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A study has been made of the aminomalonic decarboxylase of rat liver, and evidence 
has been obtained for the rule of pyridoxal phosphate as a co-factor. Under the test 
conditions employed, the enzyme appears to be specific for aminomalonic acid, and is 
inhibited by several structural anaiogues 1e.g. a-methylaminomalonic acid, L-serine) 
which are not substrates. The nonenzymic decarboxylation of aminomalonic acid and 
a-methylaminomalonic acid at  p H  6 is promoted by pyridoxal phosphate or pyridoxal 
(,10-4 M and higher), and diethyl aminomalonate is decomposed at  this pH in the pres- 
ence of M pyridoxal phosphate. 

The existence of an enzyme that catalyzes the 
decarboxylation of aminomalonic acid was re- 
ported in a brief note by Shimura et al. (19561, 
who found it in the silk-gland tissue of silkworms 
and in rat-liver homogenates. In their studies of 
the silk-gland enzyme, these authors demonstrated 
that glycine and C 0 2  were the products of the 
reaction, that the pH optimum was near pH 6, 
and that the enzymic activity was inhibited by 
cyanide and hydroxylamine. A careful search of 
the biochemical literature has failed to reveal any 
subsequent paper on this subject by the above 
authors. A later note from their laboratory 
(Nagayama et al., 1958) reported the finding, in 
the silk-gland of silkworms and in rat-liver ho- 
mogenates, of a transaminase that catalyzes the 
amir-ation of ketomalonic acid (mesoxalic acid ) by 
L-alanine and several other amino acids. The 
possibility was raised that a route of glycine 
synthesis in the silk-gland may be: hydroxy- 
malonic acid itartronic acid) to ketomalonic acid 
to aminomalonic acid to glycine. The question 
of the role of aminomalonic acid as a glycine pre- 
cursor had been discussed several times previously 
in the biochemical !iterature Knoop, 1914: Haas, 
1916; Knoop and Oesterlin, 1927); in particular, 
Shemin (1946) excluded this possibility in the 
(.onversion of  L-serine to glycine in the intact rat 
bemuse +he COOH-C'3!"15 ratio in the glycine 
i'koiated as urihary hippuric acid) produced was 
the szme es in the administered labeled serine. 
In hie \veil-known note, Ogston (1948) commented 

this conciusion bj calling attention to the 
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possibility that aminomalonic acid, although a 
symmetrical compound, may be handled asym- 
metrically by an enzyme so as to  cause the selec- 
tive loss, by decarboxylation, of only one of the 
apparently equivalent carboxyl groups. Later 
work 0x1 the mechanism of the serine-glycine 
interconversion has led to the recognition of the 
role of the tetrahydrofolic acid compounds as co- 
factors (for a review, see Huennekens and Osborn, 
1959), and the possible intermediate role of amino- 
malonic acid in amino acid metabolism has re- 
ceived little attention recently. 

Because of our interest in the possibility that 
aminomalonic acid may be a naturally occurring 
amino acid, it appeared desirable to examine mpre 
closely the enzyme-catalyzed decarboxylation re- 
ported by Shirnura et ul. 119561. In the present 
communication we describe experiments with a 
meparation from rat liver, and offer evidence in 
iavor of a pyridoxal phosphate-dependent enzy- 
mic process. Observations are also reported on 
the catalysis of the nonenzymic decarboxylation 
of aminomalonic acid by pyridoxal phosphate. 
During the course of these studies with model 
systems, we noted that Neuberger r196i) had 
aiready observed the pyridoxal phosphate-pro- 
moted decarboxylatior, of aminomalonic acid. 

A number of syntheses of aminomalonic acid 
have been described since its first preparation by 
Baeyer i'1864) by the reduction of oximinomalonic 
acid (obtained from isonitrosobarbit.uric acid) 
with sodium amalgam. Later methods based on 
this approach have involved the preparation of 
diethyl isonit,rosomalonate by the treatment of 
diethyimalozate with NaNO? and acetic acid 
'Cerchez, 1930; Zambito and Howe, 1960), fol- 
lowed by reduction with aluminum amalgam 
(Piloty and Neresheimer, 1906; Puiochin, 1923; 
Cerchez, 1930 ), with hydrogen sulfide (Johnson 
and Nicolet, 1914). with Pt or Pd and HS (Puto- 
chin, i923; Schneider, 1937; Snyder and Smith, 
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1944; Hartung et al., 1960), or with Zn and acetic 
acid or formic acid (Galat, 1947; Hellmann, 1949; 
Hellmann and Lingens, 1954; Meek et d., 1959). 
The last reduction procedure has been performed 
with both the diethyl and dimethyl esters and 
leads to the formation of the acetamido- or 
fonnamidomalonates. Other synthetic routes to  
aminomalonic acid have been the reduction of 
nitromalonamide with sodium amalgam, followed 
by alkaline hydrolysis (Ruhemann and Orton, 
1895); the treatment of chloromalonic acid with 
ammonia in methanol (Lutz, 1902); the treat- 
ment of uramil (5-amhobarbituric acid) with hot 
concentrated alkali (Piloty and Finckh, 1904); 
and the catalytic hydrogenation of carbobenzoxy- 
aminomalonic acid (Beaujon and Hartung, 1952, 
1953). 

For the present work, the method of synthesis 
found to  be the most convenient involved the 
cleavage of the readily available diethyl formami- 
domalonate with HC1 in ethanol to yield diethyl 
aminomalonate hydrochloride, which was carefully 
saponified. For the study of the specificity of 
aminomalonic decarboxylase, a-methylamino- 
malonic acid was prepared by methylation of 
diethyl formamidomalonate, and subsequent 
treatment of the a-methyl derivative in the man- 
ner outlined above for the preparation of amino- 
malonic acid. 

