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GLYOXYLIC ACID METABOLISM IN MYCOBACTERIUM T, IKfO

FORMATION OF 6-HYDROXYLAEVULINIC ACID,
A NE\\I REACTION PRODUCTL

TAKAFU1\11 A{ORIYAiVIA2 and CORO YUl

Department of Tuberculosis Research I, Rescarch Institute for Microbial Discascs, Osaka
University, Osaka

(Received September I, 1966)

uMMARY I. Evidences have been presented indicating that there exists an a-
ketoglutarate-dependent pathway of glyoxylate metabolism in My 006aciei'111m

BIKE:< JOURNAL V01.9,263-282,1966

Takeo, a saprophytic mycobacteria.
2. A reaction product in this path\\, ay has been isolated and identified as a-hy-

droxylaevulinic acid.
3. A soluble enzyme, which is concerned \\-ith formatioi\ of a-hydroxylaevulinic

acid, has been purified from a particulate fractioi\ of the cell free extract. The enzyme
requires thiamine pyrophosphate and Mg" as cofactors for its activity and cartalyzes
the follo\\, ing reaction :

glyoxylic acid + a-ketoglutaric acicl ^-> a-hydroxylaevulinic acid+2CO"

INTRODUCTION

In 1958 \\, e found that a cell free extract of

Anycobactei. ,'""I Takeo' could catalyze the con-
version of ISOCitrate to glyoxylate and succinate
(MORIYAMA at a/., 1958).

One of the biologically significant path\^ays
I TITis \\, on< was preseiTted at the 17tl\ annual meet~

ing of the Symposia on Enzyme Chemistry, Toku-
shima City, A, lay 1965

2 Present address, Department of A, Iicrobiology,
Osaka University Dental School, OSnl<a

3 This microorganism \\. as named My cob"ctei'!'!, 111
null, ,ii, Takeo strain. Recent studies showed that
the organisnT should be classified as a sapropltytic
mycobacteria by biochemical methods and by
my cobacteriophage and serological typing (NAGA-
YAMA at o1. , 1961 ; AJ. ROHASHi at a/., 1959 ; YONrDA
at a/., 1965). It is not pathotrenic for domestic
fo\\ Is

of glyoxylate in microorganisms is kno\\. IT to
be the glyoxylate cycle proposed by 1<0RXBERG
and 1<REBs (1957). Th. net ,if, .t of thi^ cy. I.
is the ITet provision of C*-dicarboxylic acids,
which provide the precursors of most cell
constituents (KORNBERc at a1. , 1961). Enzymic
synthesis of malate by condensation of gly-
oxylic acid and acetyl-CDA (\\'ONc at a1. , 1956)
is one of the reactions of this cycle.

\\'e had investigated the further metabolism
of glyoxylate in the present organism assuming
that synthesis of malate from glyoxylate and
acetyl-CoA catalyzed by malate synthetase was
most likely to occur as is the case in many
other microorganisms (KORNBERG at a1. , 1961).
However, no evidence \\, as obtained of malate
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synthetase activity in this organism, while it
was found that glyoxylate was metabolized on
addition of L-glutamate or a-ketoglutarate to
the cell free extract. Therefore, the distinc-
tion of the present pathway from those referred
to below should be stressed.

NAKADA at at. (1958) reportsd that addition
of L-glutamate enhanced oxidative decarboxyla-
tion of glyoxylate by rat liver hornogenates and
extracts of mitochondria. They isolated N-
formylglutamate as an intermediate. CRAw-
HALL et a1. (1962) studied the metabolism of
glyoxylate by rat- and human-liver initochond-
ria in the presence of L-glutamate. They
failed to demonstrate N-formylglutamate as an
intermediate and were able to account for all

the glyoxylate metabolized by decarboxylation,
oxidation to oxalate and amination to glycine.
Furthermore L-glutamate could be replaced by
a-ketoglutarate.

Recently a cyclic pathway of glyoxylate
metabolism in Rhodopseudomo"@s sphe?. o3'des was
prop. ^, d by OKUYAMA at at. (1965). Th,
reactions consisted of condensation of glyoxyl-
ate \\, ith a-ketoglutarate, followed by decar-
boxylation to a-keto-!-hydroxyadipate, oxida-
tive decarboxylation to a-hydroxyglutarate and
further oxidation to a-ketoglutarate. One
cycle, therefore, regenerated a-ketoglutarate
and during the cycle a mole of labelled carbon
dioxide \\, as liberated from a mole of I-14C-

glyoxylate and of I-"C-a-ketoglutarate re-
^perch, Iy. 1<AWASAKi at at. (1966) reportsd
that the same cyclic pathway also operated in
rat liver mitochondria. The condensation

reaction of glyoxylate with a-ketoglutarate
giving rise to a-keto-/I~hydroxyadipate involved
in this cycle has already been reported by
FRANKE at a1. (1961) using an extract of As-
pergi'Ih, s "I^er.

This paper reports the obligatory role of
a-ketoglutarate in glyoxylate metabolism by
the present microorganism and the isolation of
the reactioit product, which was identified as
a-hydroxylaevulinic acid. To our knowledge
this compound has never before been isolated
from a biological source.

The purification of the enzyme concerned in
the present pathway of glyoxylate metabolism
and investigation of some its properties are also
described in this paper.

MATERIALS AND METHODS

I. Gif!twre coildttio, ,s

My cob@cteritt"! Takeo was used in these studies.

Cells were grown in glycerol broth which contained
10 g of bonito extract, 10 g of polypeptone, 3 g of
NaCl and 30 inI of glycerol per liter. The medium
was neutralized with 20 per cent NaOH. Tl\e sur-
face of the medium \\. as completely covered with the
cell mass after three days incubation at 38'C

2. Preparat, 'o11 of cellf^ee ext, act

Cells were collected \\, itIT a Buechner funnel and

washed repeatedly with chilled 0.9 per cent KCl
solution. The packed cells \\, CTe disrupted by either
grinding them with an equal weight of quartz sand
or by sonication

Tlte hornogenate formed by grinding was extracetd
with two to three volumes of chilled 0.9 per cent
KCI SOILition and neutralized by dropwise addition
of I N KOH. After centrifugation at about 900 xg
for 20 min to remove the quartz sand and the undis-
rupted cells, the extract was centrifuged at 14,500 xg
for 30 min, and the resultant supernatant fluid was
used as the cell free extract

For sonic oscillation, 40 inI of 0.02 M potassium
phosphate buffer, pH 7.5, \\, ere added to 10 g of the
packed cells, whiclT \\. ere sonicated for 30 min in a
10-KC Raytheon sonic oscillator cooled \\, itit ice water.
The disrupted suspension was centrifuged twice at
14,500 xg for 20 min to obtain the cell free extract.
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3. Fraction at1011 of the cell 11ee ext, act

All procedures were carried out at 4'C. To the
extract solid ammonium sulfate \\, as added \\, ith

The mixture \\, as stood for 30 min and thenstirring

centrifuged at 8,400 x g for 20 min. The precipitate
was dissolved in 002 M potassium phosphate buffer,
pH 6.5, and dialyzed against the same buffer for
t\\, o days. Then the same buffer \\, as added to make
up the volume to half that of the original extract.

