was measured by quantitative determination of 
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glu tamie  acid which was formed enzymical ly  from hydroxyaspa r t a t e  and a-keto- 

glutarate .  Such an exper iment  is shown in Table  I. The ra te  of d ihydroxyfumara te  
format ion from hyd roxyaspa r t a t e  can be followed spec t rophotomet r ica l ly  by  meas- 

ur ing the appearance  of the  dienol at  29o m/~ (Fig. 2). Magnesium ion, while not  

affecting the ini t ial  rate,  sustains the  ra te  of appearance of the dienol peak. The  effect 

of Mg ++ on the eno l -ke to  conversion of d ihydroxyfumar ic  acid has been discussed 
elsewhere 2. Enzymic  format ion of hyd roxyaspa r t a t e  from d ihydroxyfumara te  and 

g lu t ama te  was also demons t ra t ed ;  however,  this react ion is even slower than  its 
reverse. 

TABLE I 

GLUTAMIC ACID PRODUCED FROM (2-KETOGLUTARATE AND HYDROXYASPARTATE 

The test system contained in a volume of i ml, 5/,moles of a-ketog]utarate, 5/,moles of hydroxy- 
aspartate, O.olM phosphate buffer pH 7.3, o.25 ml and o.5o ml of extract of pig kidney mito- 

chondria. Temperature 3 o°. 

Incubation lime Glutamic acid produced (in #moles) 

rain 
2. 5 mg enzyme 5.o mg enzyme 

O O o 
3 ° 0.38 0.48 
60 o.41 0.60 

12o o.65 0.85 

0.100 

A 290 rnp. 

0.075l 

o.o5ol 

o.o251 

0.0001 

Fig. I 

A 

1.08 mg E + M g + + /  

MEnutes 

Fig. 2 

10C~ 

I + Hydroxyaspartate 

50 

5 15 25 
[~S x 10 -2 

Fig. 3 

50 

Fig. i. Paper chromatography of hydroxyaspartic (I), aspartic (II) and glutamic (III) acids. 
Descending chromatogram using Whatman No. z filter paper. Solvent system: n-butanol-acetic 

acid-water (4:I :5 v/v). Time of developing: three days at 25 °. 
Fig. 2. Rate of dihydroxyfumaric acid formation from hydroxyaspartic acid. Test system con- 
tained io #moles of a-ketoglutarate, io #moles of hydroxyaspartate, io #moles of Mg ++, 20/*g 
of pyridoxal phosphate and 54 °/*g or 1.o8 mg of protein in a total volume of i ml. of o.o5M 

phosphate buffer of pH 7.3. Readings were taken at 29o m/~. Lowest curve: no Mg ++. 
Fig, 3- Competitive inhibition by hydroxyaspartate. Oxaloacetic acid formation was measured 
at a wavelength of 28o m#. IO #moles of hydroxyaspartate. 2o #g of pyridoxal phosphate. 12o #g 
of protein. The velocity (initial velocity) is expressed in terms of change in absorbancy per 60 
seconds. The substrate concentration is expressed in /,moles per ml. o.I M Tris buffer of pH 7.3. 

Inhibition o~ transamination o/aspartate and ~-ketoglutarate 

We m a y  assume tha t  if the same enzyme performs the t ransamina t ion  of both  

aspart ic  and  hydroxyaspar t i c  acids and if the  second react ion is much  slower than 
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25 

Y 
15 '~'°~°~ 

51 I t I 
25 50 75[_~] x 10 "3100 

Fig. 4. Inhib i t ion  by  2,3-diaminopropionate .  
IO/*moles of 2 ,3-diaminopropionate .  20/~g of 
pyr idoxal  phospha te .  15o/zg of protein.  The 
veloci ty (initial velocity) is expressed in te rms  
of change in absorbancy  per  6o seconds. The 
subs t ra te  concent ra t ion  is expressed in /zmoles  

per  ml. o.I M Tris buffer of p H  7.3- 

50 

v 

4O 

30 .,o~'~'°~ 

1c I I I 
25 50 75~ x 10 -~00 

[s] 
Fig. 5. Inhibition by 2,3-diaminosuccinate. 
lo/~moles of 2,3-diaminosuccinate. 2o#g of 
pyfidoxal phosphate. 142/~g of protein. The 
velocity (initial velocity) is expressed in te rms  
of change in absorbancy  per  60 seconds. The 
subs t ra te  concentra t ion  is expressed in #moles  

per  ml. o . I M  Tris buffer of p H  9.0. 

the first, hydroxyaspartate in the presence of aspartate should act as an inhibitor. 
Kinetic studies, dealing with the effect of hydroxyaspartic acid on the transamination 
of aspartate and a-ketoglutarate revealed a competitive relationship ~ between the 
two amino acids (see Fig. 3). This competitive relationship did not change when 
the concentration of the inhibitor (hydroxyaspartate) was varied. 