In  agreement with the report of Shimura et al. 
(1956), homogenates and aqueous extra& of rat 
liver were found to  contain aminomalonic decar- 
boxylase activity. No appreciable activity was 
found in extracta of calf kidney: saline extracts 
of calf liver exhibited some activity, but this 
was markedly reduced upon dialysis against 
water. For the characterization of the rat-liver 
enzyme, a preparation was obtained in the follow- 
ing manner: From the supernatant fluid (frac- 
tion I) from a homogenate prepared with 0.15 M 
KC1, an acetone powder was obtained. The 
dialyzed aqueous extract (fraction 11) of this 
powder was fractionated with ammonium sul- 
fate, and the material that  precipitated between 
40% and 55% saturation was collected and 

TABLE I 

DECARBOXYLASE" 
PREPARATION OF RAT LIVER AMINOMALONIC 

~ ____.___ 

Enzyme Unitsc Protein 

Frac- Total Specific 
tion* Total 70 ig) 7; Activity 

~ 

I d  68,640 33 2 08 
I1 67,400 98 30 6 93 2 20 
I11 24,200 35 5 . 8  18 4 15 

a Based on a preparation from 620 g of rat liver 
(for details, see experimental section). The designa- 
tion of the fractions is given in the text. Enzyme 
assays conducted with 2 mg of protein per 2.5 ml 
incubation mixture, which also contained M 
pyridoxal phosphate. Before assay, a 5-ml sample 
was dialyzed for 4 hours against 20 liters of water. 

TABLE I1 
EFFECT OF PYRIDOXAL PHOSPHATE ON EN~YMIC 

DECARBOXYLATION OF AMINOMALONIC ACID 
Standard conditions of enzyme assay (see experi- 
mental section), except as noted. 

Pyridoxal 
Phosphate 

Added Enzyme Enzyme 
Absent Present per ml 

CO, Evolution in 10 Minutes 

(mpmoles) (P1) (A 
None 27 0 

0.01 28 
0 1  32 
1 0  41  

10 59a 7 
100 25 

1000 108 

a With 0.1 ml of 10 yo KOH in the center well of the 
Warburg vessel, no CO, evolution was observed. 
Also, after the enzyme preparation had been heated 
at  100' for 2 minutes, no CO, evolution was noted in a 
test assay. 

dialyzed (fraction 111). The details of a repre- 
sentative preparation are given in the experi- 
mental sedion, and the data on the specific ac- 
tivity of the fractions are presented in Table I. 

It is evident that only slight concentration of 
enzymic activity was attained by this procedure, 
and efforts were made to  effect further purifica- 
tion. Although encouraging results were obtained 
by the further treatment of fraction 111 with 
calcium phosphate gel and by column chromatog- 
raphy on DEAE-cellulose, these purification 
steps led to preparations that were unstable upon 
storage. For this reason, attempts to  obtain a 
more highly purified enzyme preparation were 
suspended in the hope that better knowledge of 
the properties of the crude preparation might 
make future efforts in this direction more success- 
ful. 

As might have been expected from the nature 
of the chemical reaction catalyzed by the enzyme 
preparation, it is promoted by the addition of 
pyridoxal phosphate (Table 11). The study of 
the effect of increasing concentrations of this co- 
factor was limited by the fact that, a t  pH 6 and 
37.5', pyridoxal phosphate (at M or higher) 
catalyzes appreciable decarboxylation of the sub- 
strate in the absence of the enzyme preparation. 
For this reason, the enzymic experiments were 
conducted in the presence of 10-5 M pyridoxal 
phosphate. The nonenzymic decarboxylation of 
aminomalonic acid and related compounds will 
be discussed later in this communication. The 
fact that some CO, evolution is observed in the 
enzyme assay without the addition of pyridoxal 
phosphate (Table 11) suggests that this co-factor 
is present in the enzyme preparation, as in the 
case of other crude preparations of amino acid 
decarboxylases from animal tissues (see, for ex- 
ample, Schales and Schales, 1949). 

The pH dependence of aminomalonic decar- 
boxylase activity was studied in the presence of 
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the following buffers (all a t  0.1 M and as sodium 
salts): succinate (PH 4.0-5.8), citrate (PH 4.8- 
5.8), cacodylate (PH 5.34.6), phosphate @H 
5.84.8). The p H  dependence curve showed 
maximal activity with a plateau in the region p H  
5.54.5, and therefore p H  6.0 was selected for the 
standard assay of the enzyme. The pH-depend- 
ence curve shows a marked drop a t  p H  values 
more acid than 5.5; this is attributable to  the 
instability of the enzyme, since incubation of the 
preparation for 30 minutes a t  37.5" and p H  values 
below 5 before testing causes complete loss of 
enzyme activity (teated at  p H  6 in the usual 
manner). The enzyme preparation appears to 
be stable over the p H  range 5.54.0. 

Upon paper chromatography (Whatman No. 1 
paper) of an incubatioii mixture with n-propanol- 
ammonia-water (6: 3 : 1 v/v) ,  ninhydrin-positive 
components corresponding to  aminomalonic acid 
(RF 0.30) and to glycine (Rp 0.43) were observed, 
in agreement with the report of Shimura et al. 
(1956). 

In the enzyme-catalyzed decarboxylation of 
aminomalonic acid, 10 -5 M pyridoxal phosphate 
cannot be replaced by an equal concentration of 
either pyridoxal or pyridoxamine phosphate. 
As will be seen from Table 111, pyridoxal did not 
promote the enzymic reaction a t  concentrations 
as high as M, the CO, evolution a t  this 
concentration being entirely attributable to the 
action of pyridoxal in catalyzing the nonenzymic 
decarboxylation of aminomalonic acid. At a 
concentration of 10 - 2  M pyridoxamine phosphate, 
the rate of CO, evolution was about 80% of that 
observed in the standard control assay; it ap- 
pears possible that the crude enzyme preparation 
caused the formation of sufficient pyridoxal 
phosphate to promote the decarboxylation reac- 
tion. Pyridoxine (pyridoxol) had no stimulatory 
or inhibitory effects a t  concentrations as high as 

The conclusion that aminomalonic decarbox- 
ylase is a pyridoxal phosphatdependent enzyme 

10 -' M. 

TAKLE 111 
EFFECT OF PYRIDOXAL ON THE DECARBOXYLATION o~ 

AMINOMALONIC ACID 
Standard conditions of enzyme assay (see experi- 
mental section), except that pyridoxal was used in 
place of M pyridoxal phosphate. 