To the supernatant solution solid ammonium
sulfate was added to 70 per cent saturation. The
precipitate which formed on standing for 20 min
was recovered by centrifugation at 8,400 xg for 30



ruin. it \\, as dissolved in the same buffer and

dialyzed. The \, o1ume of this dialvzed solution
was also adjusted to I, alf the volume as of the original
extract by addition of buffer

The fraction precipitated with 30 per cent am-
monium sulfate was subjected to ultracentrifugation
at 40,000 rpm for 120 min. The precipitate, which
was a red particulate fraction is referred to as Frac-

tion P, the supernataitt solution, the soluble frac-
tion, Is referred to as Fraction S

+. Sin, !dai'of illet/!od for assay of g/yoxi, /ate 711,1060/-
13"I

20 pmoles of glyoxylate and 20 pmoles of it-l<eto-
glutarate \\'ereincubated wit1,0.5 to 10 in10f enzyme
solution SLIPplementcd with 10 pmoles of MgSO4
and 0.1 inI of thinmine pyrophosphate solution
(5Ing per in I). After adjusting tlTe \, o1ume to 3.0
to 3.2 inI \\. itIT 0.2 inI of 0.5 M phosphate buffer, pH
6.5, and \\. ater, the mixture was Itept at 37'C atero-
bically or analerobically (N")

Tite reactioit \\, as stopped by the addition of 0.1 inI
of 4 N perchloric acid. The carbon dioxide released
was calculated from the pressure increase read after
20 min after tipping tlTe acid. Estimation of carbon
dioxide evolution, decrease in glyoxylic acid and
tt-ketoglutaric acid or formaldehyde formation by
oxidatioiT of the reaction mixture \\, ith periodate
were made either separately or in combination

One unit of enzyme activity is defined as tlTe
amount of enzyme \\, ITiclt degraded I pmole of sub-
sirate (glyoxylate or ,I-kctoglutarate) per min and
the specific activity is expressed us units per ing of
enzyme under the present assay conditioi, s

KRUEGER (1949) \\, as used for quantitative distilla-
tion of the formal dellyde produced by ninhydrin
oxidatioi. of glycine or by periodate oxidation of the
reactioi, product

L-Glutamate was assayed by a biological method
employing the acetone powder of E. coll', strain C, ,
whiclT \\. as kindly supplied by Dr. K. SHOJI of this
Institute. Carbon dioxide evolution was measured

ariaerobically in a \\, arburg apparatus in the follow-
ing assay system : 0.5 inI of E. coll' suspension (10
ing of acetone powder in 1.0 inI of \\, titer), 250
pmoles of acetate buffer, pH 5.0, and an allquot of
the sample to be assayed in a total of 3.0 nlI. The
reaction was carried out at 37.0'C. \\'hen 20.0

pmolcs of L-glutamate \\. ere added to the assay sys-
tern, a \. alue of 20.4 pmoles was estimated in a
duplicate experiment

For aid in identification of tr-keto acids, the
semicarbazide reaction of A{ACGEE at a/. (1954)
and the o-phenylcnediamine reaction of LANNiNc at
o1. (1951) \\. CTC carried out

The reducing power of keto acids \\, as measured
by the method of PARi< at a1. (1949)

Protein \\. as determined by the ritethod of LowRY
at o1. (1951), employing bo\, me scrum nib\iruin as a
standard

5. Analytical ritethods

\\'hen other ,I-kcto acids \\. CTC present in negiigible
quantities, the ritethod of SMITH at o1. (1957) \\, as
applied to the determination of decrease in con-

centration of added glyoxylate. This \\, as tile case
when the cell free extract was used as the enzyme
preparation. \\'hen glyoxylate and a -ketoglutarate
were present in the medium, the method of OLsox
(1959) was used for deterinnTation of the respective
keto acids

For colonmetric determination of glycine or
formal deltvde the method of ALEXANDER at at

(1945) \\, as used, \\. hich consisted of conversion of
glycine to formaldehyde by ninhydrin oxidation and
measurement of formaldehyde by reaction \\ith
chromotropic acid. The apparatus devised by

6. Periodnte o\, Vat, 'o11

Periodate oxidation \\, as carried out \\, ith 0.1 inI

of 0.1 A1 sodium metapcriodate added to I O to 2.0 inI
of deproteinized and neutralized reaction mixture
Formatioi, of formaldehyde remained constant for
periods of 20 to 60 min at room temperature

Then 0.2 to 0.3 inI of 0.1 M sodiun\ arsenite \\, as

added to destroy periodate to pre\, Grit over oxidation

7. PnPei. chio"intogi riphy of 2.4-of, ',!ill opheiiy//, J, dra-
3011es or Dign, 11'c ac!ds

KGto acids in the reaction mixture \\, CTe converted

to 2.4-dinitrophenylhydrazones by the method of
FRIEDMANN at a!. (1943). Ascending paper chro-
nTatograplly of the resulting hydrazones \\, as carried
out using 11-but ano1-ethyl alcohol-water (35 : 5 : 10)
as solvent according to the method cf EL HAWAY
at a/. (1953)

Chromatograplty of organic acids \\, as performed
by tite descending technique \\. ith the following
solvent system by the method of BucH at o1. (1952) :
amyl alcohol-I M aqueous formic acid a : 51. Or-
ganic acids \\. ere detected on the paper by spraying
it \\, ith bromophenol blue in ethyl alcohol
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In both cases Toyo Roshi n0. 50 filter paper was
used

8. Resin coin, 1111 chi'oniniog, 'aphy .for' 1301at, o11 of the
react, o11 pi Od"ct

The enzymic reaction was stopped by addition of
4 N perchloric acid (0.1 inI of perchloric acid solution
to about 3 inI of the reaction mixture). The mix-
ture was filtered and neutralized \\, itIt KOH in an

ice water bath. The resultant precipitate of potas-
sium perchlorate \\, as removed by centrifugation
and the clear supernatant was SLibjected to resin
column chromatography

The super natant was passed through a column of
Dowex 50\\;-X8, in the hydrogen form. The
column \\. as \\, ashed witlT water. The ac!dic emuent

was collected and applied to a column of Dowex
I-X8, in the formate form. The column was \\, ashed
with \\. ater and then Gluted witlt a concentration

gradient of formic ac!d in \\, ater. Anion eXchange
resin chromatography \\, as carried out by a similar
method to that of BuscH at o1. (1952)

capacity to metabolize glyoxylate. Further
addition of a boiled cell free extract restored the

activity almost completely. The results are
shown in Table I.

