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T H E  ACTION OF L-AMINO ACID O X I D A S E S  ON 

THE OPTICAL ISOMERS OF ae-DIAMINOPIMELIC ACID 

by 

E I , I Z A B E T H  W O R K *  

University College Hospital .lledical School, London (England) 

The bacterial amino acid, a,e-diaminopimelic acid (WoRIO) has recently been re- 
solved into its three isomers, L-L, I)-I) and rneso (internally compensated) (WORK, BIRN- 
BAUM, WINITZ AN~ GREENSTEIN2). This paper describes the effect of L-amino acid oxi- 
dases from three different sources on the isomers and also on L-diaminopimelic acid- 
D-monoamide which was a product of the resolution. 

Neurospora L-amino acid oxidase was shown by BURTON a (see also 1) to attack the 
naturally occurring form of diaminopimelic acid isolated from Corynebacterium diph- 
theriae. Only one atom of oxygen was consumed and one mole of ammonia was produced 
per mole of amino acid and no unchanged amino acid was left in the reaction mixture. 
Synthetic unresolved diaminopimelic acid gave only about 1/2 this oxygen uptake 
(WORK4). Since the bacterial form of diaminopimelic acid showed no optical rotation, 
the suggestion was made, partly on the basis of BURTOX'S findings, that it was the meso 
form (WORK 1,4). The comparison, reported in this paper, of the action of Neurospora 
L-amino acid oxidase on the bacterial amino acid and on the resolved isomers, supports 
this suggestion. 

EXPERIMENTAL 

Materials 
Natura l  (bacterial) diaminopimelic acid was prepared from hydrolysed Corynebaclerium 

diphtheriae (\VORK1). Diaminopimelic acid isomers and derivatives were prepared as described (WORK, 
BIRNBAUM, WINITZ AND GREENSTEIN2). 

Enzymes 
Neurospora L-amino acid oxidase was prepared from the culture fluid of Neurospora strain 4 A 

by the method of THAYER AND HOROWlTZ 5. I t  was dialyzed and lyophilized and contained 6.1% N. 
I am indebted to Dr. EINOSUKE OHMURA for this preparat ion.  I t  was dissolved in o.I :11 phospha te  
buffer pH 6.8 to give concentrat ions of 5-15 mg of enzyme/ml.  The following dried prepara t ions  
of venom oxidases were used : Rat t lesnake (Crotalus adamanteus) from Ross Allen's Reptile Inst i tute ,  
Silver Springs, Fla. containing 12.6% N; and Viper (13othrops l'araraca) from Is t i tu to  Butantan ,  
S~o Paulo, containing 12.8% N. The venoms were dissolved in 0.2 M tris (hydroxymethyl)  amino- 
nlethane buffer p H  7.2 (lO-5 ° nag of venom/ml)  and dialyzed overnight  against the sanae buffer 
at 2 °. Catalase was a dialyzed prepara t ion from \Vorthington Chemical Corporation. 

,llelhod 
The exper iments  were carried out  in \Varburg manonmters  at 37' in an a tmosphere  of 02. 2 ml 

of buffer containing an appropria te  anlount  of enzyme was placed in the main compar tmen t  with 

* This work was carried out while the author  was a Visiting Scientist at the National Cancer 
Inst i tute ,  National  Ins t i tu tes  of Health, Bethesda, Md., U.S.A. 
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o . i  ml  of 3 N N a O H  a n d  filter p a p e r  in t h e  cen t r e  well. Ca ta lase  (o.2 ml) w a s  added  to  each  flask. 
A m i n o  acid (0.25 M a q u e o u s  solu t ion)  was  t i p p e d  f r o m  the  side a r m  : 0. 4 ml  (IO t ,M)  w a s  genera l ly  
used  unless  o the rwi se  s ta ted .  An  e n z y m e  b l a n k  w a s  inc luded  in e v e r y  e x p e r i m e n t .  T h e  resu l t s  are  
e x p r e s s e d  as Qo~ = t tl O2 c o n s u m e d / h / r a g  e n z y m e  p r e p a r a t i o n .  

RESULTS 

Neurospora L-amino acid oxidase. The results are summarized in Table I and Fig. I 
and include L-lysine and L-methionine as controls. With Neurospora amino acid oxidase, 
theoretical oxygen uptake (IO tLM or I atom/mole of amino acid) was obtained with 
meso and bacterial diaminopimelic acid and the oxidation rates (Qo2 = 16.8) were 
identical. The rates were of about the same order of magnitude, b u t  slightly higher, 
than those for L-lysine and L-methionine. Dn-diaminopimelic acid was not oxidised, even 
when as much as 60 mg of enzyme was used. 