CO2 Evolution in 10 Minutes 
- __ 

Pyridoxal Enzyme Frizyme 
Added Present Absent 
per ml (1) 121 (1) - (2) 

(pmoles) blj fp l1  (rl) 
0.01a 22 5 17 
0 . 1  23 1 0 13 
1 . 0  36 21 12  

10 138 119 19 
None 23 0 23 

A control experiment with M added pyri- 
doxal phosphate gave a CO, evolution of 60 p1 during 
the first 10 minutes. 

TABLE IV 
EFFECT OF ALDEHYDE REAGENTS ON AMINOMALONIC 

DECARBOXYLASE 
Standard conditions of enzyme assay (see experi- 
mental section). 

55 Inhibition 
of Enzyme Activity 

1 0 - 5  io- '  10-3 1 0 - 2  

Reagent M M M M 

Hydroxylamine 55 92 
Semicarbazide 5 15 79 100 
Phenylhydrazine 2 23 62 88 
Sodium cyanide 1 17 60 85 
Sodium bisulfite 0 2 16 51 

is supported by the inhibitory effect of aldehyde 
reagents. As shown in Table IV, hydroxylamine, 
semicarbazide, phenylhydrazine, cyanide, and 
bisulfite (in the concentration range 10 -5-10 -, M) 
are inhibitors, with hydroxylamine the most 
effective one of those tested. 

During the course of the attempts to purify the 
enzyme by salt fractionation, i t  was observed 
that the enzymic activity was inhibited by KC1 
a t  concentrations higher than 0.1 N. Further 
examination of this phenomenon showed that the 
addition of other salts showed a similar inhibitory 
effect. With KC1, NaC1, and imidazolium chlo- 
ride, the decrease in rate was proportional to salt 
concentration over the range 0-0.7 N. The con- 
centrations of the salts causing 50% decrease in 
ertzyniic activity (under the standard conditions 
of assay J were: KC1, 0.55 N; NaC1, 0.4 N;  imida- 
zolium chloride, 0.45 N. I t  was of interest to find 
that 0.4 N NaI caused almost complete inhibition 
of enzyme activity, with a 50% decrease a t  about 
0.2 N,  whereas 0.7 N Na$04 inhibited the activ- 
ity only about 40%. Clearly, these effects can- 
not be explained solely on the basis of the influ- 
ence of the ionic strength of the medium on 
enzymic activity. I t  may be added that the 
inhibitory effect of 0.7 N NaCl is reversible, since 
the activity of a salt-treated sample dialyzed 
against water was the same as that of a control 
solution dialyzed in the same manner. The possi- 
bility exists that the inhibition of enzymic activity 
by high concentrations of salts may be in part a 
consequence of the dissociation of the pyridoxal 
phosphate-enzyme complex. 

The enzymic activity (in the presence of 10-5 
M pyridoxal phosphate and 0.1 M cacodylate 
buffer, pH 6 )  was completely inhibited by 10-3 
M CuCl? and by 10 --I M HgC1,; it was only slightly 
inhibited (10-20%) by the presence of 10-3 
M concentrations of the following salts: MgS04, 
MnCl?, SnCl.), CoCl,, ZnCL, NiCl,, FeS04, FeC13, 
and AIISO,)a. No inhibition was observed with 
10 - - ?  M ethylene diaminetetraacetate or p-mercap- 
toethanol. On the other hand, 10-2 M p-mer- 
captoethy lamine and L-cysteine were strongly 
inhibitory (54% and 71% respectively). This 
action of aminothiols may be attributed to their 
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reaction with pyridoxal phosphate to form 
thiazolidines (Hey1 et al., 1948; Buell and 
Hansen, 1960). 

The following compounds were tested under 
the standard assay conditions as substrates (at 
0.05 M) in place of aminomalonic acid: carbobenz- 
oxyaminomalonic acid, glycylaminomalonic acid, 
carbobenzoxyglycylaminomalonic acid, a- 
methylaminomalonic acid, glycine. L-serine, D- 
serine, L-threonine, L-cysteine, L-aspartic acid, 
L-glutamic acid, a-aminoisobutyric acid, a-methyl- 
malonic acid, ketomalonic acid, and hydroxymalo- 
nic acid. None of these compounds was decar- 
boxylated during the 30-minute period of the assay. 
It was of interest to find that CO? was liberated 
upon the incubation of diethyl aminomalonate 
with the enzyme and pyridoxal phosphate, but 
control experiments showed that this reaction 
could be accounted for by a nonenzymic process 
that is promoted by 10-5 M pyridoxal phosphate. 
It would appear that, of the compounds tested 
thus far, the only one that serves as a substrate 
for the enzyme under study is aminomalonic acid 
itself. Substitution of the amino group, or ita re- 
placement by a keto group or hydroxyl group, 
renders aminomalonic acid resistant to enzymic 
decarboxylation. Similarly, replacement of the 
a-hydrogen by a methyl group abolishes the en- 
zyme-catalyzed reaction, although; as will be seen 
later, a-methylaminomalonic acid is decarboxy- 
lated nonenzymicslly in the presence of 10 -:I M pyri- 
doxal phosphate 

It should be noted that the failure of the 
enzyme preparation to catalyze the decarboxyla- 
tion of ketomalonic acid a t  pH 6 appears to ruie 
out this compound as an intermediate in the en- 
zymic decarboxylation of aminomalonic acid, 
and makes it wilikely that the enzyme preparation 
catalyzed a transamination reaction Braunstein, 
1939; Cohen, 1939; Green et ai., 1945; with a 
keto acid present in the incubation mixture, fol- 
lowed by spontaneous decarboxylation uf the 
resulting ketomalonic acid. The lietomaionate- 
amino acid transaminase found in rat liver by 
Nagayama et al. 1958 i is reported to be optimally 
active a t  alkaline pH values. i n  this connection, 
i t  shodd be added that Mix i96! 1 reported a non- 
anzymic reactior: in which pyyidine and C u - . - ~  
promoted the decarbox:ila:ion i,f ketomalonic acid 
in the presence of a-nmino acids e g . ,  phcnylala- 
nine'; a t  37" tirid p H  7. This suggested !,lie pos- 
sibilify that aminomalonic acid might react with 
pyridoxal phospkiate to form pyridoxamine phos- 
nhate plus ketcnialonic add. which in the pres- 
knce of an amino acid would undergo decarboxyla- 
tis?. However, the addition of equimolar zon- 
i.entratons of L-glutamic acid, L-aspartic acid, or 
L-phenylalanine did not promore the rate of de- 
carboxylation of ketomalonic acid a t  '7I-I 6 in the 
presence of 10 --i M pyridoxd phosphate. 