9. Detei, ,1111ntion of cal 6011 of, oxide eon/utio, I and
o31yge!I coils!,"!ptiO, I

A \\ratburg apparatus \\, as employed for deter-
ruination of carbon dioxide evolution and oxygen
consumption at a fixed batlt temperature. Flasks
contained 3.0 to 3.2 inI of reaction mixture

TABLE I Damz'"uta'on of glyoxylate added to
cell free extract

10. Chain, 'cals o11d off, e, 11/@ tel Juls used

All chemicals used \\, ere of analytical reagent

grade. Sodium glyoxylate monohydrate, thiamine
pyrophosphate chloride and pyridoxal phosphate
were ptirchased from Tokyo Kasei 1<0gyo Co. , Ltd. ,
Tokyo ; ,"-ketoglutaric acid and L-glutamic acid
were froin \\:al<o Pure Chemical Industries, Ltd. ,
OSal<a ; Dowex I-X8, chloride form, 100-200 mesh
and Dowex 50\\:-X8, ITydrogen form, 100-200
mesh were from Dow Chemical Co. , NIIchigan ; all
nucleotides used \\, ere from Sigma Chemical Co. ;
DEAE-cellulose \\, as froiT\ Serva, Heidelberg ; bonito
extract \\. as from \\Inko Pure Chemical Industries,

Ltd. , Osaka ; polypeptone \\as from Daigo Eiyo
Kagal<u Co. , Ltd. , Osaka

Cell free extract

Boiled cell free extract

Cell free extract treated
with activated charcoal

Filtrate of boiled cell
free extract

Diminution of glyoxylate (%) 47 342 O

glyoxylate, 20 pmoles ;Reaction components
Tris-HCl buffer, pH 7.2, 100 11moles. Total \, o1u-
me, 3.0 in I. Incubation was carried our at 37.2'C
for 60 min in air. Glyoxylate \\, as determined by
tl\e method of SMITH at n/. (1957).

in I in I in I in I

1.0

TABLE 2 Capttczly of g/yoxj, /ate metabofism
In taro diffei. e, tt 11.0cta'oils of cell flee ext, 'oct

Diminution

of ,dd*d gly. xylat. (%)

1.0 1.0

RESULTS

1.0

Glyoxylate filetnbo/Itin by a cell flee ext, .act
\\!hen a cell free extract \\, as treated with

activated charcoal for 20 min at O'C, it lost the

1.0

Fraction

O-30 % ammonium
sulfate fraction

30-70 % ammonium
sulfate fraction

266

The reaction components and conditions are indi-
cated in Table I. Fractions of 1.0 inI each \\, ere

used

Boiled cell free extract

withWithout
addition addition

BIKEN JOURNAL V01.9 No. 4 December 1966

Fraction ation of the cell free extract with

ammonium sulfate indicated the presence of
activity in the fraction precipitating between
30 and 70 per cent saturation of ammonium
sulfate, as seen in Table 2. 111 this case also
the boiled cell free extract was indispensable
for the activity.

The facts suggest that the cell free extract
contained at\ enzyme(s) which was capable of
catalyzing glyoxylate metabolism and which
required some heat stable cofactor(s) for ac-
tivity.

8

5

8

49



Cqf@cto, T

The following facts \\, ere significant in con-
nection \\, ith the cofactor(s) involved in gly-
oxylate metabolism. 1.10 oxygen consumption
but marked carbon dioxide evolution was ob-

served in the above experiments. Possibly the
decarboxylation reaction played a major role
in glyoxylate metabolism in this microorganism.

SHOJI at a1. (1957) found that of the free
amino acids detected in the cells of this micro-

organism L-glutamate was present in the highest
concentration.

The effects of additioi\ of amino acids \\, as

tested in the system shown in Table I. Only
L-glutamate enhanced both decrease in con-
centration of added glyoxylate and decarboxyla-
tion. The amino acids tested were DL-a-

alanine, L-!-alanine, DL-vanne, DL-ISOleucine,
DL-senne, DL-ornithine, L-asparagine, L-lysine,
D-glutamate aiTd L-glutamate. Since L-cysteine
reacted non-enzymically with glyoxylate to
form a thiazolidine compound as reported from
thts ladoratory (OE, 1960) and by GADAL at at.
(1962) the experiment with L-cysteine could
not be interpreted.

Table 3 shows results on carbon dioxide

evolution, oxygen consumption, glyoxylate
utilization, a-ketoglutarate production or de-
crease and glycine formatioiT under aerobic and
ariaerobic conditions, using a dialyzed cell free
extract with added L-glutamate. The results
seem complicated, but can be summarized as

follows. (a) The stoichiometry bet\\, Gen gly-
oxylate utilization and glycine formation \\. as
almost invariable under both ariaerobic and

aerobic conditions ; (b) if glycine aminotrans-
ferase (EC. 241.4. ) in the cell free extract
effected 5.2 to 5.4 14moles of o1ycine formation,
then a-ketoglutarate must be formed in the
reaction mixture, but no a-ketoglutarate was
detected ; (c) carbon dioxide evolution \\. as
almost twice that equivalent to a-ketoglutarate
decrease.

\\re concluded from these observations that

a-ketoglutarate formed from L-glutamate by
transamination played an important role in
glyoxylate metabolism.

Transaminase activity \\, as clearly demon-
strated in the fraction of the cell free extract

precipitated between 30 and 60 per cent
saturation of ammonium sulfate, as shown in
Table 4

Since glyoxylate metabolism on addition of
a-ketoglutarate must involve a decarboxylation
reaction, as suggested from Table 3, thiamine
pyroph. ^phat* (TPP) and Mg*' ,nay uso b,
cofactors for the reaction.