T A B L E  I 

EFFECT OF L-AMINO ACID OXIDASES ON ISOMERS AND AMIDES OF DIAMINOPIMEL1C ACID (DAP)  

E x p r e s s e d  as Qo2 = / *1 O 2 / h / m g  e n z y m e  p r e p a r a t i o n .  F igu res  in b r a c k e t s  indica te  n u m b e r  of ex -  
p e r i m e n t s .  

Compound Neurospora oxidase Viper oxidase Rattlesnake oridase 

Bacte r ia l  D A P  I6. 7 (6) 0-9 8 (3) o. I8 (I) 
M e s o - D A P  16.8 (8) 0.96 (3) o.18 (I)  
L-L-DAP 15. 7 (8) 0.97 (2) o.18 (I) 
D-D-DAP o (3) o (2) - -  
L - D A P - o - m o n o a m i d e  13.1 (4) 12.2 (2) 6.6 (3) 
D A P - d i a m i d e  (unresolved)  o (2) - -  - -  
Lqys ine  8.8 (4) 1.5 (3) 0.72 (3) 
L-naethionine 11-3 (3) > 114.o (2) ) 70.0 (I)  

With the L-L isomer, oxidation occurred in two stages (see Fig. I) : the first stage 
showed a steady oxygen uptake at a rate only slightly lower than that  of the meso form. 
When approximately Io /~M of oxygen had been consumed, the rate decreased suddenly, 
as shown by an abrupt  change in slope of the time curve of oxygen uptake;  this second 
stage continued at a fairly steady rate for some time. The final oxygen consumption 
reached 1.9-2.o atoms per mole of diaminopimelic acid. The same result was obtained in 
the absence of added catalase, showing that  the effect cannot have been due to the lack 
of catalase during the latter half of the experiment. The change in rate also occurred 
when the amount of L-L-diaminopimelic acid was halved; the initial rate of oxygen 
uptake was not affected by this change, but the reaction appeared to halt temporari ly 
after consumption of 5 t *M oxygen and resumed at a different speed (see Fig. I). 

Change in enzyme concentration, although affecting the initial rate of oxygen up- 
take in the expected way, did not eliminate the two-step oxidation of the L-L isomer. 
The change in slope occurred after approximately the same oxygen consumption, irre- 
spective of enzyme concentration. The mean oxygen consumption at which the reaction 
rate changed for different enzyme and substrate concentrations are as follows: IO /~M 
of L-L isomer, 7 experiments using I0, 15 or 20 mg of enzyme, change occurred between 
91 and 114 (mean lO3) /~l oxygen: 5 /,M of L-L isomer, 3 experiments with IO or 20 mg 
of enzyme, change occurred between 49 and 53 (mean 51) /xl oxygen. 
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Fig. I. Oxidat ion of diaminopimelic acid (DAP) isomers 
by Neurospora L-amino acid oxidase (2o rag) at pH 6.8; 
atmos.  O=. O-- - - O  L-L-DAP, IO IIM Curve 1, 5 I *M 
Curve 4. • . . . . .  • Meso-DAP, io t ,M Curve 2, 5 I* 31 
Curve 5- O---  0 Mixture, Meso-DAP, 5 /ZM q- LL- 
DAP, 2. 5 1~3I Curve 3. Z J - - - [ 2  D-D-DAP, IO/~3I 

Curve 6. 

With  I o - 2 o  mg of enzyme per  
flask, the  L-L isomer was oxidised at  a 
mean  ra te  7 % lower than  tha t  of the  
m e s o  form. This difference is ha rd ly  
outs ide  the  exper imenta l  error, but  
as it  was appa ren t  in every  ex- 
pe r imen t  it  is p robab ly  significant.  
W i t h  3o mg of enzyme no difference 
between the isomers was observed,  
bu t  the ra tes  (80 ~ l / io  min) were 
too high for accura te  measuremen t  
and are not  included in any  of the  
averages  shown in the  table.  

D-D-Diaminopimelic acid had  
no effect on the  course of ox ida t ion  
of e i ther  of the  other  isomers. The 
L-L isomer had  no effect on the  ini t ia l  
ra te  of ox ida t ion  of the  meso  form, 
the  to ta l  oxygen up t ake  was add i t ive  
and the change in slope due to L-L 
isomer  occurred at  the  usual I equiv-  
alent  of oxygen.  This  can be seen in 
Fig. I (curve 3) where 5 /xM of m e s o  

+ 2.5 ~ M  of L-L isomer showed 
change in slope at  8i  /xt O~ (theore- 
t ica l  84 txl). A mix ture  of all three 
isomers (5 ~ M  meso, ~ 2. 5 /xM of 
each of the  o ther  isomers) was oxi- 
dised at  the  same ini t ia l  speed as the  

m e s o  i somer  alone, and  the secondary  react ion was ident ica l  with tha t  ob ta ined  wi thout  
the  I)-D form. 