Many of the compounds tested 8.3 pomibie sub- 
strates were dso  tested as inhibitors of' the en- 
zymic decarboxylation of aminomaicnic acid. 
From Table V it may be seen that the a-amino 

TABLE V 
INHIBITION OF AMINOMALONIC DECARBOXYLASE BY 

STRUCTURAL ANALOGUES 
Standard conditions of enzyme assay (see experi- 
mental section). 

"/b Inhibition of 
Enzyme Activity 

0.01  0.03 0.05 
Added Substance M M M  

Glycine 12 35 
LAlanine 10 15 
L-Serine 58 71 

24 40 D-Serine 
L-Threonine 
L- Cyst eine 71 
L-Aspartic acid 5 21 
L-Glutamic acid 
0-Aminoisobutyric acid 

Carbobenzoxyaminomalonic acid 
Glycylaminomalonic acid 
Carbo benzoxyglycylamino- 

Malonic acid 
Methylmalonic acid 
Ketomalonic acid 
Hydroxymalonic acid 

a-Methylaminomalonic acid 23 'io 

malonic acid 

48 
24 
81 
50 
21 

35 
4 

11 
89 
86 a 

35 
810 

6 
19 

4 
29 

'I A copious precipitate appeared in the incubation 
mixture. 

acids examined were found to be inhibitory in 
varying degree. Of these, L-cysteine, L-serine, 
and a-methylaminomalonic acid were the most 
effxtive. As noted before, the inhibition by L- 
cysteine cannot be attributed solely to i ts  sulf- 
hydryl group, since 10 - I  M $3-niercaptoethanol 
was not an inhibitor, but rather to the fact that 
r.,-cysteine is an aminothiol. The inhibition by 
L-serine, which is more effective than D-Serhe, 
suggests that this amino acid reacts with the 
active region of the catdytic protein; the possi- 
bility of oxazolidine formation with pyridoxal 
phosphate cannot be excluded, a!thongh ethanol- 
amine (0.05 M )  was not an eirctctivs inhibitor (21 % 
inhibition , of aminomalonic decarboxylase. Gly- 
cine la product of ihe decarbox;7!ation of amino- 
malonic acid) and L-aspartic acid mere inhibitors, 
whereas L-glutamic acid did not appear to have an 
appreciable effect. Of speciai Interest, k the 
inhibition by Lr-metnyiaminomalonic acid; a- 
methyl de;ivatives of aromatic a - a r n h  aci& 
have been fourid to be inhibitors of a n  emvme 
preparation from guinea pig  kid?^:? that catalyzes 
the decarboxylation of 3,4-dih?idioxVnhe1lylai- 
anine, 5-hydroxytryptopnan. iryptophari. anci 
phenylalanine (Lovenberg et al., !%:! i. 

under the 2xperimental conditions of the 
standard assay method, a series of measurements 
of the initial rate ci' the decarboxyistion of 
aminomalonic acid as a function of substrate con- 
centration gave values fur K .  of 0.013-0.015 M. 
i n  these determinations, the s!cjpe and intercept 
were calculated from the data by the method of 
least squares. Lineweaver-Burk plots far t h  
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enzymic decarboxylation of aminomalonic acid in 
the presence of a-methylaminomalonic acid (0.02 
M) and L-serine (0.005 M )  gave data that accorded 
(within the precision of the method) with the 
assumption that these compounds are competitive 
inhibitors; the calculated K ,  values were 0.008 
M and 0.0015 M respectively. 

The observation that L-serine is an effective 
inhibitor of aminomalonic decarboxylase raised 
the question of whether the enzyme under 
study was serine hydroxymethylase, one of whose 
properties might be to  catalyze the decarboxyla- 
tion of aminomalonic acid. It was found that 
0.025 M L-serine a t  p H  6, in the presence of the 
enzyme preparation and 10-5 M pyridoxal phos- 
phate, did not give rise to the formation of 
measurable quantities of formaldehyde. Fur- 
thermore, no formaldehyde disappearance was ob- 
served when 0.05 M glycine and 0.006 M formalde- 
hyds were incubated in the presence of the en- 
zyme preparation and 10 -5 M pyridoxal phosphate. 
Control experiments showed that this concentra- 
tion of formaldehyde exerted only a slight inhibi- 
tory effect (12% ) on the enzymic decarboxylation 
of aminomalonic acid under the standard condi- 
tions of assay. 

As noted in Table 11, the nonenzymic decar- 
boxylation of aminomalonic acid a t  p H  6 is pro- 
moted by pyridoxal phosphate a t  concentrations 
higher than 10-6 M. Thus, a t  10-3 M pyridoxal 
phosphate, and with 0.05 M aminomalonic acid, 
there is a rapid production of 108 p1 of CO? 
(4% of the theory) during the first 10 minutes, 
with a marked slowing of the rate thereafter. Of 
special interest is the observation that 1 0 - 3  M 
pyridoxal was less effective in the nonenzymic 
reaction than M pyridoxal phosphate, the 
initial rates being in the ratio G f  about 1 : 3. This 
difference may be a consequence of the fact that, 
a t  pH 6, a large proportion of the pyridoxal is in 
the form of its hemiacetal iMetzler and Snell, 
1955). The addition of glycine 10.05 M )  did not 
inhibit the initial rate of decarboxylation in the 
presence of either pyridoxal or pyridoxal phos- 
phate (10 - 3  M 1 .  