TABLE 3 SIO2chz'onlet, 31 of glyoxylate "letobo/a^"I bjJ dialJJsed cell Ii. ee exti'oct tcz'tit added
L-glutnmnte

I\ledium

Reaction components : 1.0 inI of cell free extract ; glyoxylate, 20 urnoles ; L-glutamate, 20 I'm Dies ;
Tris-HCl buffer, pH 7.2, 100 It moles. Total volume, 3.0 inI. Incubation was carried out at 37.2'C for 25

The nTethod of OLsoN (1959) was available for glyoxylate determination, since no other keto acid
than glyoxylate was detected in these reaction mixtures on paper chromatography of the DNP-hydrazone

\'2

Air

Glyoxylate metabo/Itin o71 ttddtt, 'o71 of a-freto-
gli, tainte

As suggested from the results described in
the previous section, we added glyoxylate and
a-ketoglutarate to aiT ammonium sulfate frac-
tion of the cell free extract supplemented \\, ith
TPP and Mg". The results in Table 5 clearly

CO2
evolved

min

I'm o1es
9.2

O"

consumed

I'm o1es

Glyoxylate

decrease

o

pmoles
14. I

13.8

,r-Ketoglutarate
production or

decrease

I'm o1es
o

o

Glvcine

production

MORIYAMA, T. at al. Glyoxylate Metabo/, tm

I'm o1es
5.4

5.2
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TABLE 4 Glycz'"e amI'"o trait^lei'OSe octtbtty
tit 30-60 % amino"in"I sulfate lyrictt'on of the
cell free ext, .oct

Decrease

4.6Glycine
5.0,"-Ketoglutarate

Rcaction components : 0.8 inI of 30-60 %
monium sulfate fracion ; glyoxylate, 20 pmoles ; L-
glutamate, 20 pmoles ; Tris-HCl buffer, pH 7.2,
100 I'm o1es. Total \, o1ume, 3. 0 inI. Incubation was
carried out at 37.2'C for 60 milt in air

Formation

Glyoxylate

L-glutamate

TABLE 5 Rayuz'?'emitt of reketog/tttni'ate, tha'-
amI'ne pi, 1.0phosphate and Mg" for' glyoxylate
metabo!aim

Reaction

component

4.6 pmoles
4.5

to 70 per cent fraction also retained the capacity
of metabolizing glyoxylate to some extent.

To 1.0 inI of deproteinized filtrate of the
reactioi} mixture shown in Table 5 were added

a small amount of phenylhydrazine-HCl and
0.5 inI of 0.5 M sodium acetate. The mixture

was heated in a boiling \\, ater bath for 25 min.
From the complete reaction system, a heavy
yello\\, precipitate \\, as formed. No precipitate
appeared in reaction mixtures in which one of
the required components was omitted. The
results are also demonstrated in Table 5.

The above results suggest that glyoxylate is
metabolized on addition of a-ketoglutarate by
a fraction of the cell free extract supplemented
with TPP and Mg", giving rise to a reaction
product which reacts with phenylhydrazine to
form a yellow precipitate, which seemed to be
due to formation of the OSazone of the reaction

product.

Papei, chromatography of DAIP-fryd, ,"zones of
he to act'ds 171 the reactz'o71 mr'"t"re

To 3.0 inI of the deptoteinized solution of
the complete system shown in Table 5 were
added 5.0 inI of 0.1 per cent 2,4-DNP in 2 N
HCl. After 15 min at room temperature, the
resultant DNP-hydrazones of keto acids were
treated with ethyl acetate and 10 per cent
sodium carbonate. The final ethyl acetate
solution of DNP-hydrazones was evaporated to
dryness. The residue was dissolved in 0.6 inI
of slightly alkaline solution, and 0.75 inI of this
was put on filter paper and developed overnight
at room temperature

As shown in Fig. I, only the DNP-hydra-
zones of glyoxylic and orketoglutaric acids
could be detected. This justifies the employ-
merit of the method of OLsoN (1959) for
simultaneous determination of glyoxylate and
a-ketoglutarate

Pel'toddle oart'datz'0" of the reactz'o71 marktm. e
If the reaction product is a compound which

forms an OSazone with phenylhydrazine, then
formaldehyde might be expected to be formed
by oxidation of the product with periodate.

Glyoxylate

or-KGtoglutarate
TPP

Mg"

am -

CO, evolved, I'm o1es

OSazone formation +11

Reaction components : 0 .3 in I of 30 % fraction ;
glyoxylate, 20 pmoles ; ,t-ketoglutarate, 10 pmoles ;
TPP, I ing ; MgSO4 ; phosphate buffer, pH 6.5,
200 pmoles. Total volume, 3. 0 in I

Incubation : at 37.2'C, for 30 min in N,

+

+

+

+

show that a-ketoglutarate, TPP, and Mg2'
were indispensable for glyoxylate metabolism
by this fraction.

The enzyme fraction used in the present
experiment differed from that shown in Table
2 in that the fraction precipitated with 30 per
cent saturation of ammonium sulfate was em-

ployed instead of the 30 to 70 per cent satura-
tion fraction. Since the capacity to metabolize
glyoxylate on addition of a-ketoglutarate was
found to be mostly retained in the 30 per cent
fraction, the results in Table 2 should be inter-
preted as follows. (a) a-ketoglutarate is formed
from added L-glutamate by the action of trans-
aminase in the 30 to 70 per cent fraction and is
utilized for glyoxylate metabolism. (b) The 30

6.2

+

+

+

+

o

+

+

+

o o
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FIGURE I Paper chromatography of DNP-hydra-
zones of Iteto atcids in the reaction mixture.
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X

o
o
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X

o

o
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Carbon dioxide evolution at various pH values
was measured using the 30 per cent fraction as
the enzyme preparation. The deproteinized
reaction mixtures \\, ere ncutralized and sub-

jected to periodate oxidation. The mixtures
were theI\ distilled and allquots of the distil-
lates were allowed to react \\, ith chromotropic
acid for determination of formaldehyde. The
pH of the media in parallel systems \\, ere deter-
mined \\, ith a pH-meter.

As illustrated in Fig. 2, approximately half
as much formaldehyde as carbon dioxide was

20

tt-ke to -

glu to re Ie

3. 0 ?

pH

FIGrnE 2 Glyoxylate metabolism by 30',, fraction
Co, e\'o1ution (0) and formaldehyde formation by
periodate oxidation ( x ) \\, CTC demonstrated. Reac-
tion components : 0.3 inI of 30n;, fraction ; glyoxyl-
ate, 20 pmoles ; ,I-ketoglutaratc. 20 Am Dies ; TPP,
I ing ; MgS0, , 10 pmoles ; phosphate buffer, 200
Amo1es. Total volume, 3.0 inI each. Incubation
was carried out at 37.2'C for 30 inii, in N,

6.0

co

o
E

:^.

glyoxylate

.

..^,

20 .

.
co

X

"^

70

co
^
>.

L.
Q
.

.
E

1.0 E
L_

obtained at \, anous pH values of the medium.
No formaldehyde formatioiT by periodate

oxidation \\, as observed in media from which

one of the required reaction components \\, as
omitted.

The results suggest that oxidation of the
reaction product \\, Ith periodate yields form-
aldehyde.

Isolation of the ,. errctio, I PIOdt, ct
To minimize contamination with compounds

not involved in the reaction, the 30 per cent
fraction \\'as subjected to ultracentrifugation.
Both Fractions P and S had the enzyme

activity. Since Fraction P was a particulate
fraction, only Fraction S was used as the

80
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enzyme preparation for the present purpose and
it \\, as thoroughly dialyzed before use.