L-diaminopimel ic  ac id-D-monoamide  was a t t a c k e d  at  77'.'0 of the  speed of m e s o  

diaminopimel ic  acid. The oxygen up t ake  was cons tan t  unt i l  the  m a x i m u m  had been 
reached  and  s topped  ab rup t ly .  The figures for oxygen consumpt ion  were var iab le  and 
a lways  well below theore t i ca l  (92, 8o, 8I and  9 °/ ,1  0 2 per  l O / , M  of amide  being the  
ac tua l  figures obta ined) .  An unresolved  syn the t i c  mix ture  conta in ing  all three isomers of 
d iaminopimel ic  acid  d iamide  was not  a t t acked .  

V e n o m  L - a m i n o  ac i d  o x i d a s e s .  M e s o ,  bac te r ia l  and  L-L diaminopimel ie  acid were all 
a t t a c k e d  very  slowly b y  bo th  r a t t l e snake  and  v iper  venom oxidases  (see Table I). IOO mg 
of r a t t l e snake  venom had  to be used in each flask to  ge t  a measurab le  oxygen uptake ,  
but  wi th  the  more ac t ive  v iper  venom only 6o mg was used and reasonable  oxygen 
up t akes  were obta ined .  No differences between m e s o  and L-L isomers and the bac ter ia l  
m a t e r i a l  were found. The D-I) i somer  was not  a t t a c k e d  by  the v iper  oxidase ; r a t t l esnake  
venom was not  t r i ed  on this  i somer  because of i ts  low ac t iv i ty  towards  the  o ther  isomers. 
Both venoms oxidised L-lysine s l ight ly  fas ter  than  d iaminopimel ic  acid (Fig. 2) ; L-me- 
th ionine  was a t t a c k e d  at  a ra te  more than  IOO t imes tha t  of d iaminopimel ic  acid. L- 
d iaminopimel ic  ac id-D-monoamide  proved to be much more suscept ible  to a t t a ck  than  
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the free amino acid, particularly in the case of 
rattlesnake venom where 2o mg of venom pro- 
duced an oxygen uptake of 21 ixl/Io min with 
the monoamide and no measurable uptake with 
the free amino acid. The oxygen uptake with the 
amide was approximately I atom when large 
amounts of venom were used. Total oxygen 
uptake with the free amino acid could not be 
measured as the reaction was so slow that 
catalase became inactivated before the end of 
the experiment. Even with as much as IOO mg 
of viper venom the oxygen uptake was more 
than theoretical. 

The effect of dialyzing the venoms was to 
accelerate slightly the rate of oxidation of lysine 
in comparison with diaminopimelic acid. This 
was particularly noticeable with viper venom 
where the Qo2 values before dialysis were, for 
meso-diaminopimelic o.8o, and for L-lysine 0.82 
(see Table I for corresponding values after dia- 
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Fig. 2. Act ion of snake v e n o m  L-amino acid 
oxidases  on i o / , 3 I  of subs t r a t e s ;  p H  7.2, 
a t m o s p h e r e  O~. O m e s o - d i a m i n o p i m e l i c  
acid. • L-diaminopimel ie  acid-D-mono-  
amide.  [] L-lysine. - . . . . .  Viper v e n o m  (75 
m g ) , - - -  R a t t l e s n a k e  v e n o m  (IOO rag). 

lysis). Dialysis reduced substantially the residual oxygen consumption in the absence 
of substrate. 

DISCUSSION 

Diaminopimelic acid differs structurally from lysine only by having one more 
carboxyl group. Its similarity is also apparent in its susceptibility to the action of the 
L-amino acid oxidases. Both these amino acids are attacked by Neurospora oxidase at 
rates comparable with the other amino acids (BENDER AND KREBS e, BURTON3). The snake 
venoms oxidise both lysine and diaminopimelic acid much more slowly than the neutral 
amino acids; in fact, BENDER AND KREBS 6 and ZELLER v reported that lysine was not 
attacked by venom oxidases, but GREENSTEIN,  BIRNBAU.~ AND OTEY 8 showed that large 
amounts of enzymes would cause slow oxidation• In the case of diaminopimelic acid, 
up to ioo mg of venom had to be used to obtain measurable oxidation. Since kidney 
L and D-amino acid oxidases are known to have no action on lysine ~,8 it was not thought 
profitable to test diaminopimelic acid with these enzymes. 