On the other hand the two diamino acids tested as inhibitors did not show this 
"simple" competitive type of interaction is. As summarized in Figs. 4 and 5, a I/V: I/S 
plot in the absence and presence of inhibitor results in straight lines which do not 
intersect at the ordinate. By varying the concentration of the inhibitor (all other 
conditions kept constant) the point of intersection may be moved. Presumably at 
one particular concentration of the inhibitor, the intersection may be just on the 
ordinate, thus imitating a "true" competitive inhibition. Similar observations were 
made by ALBERTY AND BOCK 19 during their study on the effect of phosphate and 
succinate on fumarase. The inhibition obtained by diaminopropionic acid is non- 
competitive while in the case of diaminosuccinic acid the type of inhibition is a 
combination of competitive and non-competitive one. An explanation might be 
visualized by assuming that  the diamino acids react with one of the components of 
the transaminase system and in addition compete with aspartate for the enzyme site. 

DISCUSSION 

The results described above offer a partial answer to the question raised at the 
beginning of our work. A relatively slow rate of transamination of oxaloglycolate 
to hydroxyaspartate was readily demonstrated with an extract of mitochondria 
which also contains the dehydrogenase, oxidizing tartrate to oxaloglycolate. The 
coexistence of the two enzymes in mitochondria may suggest that  under appropriate 
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condit ions this enzymic pa thway  is not  improbable.  In  recent experiments,  DAVIES 
AND KUN 2° isolated a malic dehydrogenase from mitochondr ia  which among other 
a-hydroxydicarboxyl ic  acids also a t tacks tar t ra te .  I t  is a further  question to be 
answered whether  or not  t a r t ra te  ac tual ly  is formed in the course of in te rmediary  
metabolism. 

Our earlier assumption,  t ha t  cer ta in  metaboli tes  of t a r t ra te  m a y  act as enzyme 
inhibi tors  1, gained support  by  the observed inhib i t ion  of t r ansamina t ion  by  hydroxy-  
aspartate .  Apar t  from the pos s ib i l i t y - -wh ich  is so far not  decided by  experimental  
f i n d i n g s - - t h a t  these enzyme reactions actual ly  occur in an imal  cells, the discovery 
of inhibi tors  of enzymic t r ansamina t ion  is of interest  by  itself. As s ta ted by  BRANDEN- 
BERGER AND COIIEN21: " Z u r  weiteren Erforschung der Transamin ie rung  besteht  ein 
grosses Bediirfniss nach einem spezifischen Inh ib i to r  dieses Vorganges". A comparison 
of a,a ' -acetone dicarboxylic a c i d - - r e p o r t e d  b y  these authors to be the "only  highly 
active inhibi tor  of t r ansamina t ion"  - -  with the effectiveness of either of the inhibi tors  
described in this paper, is very favorable. BRANDENBERGER AND COHEN 21 needed 
2.5 t imes higher concent ra t ion  of a,a ' -acetone dicarboxylate  t han  substrate  to achieve 
50 % inhibi t ion.  Hydroxyaspar ta te  and  diaminosuccinate  in equimolar  concentrat ions 
with aspartate  inhib i t  t r ansamina t ion  by  5o%, while diaminopropionic acid is 
sl ightly less effective. Fu r the r  work on the synthesis of more potent  inhibi tors  of 
t r ansamina t ion  is in  progress. 

SUMMARY 

An extract of acetone powder of pig kidney mitochondria, which is rich in aspartic-a-ketoglutaric 
acid transaminase, also catalyzes the transamination of hydroxyaspartate. This second reaction 
is much slower than the first one. Hydroxyaspartic acid is a competitive inhibitor of the trans- 
amination of aspartate and a-ketoglutarate. Diaminopropionic and diaminosuccinic acids also 
inhibit transamination of aspartate. The inhibition by diaminopropionic acid is non-competitive. 
The inhibition by diaminosuccinic acid is a combination of competitive and non-competitive type. 
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