The system contained 40 pmoles glyoxylate ;
20 I'm o1es a-ketoglutarate ; 20 pmoles MgSO4 ;
2 ing TPP ; 400 I'mo1es phosphate buffer, pH
6.5 ; 2.0 inI of the enzyme preparation. The
final \, o1ume \\, as 6.4 in I. Addition of TPP

was omitted in the control run. After aerobic

incubation for 140 min at 37.0'C, the reaction

I 000

Peak A

O 800

stopped by addition of 0.8ml of 4N
perchloric acid. The mixtures were filtered,
neutralized with 4 N 1<0H, and chilled. After
centrifugation, the clear supernatants were
passed through a Dowex 50\\I column (10 mm
x 50 mm). The acidic effluent was adsorbed
to a Dowex I column (10 mm x 80 mm), \\, hich
was washed with 10 inI of \\, ater and then

eluted by gradient elution \\, ith 150 inI of

was

0600

Peak B

O 400

0200

=!,

EQ

,-^

C
co
^

>.
.
C

"
,.

o
co
-.
<

Peak C

.-

5 9

1000

11
,I"

^/....,

13

O 800

O 600

17

0400

21

*/"

11
I"'

, I"
*I"

O 200

o

25

9 13 17 21 25 29 33 37 41 45 49 53 57

Tube number

FIGURE 3 Results of Dowex I column chromatography of the reaction mixtures. The lower diagran} shows
the elution pattern of the control reaction mixture without addition of TPP. Oblique lines show formic acid
concentration as eluent. See the text for details.
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water in the mixing chamber and 150 inI of
2 N formic acid in the reservoir. Fractions of
3.9 inI were collected.

For assay of the product, 0.5 inI of 5 per
cent phenylhydrazine-HC1,0.1 inI of 50 per
cent acetic acid and 0.3 in10f water were added
to 0.2 inI of each fraction. The mixture was

boiled for 30 min, then 3.0 inI of ethyl alcohol
was added and the absorbancy at 360 in/, was
determined.

As demonstrated in Fig. 3, three peaks ap-
peared before elution with I N formic acid.
The first peak, the peak A, was not adsorbed
and the second peak, the peak B was eluted
with a low concentration of formic acid.

DNP-hydrazone formation by allquots of
the fractions in the peaks A, B, and C was car-
Tied out. 1.2 inI of tube n0.6 in the peak A,
1.8 inI of tube n0.13 in the peak B, 0.6 inI of
tube n0.29 in the peak C and 0.2 inI of tube
n0.31 in the peak C of the control run were
used. DNP-hydrazones were developed on
paper together with the DNP-hydrazones of
glyoxylic acid and a-ketoglutaric acid. The
chromatograms are shown in Fig. 4. Colora-
tion of DNP-hydrazones in the peaks A and
B was very faint and almost invisible on chrom-
atograms.

The substances emerged in the peaks A and
B behaved quite similarly in respect to paper
chromatography of their DNP-hydrazones, as
shown in Fig. 4, the reducing power and the
absorption curves in both the semicarbazide
and o-phenylenediamine reactions, to be des-
cribed below. Furthermore, when the two
peaks were combined and rechromatographed
on a column of Dowex I, they were Gluted as a
single peal< with about 0.2 N formic acid.
Thus it seems that the peaks A and B consisted
of the same substance.

Since very small peaks corresponding to the
two peaks appeared in the control run without
added TPP, the substance in the peaks A and
B seems to be a reaction product.

The peak C, which consisted of glyoxylic
acid, as is clear from Fig. 4, was much less
than in the control run. In this connection,

it should be mentioned that a-ketoglutaric acid
should be Gluted from the column with a very
high concentration of formic acid but the
recovery is not good (Busc}I et a1. , 1952).

Ide"tiltcatt'oar of the reactz'0" PI. od"ct
The reaction product was isolated from a

reaction mixture containing 450 ing of sodium
glyoxylate and 290 ing of a-ketoglutaric acid
neutralized with KOH as substrates. Fraction

S was used as the enzyme preparation. Dowex
I column chromatography was repeated three
times. The effluents with reducing power
were pooled and evaporated to dryness. Sixty
ing of white powder was obtained. This
sample was subjected to the following analyses.

I) Reducing power : when the reduction
of glucose per mole was assigned a value of I,
the reductions of glyoxylic acid, a-ketoglutaric
acid and the reaction product (as a-hydroxy-
Iaevulinic acid) per mole were 0004, 0055,
and 0.56 respectively. The reaction product,
therefore, had quite strong redudng power.

2) Semicarbazide reaction : 0.03 inI of an
aqueous solution of the reaction product (0.3
Am o1e as a-hydroxylaevulinic acid) and 0.1
pmole of a-ketoglutaric add were used re-
spectively in the semicarbazide reaction.
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FIGURE 5 Absorption spectra of semicarbazones of
the reaction product (1) and ,I-ketoglutarate (2)
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Semicarbazones of a-keto acids give an absorp-
tion maximum at 250 in/4 like that of a-keto-
glutaric acid, but the reaction product did not,
as illustrated in Fig. 5.

3) 0~Phenylenediamine reaction : 0.03 inI
of an aqueous solution of the reaction product
(0.3 14mole as a-hydroxylaevulinic acid) and
0.1 I'mo1e of a-ketoglutaric acid were allowed
to react separately with o-phenylenediamine.
a-Ketoglutaric acid like other a-keto acids
showed a maximum absorption at 335 in/4 due
to quinoxaline formation, but the reaction
product did not, as seen in Fig. 6.

This result together \\, ith that on semicar-
banone formation suggest that the reaction

O 800

product is not an a-keto acid.
4) Periodate oxidation products : \\!e have

already mentioned that oxidation of the reaction
mixtures \\, ith periodate resultcd in formation
of formaldehyde. Studies \\, ere made on other
possible product(s) formed o1T oxidation \\, Ith
periodate.

Samples of 1.0 inI each from tubes I\0.6 and
n0. 7 of the column chromatograph showi\ in

were combined. To the combinedFig. 3
sample was added 0.6 inI of of 0.1 M periodate
solution and the mixture was stood for 30 min.
TheIT 1.0 inI of 0.1 M arsenite solution \\, as

added. The mixture was passed through a
c. himn (10 mm XIOO mm) of D. w, x 50\\,-X8,
hydrogen form. The acidic effluent \\, as ap-
plied to a column (10 mm x 50 mm) of Dowex
I-X8, formate form. The column \\, as \\, ashed
well with water and then eluted \\, Ith a gradient
from water to 6 N formic acid.