Whereas a-methylaminomalonic acid was not 
decarboxylated enzymically under the standard 
conditions of enzyme assay. nonenzymic decar- 
boxylation of this compound at  pH 6 could be 
demonstrated in the presence of 10-j M pyridoxal 
phosphate. Under these conditions. the initial 
rate of CO: liberation was about 50% of that for 
aminomalonic acid. Paper chromatography 
(Whatman No. 3 M M  paper, phenol-water, 
4: 1 v 'v) of the incubation mixture showed the 
presence of alaninp ~ R z  0.60 , as : x i 4 1  as of a- 
methylaminomaloriic acid iR> 0.1 8 

Relatively few examples are known of the 
nonenzymic catalysis of the dec-arboxylation of 
amino acids by pyridoxal or re la td  aldehydes 
(Snell, 1958 ). The possibility of the nonenzymic 
decarboxylatior of histidine by pyridoxa! (or its 
phosphate) was suggested by the report of Werle 
and Koch 11949). More definitive evidence was 

presented by Kalyankar and Snell (1957, 1962), 
who showed that a-methyl-a-amino acids, when 
heated in dilute aqueoa  solutions with pyridoxal 
in the absence of metal ions, undergo decarboxyla- 
tion reactions. The cy-methyl compounds were 
chosen to avoid the romp  cation of competing 
transamination reactions and the decarboxylation 
of the keto acids under the experimental condi- 
tions employed. The decarboxylation of amino- 
malonic acid in the presence of pyridoxal or pyri- 
doxal phosphate a t  p H  6 and 37.5" thus represents 
a reaction of special interest, whose mechanism 
merits further investigation. 

It should be noted that a-methylaminomalonic 
acid, which undergoes nonenzymic decarboxyla- 
tion in the presence of 10 - 3  M pyridoxal phosphate, 
is resistant to the action of the enzyme a t  a pyri- 
doxal phosphate concentration (10 -5 M )  sufficient 
to promote rapid decarboxylation of aminomalonic 
acid. Further studies are needed to establish 
whether the mechanism of the model reaction is 
similar to  that of the enzyme-catalyzed processes. 
Experiments with tritiated water and with D,O 
may contribute to the elucidation of this question. 
Mandeles et al. (1554) showed that in the decar- 
boxylation of tyrosine (and of other amino acids) 
by bacterial decarboxylases in the presence of 
D20, only one deuterium atom entered the result- 
ing amine, and Belleau and Burba (1960) demon- 
strated that the process occurs with retention 
of configuration about the asymmetric carbon 
of tyrosine (see Westheimer, 1959). 

The observation, mentioned above, that 10 --j 
M pyridoxal phosphate promotes the liberation of 
CO, from 0.05 M diethyl aminomalonate a t  p H  
6 and 37.5" deserves further attention. At  10-3 
M pyridoxal phosphate, the initial rate of CO, 
evolution is about 4 times that for 0.05 M amino- 
malonic acid. Since CO, is not evolved a t  a 
measurable rate from diethyl aminomalonate 
under the above conditions in the absence of 
pyridoxal phosphate, it  would seem that the 
decomposition is catalyzed by the intermediate 
formation of an imine (Metzler, 1957; Matsuo, 
1957; Lucas et al., 1962); indeed, when 10-3 M 
pyridoxal phosphate and 0.05 M diester are mixed, 
a deep yellow color appears in the solution, 
whoss absorption spectrum shows a maximum a t  
460 mp. Further work is needed to elucidate the 
mechanism of the reaction; the decomposition 
may involve the transient formation of monoethyl 
carbonate which is rapidly converted in water to  
CO? and ethanol, or may proceed by initial 
hydrolysis to the monoethyl ester which is 
decarboxylated. 

The fact that the diester is decomposed a t  p H  
6 in the presence of 10 -; M pyridoxal phosphate, 
whereas the nonenzymic decarboxylation of 
aminomalonic acid a t  this p H  value requires higher 
concentrations (ca. 10 ~ ~i of the aldehyde may 
be attributed to the lower p K '  value of the NH, + 

group of the diester. I t  may be added that, at 
p H  6 and 37.5", 1 0 - 3  M pyridoxal phosphate did 
not promote any CO evolution in the presence of 
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0.006 M aminomaiondiamide (tested a t  this con- 
centration because of ita sparing solubility in 
water). 

The available data suggest that the pyridoxal 
phosphatepromoted nonenzymic decarboxylation 
of aminomalonic acid a t  p H  6 involves the forma- 
tion of an imine, and electron withdrawal from the 
bond to  be cleaved, in the manner postulated for 
other pyridoxal-catalyzed model reactions (Snell, 
1958). In the decarboxylation of aminoma- 
lonic acid a t  acidic p H  values (in the absence 
of pyridoxal phosphate), the facilitation of C-C 
bond cleavage may involve internal hydrogen 
bonding between a COOH group and a COO- 
group, in analogy to the mechanism postulated 
for the decarboxylation of 6-keto acids (West- 
heimer and Jones, 19411. I t  is well known that 
the ionic form +NH3CH(COO-)2 or NH,CH- 
(COO-)z is stable to  decarboxylation, and pre- 
liminary experiments in this laboratory have 
shown that the greatest change in the rate of non- 
enzymic decarboxylation of aminomalonic acid 
(in the absence of pyridoxal phosphate) occurs in 
the p H  range 2 to 6. As noted in the experi- 
mental section, the pK2' of the amino acid is 3.1 
(pK1' has not been determined, but is probably 
near l ) ,  indicating that the dipolar ion I +NH3CH- 
(CO0H)COO-] is the reactive species in the de- 
carboxylation reaction over the p H  range l to 6. 
The extent to which these suggestions are valid 
may emerge more clearly from studies, now in 
progress, of the kinetics of the nonenzymic de- 
carboxylation of aminomalonic acid as function 
of p H  in the presence and absence of pyridoxal 
phosphate and related aldehydes. 