As the initial rates of oxidation of L-L and meso-diaminopimelic acid were always 
essentially similar, it appears that the optical configuration at the co-carbon atom has 
no effect on the action of any of the oxidases studied. It is known that the charge on 
the co-carbon atom is of importance in determining susceptibility to venom oxidases, 
since any amino acid with an co-polar group, such as ornithine, lysine, aspartic acid or 
glutamic acid, is oxidised slowly if at all (ZELLERT). Blocking of the polar group, as in 
citrulline, ~-L-benzoyl lysine, asparagine and glutamine, renders the derivatives very 
susceptible to oxidation. Meso-diaminopimelic acid, with two co-polar groups, appears 
to belong to this class of amino acids; it is only slowly oxidised but is more susceptible 
following amidation of the D-co-carboxyl. In the case of Neurospora amino acid oxidase 
susceptibility does not appear to be influenced by co-polarity, since lysine, diaminopime- 
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lic acid and  L-diaminopimel ic  ac id-D-monoamide  are all  oxidised at  a p p r o x i m a t e l y  the  
same ra te  as the  neu t ra l  amino acid  methionine .  

The resul ts  descr ibed here on Neurospora oxidase,  a l though  in general  agreement  
wi th  those of BENDER AND KREBS, and BURTON, differ s l igh t ly  in the  re la t ive  ra tes  of 
ox ida t ion  of d iaminopimel ic  acid, lysine and  methionine .  As far as lysine and methionine  
go, t h e y  agree wi th  the  resul ts  of THAYER AND HOROWITZ ; ev iden t ly  the  s t ra in  of Neu-  

rospora used b y  BENDER AND KREBS and BURTON produces  an enzyme with a s l ight ly  
different specif ici ty from tha t  of HOROWITZ. BURTON found bac te r ia l  d iaminopimel ic  
acid  was oxidised at  3.6 t imes  the  ra te  of lysine;  the  enzyme used for th is  work, which 
was from HOROWITZ'S s t ra in ,  oxidised meso- or bac te r ia l  d iaminopimel ie  acid only I .  9 
t imes  as fast as lysine. Amida t ion  of d iaminopimel ic  acid produced  a sl ight  decrease in 
suscept ib i l i ty  to a t t a c k  b y  Neurospora enzyme.  Ev iden t ly ,  polar  groups in the co-position 
are not  responsible  for any  adverse  effect on suscep t ib i l i ty  to a t t a c k  by  this  enzyme 
and  change in po l a r i t y  has l i t t le  effect. 

The oxygen up t ake  ob ta ined  by  ox ida t ion  of L-L-diaminopimelic  acid by  Neurospora 

oxidase indica tes  t ha t  bo th  amino  groups are u l t ima t e ly  oxidised,  but  the  ab rup t  change 
in slope half  way  th rough  the reac t ion  suggests  t ha t  the  amino acid mus t  have a much 
grea te r  affinity for the  enzyme than  the p roduc t  p roduced  by  ox ida t ion  of only  one 
amino group. The mono-a-ke to  acid formed as the  p r i m a r y  ox ida t ion  p roduc t  m a y  
cyelise i m m e d i a t e l y  to form a 6-membered  ring, as in the  case of lysine where the  a-ke to  
acid  cyclises spon taneous ly  to A~-dehydropipecolic acid  (MEISTER 9, SCHWEET, HOLDEN 
~kND LOWY~°). W h a t e v e r  i ts na ture ,  the  p r i m a r y  ox ida t ion  p roduc t  from d iaminopimel ic  
acid ev iden t ly  is not  fur ther  oxidised unt i l  all the  d iaminopimel ic  acid or iginal ly  present  
has been a t t a c k e d  by  the enzyme.  