Fractions of 3.0 inIwere collected and evapo-
rated to dryness in a heated \, acuum desic-
cator ; heat \\, as supplied by an infra-red lamp
suspended above the desiccator. To each tube
was added 1.0 inI of water to dissolve the residue

if present. Fractions \\, ere titrated witlT 0.01 N
NaOH. The result \\, as shown in Fig. 7.
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FIGURE 6 Absorption spectra of qumoxalines of
the reaction product (1) and ,t-ketoglutarate (2)
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An acidic substance eluted in tubes n0.16,
17, and 18 seemed to be a product formed by
oxidation with periodate and a higher peak
eluted with a higher concentration of formic
acid seemed to be arsenic acid.

A considerable amount of the former sub-

stance was collected and passed through a
Dowex 50\\7-X8 column. The acidic effluent

was collected and evaporated to dryness. The
residue was dissolved in a small amount of water

and an allquot was developed on paper chro-
matography according to the method of EUCH
at a/. (1952). The substance, which gave a
single spot on chromatography was iridis-
tinguishable from an authentic sample of suc-
cmic acid, as shown in Fig. 8.

TABLE 6 Goltt"In chromatography of WCCz'rut
act'd formed by pel. godote oxt'dan'on of the ,. e-
actt'on product
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FIGURE 8 Paper chromatography
of oxidation product by
periodate.
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Accordingly the other product formed by oxi-
dation with periodate appeared to be succinic
acid from the position of the peak emerging
from the resin column and the result of paper
chromatography.

5) Stoichimometry of oxidation of the reaction
product by periodate : Duplicate samples
(0050 in I each) of an aqueous solution of the
reaction product (1.31 ing per inI) were sub-
jected to periodate oxidation. One sample
was treated for 30 min and the other was for

60 min. The formaldehyde formed was distil-
led and estimated.

x X

,,

,,

0.02

O. 21

0.30

O. 08

0.01

< 0.01

,,

The amounts of formaldehyde formed in 30
min and 60 min oxidation were 0.48 I'mo1e and
0.49 14mole respectively. Therefore 9.7 pmoles
of formaldehyde is thought to be formed by
periodate oxidation of 1.31 ing of the reaction
product.

Next, 3.0 inI of the above sample was oxidized
for 30 min with 0.60 in10f 0.1 M periodate. After
addition of 0.60 inI of 0.1 M arsenite solution,
the mixture was passed through a Dowex Sow
column (10 mm XIOO mm). The effluent \\, as
adsorbed on a Dowex I column (10 minx
100 mm) in the formate form. The column
was washed well \\, ith water and then eluted

with 2 N formic acid. Fractions of 3.9 inI each

were evaporated to dryncss and titrated with
0,0975 N NaOH. The result is shown in Table
6.

,,

,,

,,

,,

,,
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The oxidation product emerging in tube no.
5 to n0.9 accounted for 30.1 I'm o1es of succinic
acid formed by periodate oxidation. Accord-
ingly 10.0 pmoles of succinic acid is thought
to be formed from 1.31 ing of the reaction prod-
UCt.



These stoichomietric studies on periodate oxi-
dation suggest that the reaction products
formed \\, ere formaldehyde and succinic acid in
the molar ratio of I : I. From the calculation

no other oxidatioiT product seem to have been
produced by periodate oxidation. Therefore
we tentatively concluded that the reactioiT prod-
uct may be either one of these two compounds :

CH, OH CH20H

co co

CHOHCH"

CHz CH,

CooH CH,

CooH

111 t111
ino1\vt : 132,114 ino1\\, t : 162.14

The hypothesis assuming compound 111 or
1111 as the reaction product is consistent with
the results of the semicarbazide and o-pheny-
Ienediamine reactions, OSazone formation and
deter minatioiT of the reducing power.

6) Titratioi\ of aiT aqueous solutioiT of the
reaction product \\, ith sodium hydroxide : Since
the molecular \\, eight of compound [I], a-
hydroxylaevulinic acid, was calculated to be
132,114, an aqueous solution of 13.216 ing of
the reaction product per 10.0 inI \\, as titrated

with 0,1005 N 1.1aOH. The titration curve is

shown in Fig. 9.
If the reaction product were compound t111,

13,216 ing of this compound per 100 inI in
aqueous solution should be a 00082 M solution.
The titration curve supports the possibility that
the reaction product Is compound 111, although
there Is some deviation from the ideal curve,
possibly due to impurity.

7) Elemental analysis : Elemental analysis of
the dried product gave the following :

C5Hg04
Calculatcd : C 45.43 H 6.11
Found C 46.09 H 5.90

inp : 94'-98' (98.5'-100.5'C,
rected, after crystallization from boiling
chloroform)

The inp \\, as close to that determined by RAPPE
(1959) (100*-102')-

8) Infrared spectrum of the reaction product :
The infrared spectrum of the reaction product
was measured in KBr pellets, and is sho\^n in
Fig. 10

Authentic a-hydroxylacvulinic acid synthe-
sized in the Research Institute of Takeda

Chemical Industries, Ltd. gave aiT absorption
curve similar to that of the reaction product.

All the evidence described above indicates

that the reactioi\ product formcd from glyoxy-
late and a-ketoglutarate \\, as a-hydroxylaevul~
in IC acid.

100

8.0

a60 I
*,, X

x-~

4.0

2.0

O 2.0 40 6.0 80100 120XIO~'

01005 N NaOH consumed (inI)

FIGURE 9 Titration curve of an aqueous solution
\^ith alkali. 13,216 rug of the reaction product was
dissolved in \\. ater to 10.0 nTl

x-XI. -X

X

X

uricor-

Fill'the, ' findicatt'o71 of Finciz'o71 S
Fraction S \\, as obtained from the 30 per

cent ammonium sulfate fractioi\ of the cell

free extract, \\'hich had beei\ stored for a long
period in the frozen state. Fraction S \\, as
dialyzed in a cold room against 0.01 M phos-
phate buffer, p}I 6.5, with several changes of
the buffer. Then 25 inI of this dialyzed frac-
tion \\, as chromatographed on a DEAE-cellu-
lose column (23 mm x 150 mm) previously
equilibrated \\, ith the same buffer, and eluted
stepwise \\, ith phosphate buffers of the same pH
but of increasing molarity. Elution of the
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FIGURE 10 Infrared specti'urn of the reaction product measured in KBr pellet. Upper curve : autlTentic
a-hydroxylae\, unnic acid ; lower curve : the reaction product
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enzyme from the column is illustrated lit Fig.
11.