EXPERIMENTAL 
Preparation of Aminomalonic Acid.-Diethyl 

formamidomalonate i 25 g; Aldrich Chemical 
Co.) was dissolved in 600 ml of absolute ethanol 
containing 22 g of HC1 and kept a t  room tempera- 
ture for 20 hours. The solution was concentrated 
to dryness under reduced pressure, and the evapo- 
ration was repeated three times after the addition 
of 100-ml portions of absolute ethanol. The 
residual solid was dissolved in absolute ethanol, 
and ether was added to  induce crystallization. 
After standing overnight in the refrigerator, the 
suspens:on was filtered and the precipitat, 0 was 
washed with ether. Yield, 20 g 177% of the 
theory 1 ;  m.p. 159-160". The following melting 
points have been reported for diethyl aminomalo- 
Rate hydrochloride: 162- Putochin, 1923 ); 164- 
165" (Hartung et ul., 1960); 170" (Levene and 
Sshormuller, 1934 . Anal. Calcd. for CiHj,O,NC1 
1211.7) :  N. 6.6. Found, N, 6.5. 

A solution of the ester hydrochloride 15 g, 
0.0236 mole) in 88 ml of N NaOH was heated on 
the steam bath for 5 minutes, chilled in ice and 
ad.justed to p H  6 with 2 N acetic acid. An aque- 
ous solution 150 ml) of lead acetate trihydrats 
(12.5 gi was added, and, after the suspension had 
been kept in the refrigerator overnight, it was 

filtered. The precipitate was washed with water, 
suspended in 70 ml of water, and treated with a 
stream of H2S for 40 minutes with stirring and 
cooling. The PbS was removed by filtration, 
the solution was concentrated to a small volume 
(bath temperature, 30'), and absolute ethanol 
was added. After standing in the refrigerator, 
the suspension was filtered, and the product 
was washed with ethanol. Yield 2.4 g (85% of 
the theory): m.p. 14Ck142' (decomp.) Anal. 
Calcd. for C3H;0,N (119.1): N, 11.8. Found, 
N, 11.7. Ruhemann and Orton (18951 reported 
a m.p. of 109" (decomp.) for the monohydrate, 
which they obtained by hydrolysis of the diamide. 
Although most of the preparations of amino- 
malonic acid made by us separated as anhydrous 
preparations, occasionally the monohydrate was 
obtained. 

Preparations of aminomalonic acid, upon ascend- 
ing paper chromatography (Whatman No. 1 
paper) with n-propanolammonia-water (6: 3: 1 
vlv)  exhibit an RF value of 0.30; only slight 
contamination by glycine (RF 0.43) was observed. 

An aqueous solution (0.01 M) of an analytically 
pure sample of aminomalonic acid, upon titration 
a t  37' with 0.1 M NaOH in the presence of 0.1 
N KC1 (Radiometer TTTl apparatus), gave a 
value of 3.10 for pK2' and of 9.00 for pK3'. The 
value of pKI'  found here compares favorably with 
that calculated (3.11) from the electrolytic disso- 
ciation constant reported by Lutz (1902). 

Preparation of a-Methyl-a-amilzumalonic Acid. 
-Diethyl cu-methyl formamidomalonate was pre- 
pared by treatment of 10.95 g (0.054 mole) of 
diethyl formamidomalonate with 100 ml of 0.54 
N sodium ethoxide in absolute ethanol and 11.4 g 
(0.08 mole) of methyl iodide under reflux for 3.5 
hours. The reaction mixture was concentrated 
under reduced pressure to an oil, which was 
washed with water and then extracted with three 
40 ml portions of ether. The combined ether 
extracts were dried over exsiccated Na SOa, and 
concentrated under reduced pressure. The prod- 
uct crystallized from an ethanol-petroleum ether 
mixture. Yield, 8.0 g 168% of the theory); 
m.p. 4S51'. Anal. Calcd. for C,HI;O5N (217.2): 
N, 6.45. Found, N, 6.3. 

The product (1 g) was defmmylated in the 
manner described above for aminomalonic acid. 
Crystallization was induced by treatment of the 
resulting oil with petroleum ether, and the 
deformylated product was recrystallized from 
benzene-petroleum ether. Yield, 0.65 g (63% of 
the theory); m.p. 87-89'. The hygroscopic 
diethyl a-methyl-a-aminomalonate hydrochloride 
i0.6 g )  was saponified in the manner descrihd 
above for aminornalonic acid. Yield, 0.28 g (79% 
of the theory); in contrast to the parent com- 
pound, the a-methyl derivative does not decompose 
below 250". The product was recrystallized 
from aqueous ethanol for analysk 

Anal. Calcd. for C,H;O,N 1133.1): C, 36.1; 
H, 5.3; N, 10.5. Found: C, 36.0; H, 5.1; 
N,  10.4. 
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Other Compounds.-The following compounds 
were commercial preparations or were prepared 
according to the reference cited. Pyridoxal 
phosphate monohydrate, pyridoxal hydrochloride 
(Sigma Chemical Co.); pyridoxine hydrochloride 
(Merck and Co.); pyridoxamine phosphate, 0- 
mercaptoethanol (California Corporation for Bio- 
chemical Research); D-serine (Nutritional Bio- 
chemical Corp.); L-serine, L-glutamic acid, L- 
aspartic acid, L-alanine, L-cysteine, a-aminoiso- 
butyric acid, cacodylic acid (Mann Laboratories); 
glycine, malonic acid, ethanolamine (Matheson, 
Coleman and Bell); sodium ketomalonate, tar- 
tronic acid (Aldrich Chemical Co.); pmercapto- 
ethylamine hydrochloride (Evans Chemetics); 
carbobenzoxyaminomalonic acid im.p. 142' de- 
camp.; Beaujon and Hartung, 1953); carbobenz- 
oxyglycylaminomalonic acid (m.p. 146" deco p.; 
Schneider, 1937); glycylaminomalonic acid g . p .  
220 " decomp.; Schneider, 1937); aminomalondi- 
amide (m.p. 191-192" decomp.; Piloty and 
Neresheimer, 1906). 