The quest ion of the  i den t i t y  of bac te r ia l  and  meso (resolved) d iaminopimel ic  acid 
has  been ful ly  dea l t  wi th  in ano the r  communica t ion  (HoARE AND WORKn). 
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SUMMARY 

The oxidation of the optical isomers and some amides of a,e-diaminopimelic acid by L-amino 
acid oxidases from Neurospora and snake venoms has been investigated. Neurospora oxidase attacked 
meso and L-L-diaminopimelic acid, L-diaminopimelic acid-D-monoamide, L-lysine and L-methionine 
at rates which were of the same order of magnitude. The total oxygen uptake/mole of amino acid 
was I atom for meso-diaminopimelic acid and 2 atoms for L-L-diaminopimelic acid, but after I atom 
had been consumed by the L-L-isomer, a sudden reduction in speed occurred. Meso and L-L-diamino- 
pimelic acid were oxidised very slowly by venom oxidases; L-diaminopimelic acid-D-monoamide was 
oxidised at about i2 times the rate of free meso-diaminopimelic acid. D-D-diaminopimelic acid was 
not attacked by any of the oxidases, and did not inhibit oxidation of the other isomers. The optically 
inactive diaminopimelic acid isolated from bacterial hydrolysates behaved identically with meso- 
diaminopimelic acid. 

RI2SUM~. 

L'oxydation des isom~res optiques et de quelques amides de l'acide a,~'-diaminopim~lique par 
les L-aminoacide oxydases de Neurospora et des venins de serpent a ~td dtudi&e. L'oxydase de Neuro- 
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spora a t t a q u e  l 'acide mdso et  l 'acide L-L-diaminopim61ique l 'acide, L-diaminopim61ique-D-monoamide ,  
la L-lysine et  la L-m6thionine  avec des v i tesses  qui  son t  du  mSme ordre de g randeur .  La  c o n s o m m a t i o n  
d ' oxyg~ne  to ta le  pa r  mole d ' amino-ac ide  est  de u n  a t o m e  pou r  l 'ac ide m~so-diaminopim61ique et  
de deux  a tomes  pou r  l 'acide L-L-diaminopim61ique,  reals, apr~s c o n s o m m a t i o n  d ' u n  a t o m e  pa r  
l ' i somSre L-L, une  d i m i n u t i o n  sub i te  de vi tesse  a lieu. Les  acides mdso et  L-L-diaminopim~liques  
s o n t  oxyd6s  tr~s l e n t e m e n t  pa r  les oxydase s  du ven in ;  l 'acide L-d iaminopim61ique-D-monoamide  es t  
oxyd6  env i ron  12 fois p lus  vi te  que  l 'acide mdso-diaminopim6lique libre. L 'ac ide  D-D-diamino- 
pim61ique n ' e s t  a t t aqu6  pa r  aucune  des  oxydases  et  n ' i nh ibe  pas  l ' oxyda t i on  des au t res  isonl~res. 
L ' ac ide  dianl inopim61ique o p t i q u e m e n t  inact i f  isol6 des  h y d r o l y s a t s  de bact6r ies  se compor t e  de la 
i n , m e  faqon que  l 'acide mdso-diaminopim6lique. 

Z U S A M M E N F A S S U N G  

Es  w u r d e n  U n t e r s u c h u n g e n  tiber die O x y d a t i o n  der  op t i schen  Isomeren ,  sowie einiger Amide  
v o n  a , e -Diamino-P ime l ins~ure  d u t c h  L-Aminos / iu renoxydase  aus  Neurospora u n d  Sch langeng i f t en  
durchgef i ih r t .  Neurospora-Oxydase oxyd ie r t  m i t  i thnlicher Geschwindigke i t  Meso- u n d  L-L-Diamino-  
p imel ins~ure ,  L~Diaminopimel ins~ure-D-Monoamid,  L-Lysin u n d  L-Methionin.  Die ge samte  Sauers toff-  
a u f n a h m e  per  Mol Aminos i iure  war  i A t o m  im Falle von  Meso-Diaminopimel ins i iu re  u n d  2 A tome  
im Falle yon  L-L-Diaminopimel insXure;  n a c h d e m  jedoch ein A t o m  durch  das  L-L-Isomer v e r b r a u c h t  
worden  war,  f and  ein pl6tzl iches H e r a b s i n k e n  der  Geschwindigke i t  s t a t t .  Meso- u n d  L-L-Diamino-  
p imel ins l iure  wurden  sehr  l a n g s a m  du rch  Sch langengi f t  oxydier t .  L-Diaminopimel insAure-D-Mono-  
amid  wurde  ungef~hr  zw01fmal so schnell  oxydier t ,  wie freie Meso-DiaminopimelinsAure. I~-D- 
Diaminop imel ins~ure  wurde  yon  keiner  der  O x y d a s e n  angegri f fen u n d  h e m m t e  die O x y d a t i o n  der  
ande ren  I someren  nicht .  Opt i sch  inakt ive ,  aus  B a k t e r i e n h y d r o l y s a t e n  isolierte Diaminopimel ins~iure  
be t rug  sich genau  so wie Meso-DiaminopimelinsAure. 
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