Fractions of 10 inI each were collected. The

enzyme appeared \\, ith 0.2 M phosphate buffer,
pH 6.5. The protein concentration of Frac-
tion S applied to the column \\. as 5.98 ing per
inI and that in fractions n0.95 to n0.100 was

0.39 ing per inI. The total enzyme units in
Fraction S were 4.3 and those in fractions

n0.95 to n0.100 \\, ere 2.8. The recovery was
65.3 per cent. The enzyme activity \\, as in-
creased 4.3-fold over Fraction S preparation by
this procedure

The ultraviolet absorption spectrum of the
purified enzyme solution obtained by combin-
ing fraction n0.95 to n0. 100 is showi\ in Fig.
12. There \\, as no peal< in the vicinity of 260
in, 11 and an absorption maximum \\, as observed
at 280 in/4.

In the freshly prepared cell free extract the
enzyme activity was almost exclusively associ-
ated witlt a particulate Fraction P in the 30 per
cent ammonium sulfate fraction. Therefore,
the enzyme may have been solubilized during
a period of storage of several months in the
frozen state. The enzyme activity associated
with the freshly prepared particulate fraction
was I\ot solubilized by sonic oscillation (10-Kc,
15 min to 30 min) or digitonin treatment, \\, hile
succinic dehydrogenase was solubilized from
the fractioiT by incubatioiT overnight at O'C with
a final concentration of I per cent digitonin.

I 000

O 800

0600
>.
,
.
"
C
L_

.
co

Stoichiomet, ic studz'CS o11 a-/oldi'oxyl(Jew"/^^11c
acid joiniatt'o11 i's!'?Ig the 151, ,'tried fieldi'all o11

Carbon dioxide evolved, a-hydroxylaevul-
mate formed, and glyoxylate and a-ketoglut-
arate utilized \\, ere determined employing the
enzyme from the DEAE-cellulose chromato-
gram. a-Hydroxylaevulinate \\, as determined
as formaldehyde formed by periodate oxidation
of the reaction mixture. Addition of ADP to

the reaction mixture Increased enzyme activity
1.8-fold. The results in Table 7 show. that the

following reaction \\, as catalyzed by the purified
enzyme

,\

<

0400

O 200

o

FIGURE 12 Absorption spectrum of the soluble
enzyme ptirificd by DBAE-cellulose cltromatograpltv

220 240 260 280 300

Wave length imp)

glyoxylic acid+a-ketoglutaric acid
a-hydroxyl, ,vulini. add+2C0* (1)

Systems in \\, hich one of the required coin-
omitted showed neither carbonponents \\, as

dioxide evolution nor a-hydroxylaevulinate
formation. \\'e haveiTot obtained any evidcnce
of formation of an intermediate to give a-by-
droxylaevulinate.

Enhancement of enzyme activity by addition
of ADP was also observed \\, hen Fraction S

was used as the enzyme preparation, but not
when the 30 per cent fraction of cell free extract
was used. The enhancement of the acti\, itv

on addition of ADP seemed to be quite specific

320

TPP, A1g"

MORIYAVA, T. at al. Glyoxylate Metabo!^tm 277



TABLE 7 Stoa'chiometry us airg purified soluble
enzyme

CO2 e\, o1ved

Formaldehyde
formed by
periodate
oxidation

Glyoxylate
decrease

,r-Ketoglutarate
decrease

Without
addition

ADP

pmoles
4.2

Reaction components : enzyme solutioit (0.96
ing protein per inI), I. O inI ; glyoxylate, 20 I'm o1es ;
,r-Ketoglutarate, 10 pmoles ; MgSO, , 10 pmoles ;
TPP, I ing ; phosphate buffer, pH 6.5,200 pmoles ;
ADP, 0.75 I'mo1es. Total volume 3.2 inI

Incubation : at 37.0'C for 90 min in air

with
addition

2.0

pmoles
8.5

(1962) and PYEs at at. (1963). In th, ^. cost^
we could find ITo product in the reaction
mixtures which yielded formaldedhyde on ox-
idation with periodate.

a-KGto acids such as pyruvate and me so-
oxalate or r-keto acids such as Iaevulinic acid
could not replace a-ketoglutarate.

Therefore, the enzyme seems to be quite
specific for both glyoxylate and a-ketoglutarate.

TABLE 8 Effect of some inuc/eotz'des and pyrt'-
doxo/ phosphote on the e"2311"e acttbztj!

Enzyme acti\, ity
(per cent of control)

2.4

4.3

2.4

4.5

Substance

4.2

ADP

ATP

UDP

TDP

Pyridoxal phosphate

DISCUSSION

Glyoxylate was converted from isocitrate by
isocitrate Iyase in the present microorganism
(MORIYAMA at at. , 1958). Sin. , gly, xyli. add
Is a very reactive compound, various pathways
of glyoxylate metabolism have been reported
so far.

By analogy \\, ith the reaction mechanism of
malate synthetase A1L and colleagues Ilave
demonstrated the condensation reactions of

glyoxylate \\, ith various acyl-CoA : ,-ethylmalic
acid formation from glyoxylate and butyryl-
CoA in Psewdomo?ms ae, '"grrros@ (RAniN at al. ,
1963), propylmalate formation from glyoxylate
and rulerIy-C. A in E. ,, ti (TMAi at "I. , 1963),
and rehydroxyglutarate formatioiT from glyo-
oxylate and propyonyl-CoA in E. cofi (REEVEs
at a1. , 1962, 1963).

It has also been reported that glyoxylate
condenses with some metabolites : e. g. a-

keto-I-hydroxyglutarate is formed from gly-
oxylate and pyruvate in rat liver (KURATOMi
at a1. , 1960, 1963), and oxalocaetate from gly-
oxylate and glycine in MICi'ococcws dan't, 'incnns
(KORNBERc at a/., 1963). The condensation of
glyoxylate wit}T L-glutamate or a-ketoglutarate
has already been referred to. A decarboxyla-
tive condensation of two molecules of glyoxylate
giving rise to tartronic semialdehyde \\, as found
in E. ,, fi by 1<11AKo*\, at at. (1956,1961).

\\!e described ai\ enzymic reaction of gly-
oxylate in a saprophytic mycobacteria initiated
by additioi} of a-ketoglutarate and isolated
a-hydroxylaevulinic acid as the product

As for glyoxylate metabolism iit My cobticter-
1'11?, a, GOLDMAN at tt1. (1962) reported that the

The reaction components and incubation condi-
tions were the same as those in Table 7.0.75

pmole of ITUcleotides or pyridoxal phosphate \\, as
added

for this nucleotide. The effects of other avail-

able nucleotides and also of pyridoxal phosphate
added to the enzyme system ale sho\\. rim Table
8.