Enzyme Preparation.-Except where indicated, 
all operations were performed in a cold room a t  
3". Six hundred twenty g of liver (from 40 rats) 
was homogenized for 1 minute with 1300 ml of 
0.15 M KC1 a t  low speed in a large Waring blen- 
dor. Upon centrifugation of the resulting mix- 
ture (2.1 liters) for 30 minutes a t  9OOO rpm in the 
HR-1 International Centrifuge, 1560 ml of super- 
natant 0uid was obtained; this was centrifuged a t  
54,000 X g for 1 hour in the No. 30 rotor of the 
Spinco Model L centrifuge. The clear solution 
(fraction I, 1.2 liters) was dripped rapidly into 10 
volumes of acetone kept a t  -20" with solid C02, 
the precipitate was filtered with suction, and the 
filter cake was washed five times by resuspending 
it each time in 3.6 liters of acetone ( -20'). The 
acetone powder was dried overnight in vacuo a t  
room temperature and kept a t  0'. 

The acetone powder (8 g) was ground with 160 
ml of water, the mixture was dialyzed for 4 hours 
against three 6-liter portions of water, and the 
insoluble material was removed by centrifugation 
to yield 164 ml of extract ffraction 11). Saturated 
ammonium sulfate (109 ml) previously adjusted 
to  p H  8.3 was added to 40% saturation, the pre- 
cipitate was removed by centrifugation, and to the 
supernatant fluid 83 ml of saturated ammonium 
sulfate was added ta  5ET saturation. The pre- 
cipitate w-as collected by centrifugation and dis- 
solved in 12  ml of water, and the solution was 
dialyzed against llwee 6-liter portions ol' water for 
10 hours to yield 27 ml of enzyme solution rfrac- 
tion 111). After dilution to 20 mg protein per ml 
with water, the solution was dispensed in 2-ml 
samples which were kept frozen and used as 
needed. Whereas the acetone powder retains its 
origina! enzymic activity for several months, 
fraction 111 may lose up to 50% of its activity 
within a monrh. 

Enzyme Assay.-'The decarboxylation of amino- 
malonic acid was followed manometrically a t  
37.5'. Except where otherwise stated, the main 

Yield, 55 g. 

chamber of the Warburg vessel contained 2 ml of a 
solution composed of the enzyme preparation, 
250 Fmoles of sodium phosphate buffer @H 6.0 
st 0.11, and 25 mpmoles of pyridoxal phosphate. 
The side-arm contained a solution of 125 pmoles 
of aminomalonic acid in 0.5 ml water (adjusted 
to p H  6 with NaOH). After the solutions had 
been introduced into the vessels, the manometers 
were gassed for about 10 minutes with N?, the 
stopcocks were closed, and temperature equilibra- 
tion was allowed to  proceed for about 3 minutes. 
The contents of the side-arm were then tipped into 
the main chamber, about 45-60 seconds were 
allowed for temperature eqmlibration, and mano- 
metric readings were taken at  10-minute intervals 
for 30 minutes. In general, the rate of CO, evolu- 
tion was linear over this time period. In  the 
calculation of the vessel constants, a correction 
was applied for C 0 2  retention a t  p H  6 by the 
reaction mixture (Umbreit et al., 1957); in experi- 
ments to determine the p H  dependence of enzymic 
activity, appropriate changes in the correction 
factor were made for p H  values more alkaline 
than p H  6. Control experiments showed that 
the 10-minute equilibration period was sufficient 
for interaction of pyridoxal phosphate with the 
enzyme. 

An enzyme unit is defined as the amount causing 
the liberation of 10 p1 of COz in 30 minutes, and 
the specific activity is given as units per mg pro- 
tein (as determined by the biuret method [Layne, 
19571). Unless otherwise stated, the enzyme 
concentration was 4 mg of protein per 2.5 ml in- 
cubation mixture. In  the experiments in which 
the effect of inhibitors was tested, these com- 
pounds were added to the main chamber of the 
Warburg vessel. 

For the determination of the ability of the 
enzyme preparation to promote the formation of 
formaldehyde from L-serine or the uptake of 
formaldehyde in the presence of glycine, the 
chromotropic acid method of Frise11 et al. (1954) 
was employed. 

Nonenz-yrnic Decarboxylation Experiments.-Un- 
less otherwise stated, the concentration of the 
test compounds was 0.05 M in a total volume of 
2.5 ml, containing 0.1 M sodium phosphate buffer 
[pH 6). As in the enzyme assay, CO, evolution 
was measured manometrically a t  37 5' 

Pyridoxal Phosphate-Catalyzed DccomposLtion 
of Diethyl ArninornalonaLe. - The incubation mix- 
ture ( 5  mlj contained 5 iJmoles of pyridoxal 
phosphate, 250 pmoles of diethyl aminomalonate 
hydrochloride (adjusted to p H  6 , and 0.1 M 
sodium phosphate buffer pH 6.0. After being 
kept a t  37.5" for 30 minutes ,the p H  was un- 
changed,, a sample was subjected to paper 
chromatography Whatman No. i paper; n- 
butanol acetic acid-water, 4:1:6 v v i .  Two 
major ninhydrin-positive components were found: 
their RI values corresFonded to those of authentic 
samples of the diester R,  0.81 I and of glycine 
ethyl ester IRF 0.61 1 dkso!ved in 0.1 M phosphate 
buffer 1pH 6,.  In addition, a faint ninhydrin- 
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positive component of RF 0.20 (corresponding to 
that of glycine) was noted in the chromatogram 
of the incubation mixture. It appears likely 
that this component arose by the hydrolysis of 
glycine ethyl ester, since chromatography of an 
incubation mixture of 0.05 M glycine ethyl ester 
with 10-3 M pyridoxal phosphate, kept a t  pH 6 
and 3'7.5" for 30 minutes, showed the presence of 
appreciable amounts of the component having RF 
0.20. 

When the decomposition of 0.05 M diethyl 
aminomalonate was foUowed manometrically a t  
pH 6 in the presence of M pyridoxal phos- 
phate, the COS evolution (in p1) was: 5 minutes, 
280; 10 minutes, 370; 20 minutes, 405; 30 
minutes, 420. These changes in manometric 
readings were abolished when 0.1 ml of 10% KOH 
was present in the center well of the main cham- 
ber of the Warburg vessel. In the absence of 
pyridoxal phosphate, diethyl aminomalonate was 
not decomposed to a measurable extent under the 
above experimental conditions. 

Spectrophotometric examination of the incuba- 
tion mixture containing 0.05 M diester and 
M pyridoxal phosphate a t  pH 6 showed a strong 
absorption band at  460 mp (molecular extinction 
coefficient, ca. 15,000). 

REFERENCES 

Baeyer, A. (1864), Ann.  Chem. 131, 291. 
Beaujon, J. H. R., and Hartung, W. H. (1952), J. 

Beaujon, J. H. R., and Hartung, W. H. (1953), J .  

Belleau, B., and Burba, J. (1960), J. A m .  Chem. Soc. 

Braunstein, A. E. (1939), Enzymologia 7,  25. 
Buell, M. V., and Hansen, R. E. (1960), J. A m .  Chem. 

Cerchez, M. V. (1930), Bull. soc. chim. 47, 1279, 

Cohen, P. P. (1939), Biochem. J. 33, 551, 1478. 
Frisell, W. R., Meech, L. A., and Mackenzie, C. G. 

Galat, A. (1947), J. A m .  Chem. SOC. 69, 965. 
Green, D. E., Leloir, L. F., and Nocito, V. (1945), 

Haas, G. (19161, Biochm. Z.  76, 76. 
Hartung, W. H., Beaujon, J. H. R., and Cocolas, G. 

Hellmann, H. (1949), 2. physiol. Chem. 284, 163. 
Hellmann, H., and Lingens, F. (1954), 2. physiol. 

Heyl, D., Harris, S. A., and Folkers, K. (1948), 

Huennekens, F .  M., and Osborn, M. J. (1959), Adv. 

A m .  Pharm. Assoc. 41, 578. 

A m .  Chem. SOC. 75, 2499. 

82, 5751. 

SOC. 60, 6042. 

1282. 

(1954), J. Biol. Chem. 207, 709. 

cJ.  Biol. Chem. 161, 559. 

(1960), Org. Syntheses 40, 24. 

Chem. 297, 283. 

J .  A m .  Chem. SOC. 70, 3429. 

in Enzymol. 21, 369. 

Johnson, T. B., and Nicolet, B. H. (1914), J. A m .  

Kalyankar, G. D., and Snell, E. E. (1957), Nature 

Kalyankar, G. D., and Snell, E. E. (1962), Biochemis- 

Knoop, F. (1914), 2. physiol. Chem. 89, 151. 
Knoop, F., and Oesterlin, H. (1927), 2. physiol. 

Chem. 170, 186. 
Layne, E. (1957), in  Methods in Enzymology, vol. 

111, Colowick, S. P., and Kaplan, N. O., editors, 
New York, Academic Press, Inc., p. 450, 

Levene. P. A.. and Schormiiller, A. (1934). J. Biol. 

Chem. Soc. 36,345. 

180, 1069. 

try 1, 594. 

, .  
chem. 106, 595. 

Lovenberg, W., Weissbach, H., and Udenfriend, S. 
(1962). J. Biol. Chem. 237, 89. 

Lucas, N., King, H. K., and Brown, S. J. (1962), 

Lutz, 0. (1902), Ber. chem. Ges. 35, 2549. 
Mandeles, S., Koppelman, R., and Hanke, M. E. 

Matsuo, Y. (1957\, J. A m .  Chem. SOC. 79, 2011. 
Meek, J. S., Minkowitz, S., and Miller, M. M. 

Metzler, D. E. (1957), J. A m .  Chem. SOC. 79, 485. 
Metzler, D. E., and Snell, E. E. (1958), J. A m .  

Mix, H. (1961), 2. physiol. Chem. 323, 173; 325, 106. 
Nagayama, H., Muramatsu, M., and Shimura, K. 

(1958), Nature 181, 417. 
Neuberger, A. (1961), in  The Mechanism of Action of 

Water-Soluble' Vitamins, Ciba Foundation Study 
Group No. 11, deReuck, A. V. S., and O'Connor, 
M., editors, London, Churchill, p. 33. 

Biochem. J .  84, 118. 

(1954), J. Biol. Chem. 209, 327. 

(1959), J. Org. Chem. 24, 1397. 

Chem. SOC. 77, 2431. 

Ogston, A. G. (1948), Nature 162, 963. 
Piloty, O., and Finckh, C. (1904), Ann.  Chem. 333, 

Piloty, O., and Neresheimer, J. (1906), Ber. chem. 

Putochin, N. J. (1923), Ber. chem. Ges. 56, 2213. 
Ruhemann, S., and Orton, K. J. P. (1895), J. Chem. 

Schales, O., and Schales, S. S. (1949), Arch. Biochem. 

Schneider, F. (19371, Biochem. 2.291, 328. 
Shemin, D. (1946), J. Biol. Chem. 162, 297. 
Shimura. K.. Naaavama, H., and Kikuchi. A. (1956). 

71. 

Ges. 39, 514. 

SOC. 67, 1002. 

24, 83. 

. .  . .  
Nature 177, 935. - 

Snell. E. E. 11958). Vitamins and Hormones 16. 77. 
Snvder, H. R., and Smith, C. W. (1944). J. A m .  

Chem. Soc. 66, 350. 
Umbreit. W. W.. Burris. R. H.. and Stauffer. J. F. 

(1957), Manometric Techniques, Minneapolis, 
Burgess Publishing Co., p. 30. 

Werle, E., and Koch, W. (19491, Biochem. 2. 319, 
305. 

Westheimer, F. H. (1959), in The Enzymes, ed. 2, 
vol. 1, Boyer, P. D., Lardy, H., and Myrback, K., 
editors, New York, Academic Press, p. 269. 

Westheimer, F. H., and Jones, W. A. (1941), J. Am.  
Chem. SOC. 63, 3283. 

Zambito, A. J., and Howe, E. E. 11960), Org. Syn- 
theses 40, 21. 