100

194

115

97

62

70

Specifici'ty of $1, bst, ', Ites
Glyoxylate could not be replaced by form-

aldehyde and a-ketoglutarate could not be re-
placed by other members of the TCA cycle,
e. g. malate, citrate or succinate. Oxaloacetate
reacted non-enzymically with glyoxylate to yield
carbon dioxide as reported by RUFFo at o1.
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glyoxylate cycle operated in My cohorterz'Min
in bel'ci, /OSIs, H37Ra, an avirulent strain, grown
in a modified PROSi<AUER and BEci< liquid
medium to \\, hich has been added 0.15 per

cent serum albumin containing oleic add.
Early in the series of experiments \\, e made
almost the same system as theirs for assay of
malate synthetase activity in the microorganism
employed in this study, but failed to demon-

It is uncertain atstrate activity present
whether or not this discrepancy depends on
the species of Mycobncte, !'I'm used or culture
conditions. Although malate synthetase was
first detected in organisms grown with acetate,
it has since been found in various micro-

organisms examined under a variety of condi-
ti. us of g". wth (KORNBERc at at. , 1961).

The reaction (1) should be clearly dif-
ferentiated from others simultaneously involv-
ing both glyoxylate and a-ketoglutarate as
substrates. AlthouglT a-ketoglutarate-depend-
Grit metabolism of glyoxylate has been reported
in Rhodopsei, do?"oiltts spheroz'des (OKuvAMA at
a/., 1965) and in rat liver (CRAM, HALL at o1. ,
1962 ; 1<AWASAi<I at n/., 1966), it seems to us
that enzymic synthesis of a-keto-^-hydroxy~
adjpate from glyoxylate and a-ketoglutarate,
which were first demonstrated by FRANKE at
of. (1961) in Ap, ,gill, ,, ing, ,., "pp, "rs to b,
the initial step of glyoxylate metabolism in
both Rhodopsewd0,1107ias and rat liver.

The reaction product isolated in the present
investigation, however, did ITot sho\\, the
characteristics of aiT a-keto acid : i. e. it had no

absorption maximum at 250 inn on semicarba-
zone formatioit (Fig. 5) and no peak around
340 in, 14 on quinoxaline formation (Fig. 6).
Its behavior on DNP-hydrazone formation \\, as
also different from that of a-keto acids. In

order to obtain the same grade of coloration of
the DNP-hydrazone as a-ketoglutarate or
glyoxylate, an excessively large amount of the
DNP-hydrazone of the reaction product \\, as
required (Fig. 4). Ther. fore w. .. uld not
detect the DNP-hydrazone of a-hydroxylae-
vulinic acid on paper chromatography by the
routine method for detection of DNP-hy-

drazones in the reaction mixture (Fig. I).
Definite information about the chemical

formula of the reaction product \\, as given by
periodate oxidation, \\, hich yielded form-
aldehyde and succinic acid in the molar ratio of
I : I. The amounts of formaldehyde plus
succinic acid formed from a certain amount of

the reaction product suggested that no forma-
tion of other oxidation products could be
expected

These results suggested that the reaction
product might be a-hydroxylaevulinic acid.
Elemental analysis, titration with alkali, and
the infrared spectrum of the reaction product
all supported the possibility that the coin~
pound \\, as the reaction product.

a-aminolaevulinic acid, which is similar in
structure to the present a-hydroxylaevulinic
acid, has been demonstrated to be a key inter-
mediate in the synthesis of porphyrins (SHEMiN
at a/., 1953 ; NEUBERCER at a/., 1953). SHEMiN
at at. (1953) postulated that succinyl-CoA
couples wit}T glycine to form a-amino-,-keto-
adjpic acid \\, hich then spontaneously or en-
zymically decarboxylated to give a-amino-
Iaevulinic acid. The postulated intermediate,
a-amino-,-ketoadipic acid, has not been
isolated or even detected. If a-hydroxy-,-
ketoadipic acid \\, ere a possible intermediate in
our case, then there may be a possibility that
the compound \\, illbe decarboxylated spontane-
ously or enzymically to give a-hydroxylaevulinic
acid. whether or ITot there is such an inter-

mediate to give a-hydroxylaevulinic acid, will
be the subject to be investigated in the future.

The enzyme, \\, hich catalyzed a-hydroxylae-
vulinate formation, \\, as firmly bound to a
particulate fractioi\ in the freshly prepared cell
free extract and failed to be released by sonic
OScillatioit or digitonin treatment. However,
in the 30 per cent fraction, on storage for a
long period (several months) in the frozen state,
the enzyme was solubilized to a considerable
extent. It is interesting that the 30 per cent
fraction of the storage for I}early three years in
the frozen state still retained marked enzyme
activity in the soluble fraction (Fraction S).
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The solubilized enzyme could be purified by
DEAE-cellulose column chromatography. The
purified enzyme supplemented with thiamine
pyrophosphate and Mg" as cofactors catalyzed
the reaction (1).

it has been demonstrated that a-aminolae-

vulinate synthetase, effecting the synthesis of
a-aminolaevulinic acid from glycine and suc-
cmyl-CoA, Is a pyridoxal phosphate enzyme,
using soluble systems of Rhodopseudomo"as
$pherozdes (KiKucHi at a1. , 1958 ; GiBsoN,
1958) and Rh, dorp, fill"in ,"b, "in (KiKucHi at
at. , 1958) and in the particulate system of
erythrocytes of anemic chickens (GiBsoN at al. ,
1958). HAYAN0 (1961) failed to demonstrate
a-aminolaevulinic acid formation from glycine
and succinyl-CoA in the present organism.
The enzyme which catalyzed a-hydroxylae-
vulinate formation differed from a-amino-

Iaevulinate synthetase also in that its activity
was not enhanced, as expected, but rather
inhibited by the presence of pyridoxal phos-
phate.

Addition of ADP to the enzyme system
caused about two-fold activation of the reac-

tion and the activation appeared to be quite spe-
chic for ADP of the nucleotides tested. Since

ADP does not seem to be a cofactor of the

enzyme, this activation suggestes that a confor-
mational change may occur in the enzyme
protein on additien of ADP.

The precise mechanism catalyzed by this
enzme, however, awaits further investigations.

Finally we would like to speculate on the
biological significance of a-hydroxylaevulinic
acid formation in this microorganism. The

enzyme catalyzed its formation was exclusively
confined to a particulate fraction in the freshly
prepared cell free extract, like the enzymes of
the TCA cycle. In this organism both gly-
oxylate and a-ketoglutarate are formed from
isocitrate, a member of the TCA cycle. Thus
these facts suggest that the function of this
enzyme is closely associated with the TCA
cycle. Therefore, at present we feel that a-
hydroxylaevulinic acid formation may be con-
cerned with a mechanism regulating the yield
of energy in this cycle, or provision of pre-
cursors of cell constituents or both. These

problems will also be investigated in the future.
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