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Isolation and Identification of 5-Hydroxy-4-ketovaleric Acid as
a Product of a-Ketoglutarate:Glyoxylate Carboligase®

Michael A. Schlossberg, Dan A. Richert, Robert J. Bloom, and W. W. Westerfeld

ABSTRACT: Incubation of glyoxylate-1,2-1*C and «-keto-
glutarate for 2.5 hr at pH 7.1 and 37° with a beef heart
particulate preparation gave !CO. and two labeled
intermediates. One of these has been isolated by column
chromatography and identified as 5-hydroxy-4-keto-
valeric acid (I). Periodate oxidation of I yielded form-
aldehyde and succinic acid in equimolar quantities;
all of the '4C was found in the formaldehyde (C-5 of I).
Nonlabeled I was assayed quantitatively by the peri-
odate—chromotropic acid procedure. Large quantities
were prepared by incubating glyoxylate and «-keto-
glutarate with a washed beef heart homogenate.

’I:e importance of glyoxylate as a metabolic inter-
mediate was demonstrated by Ratner er al. (1944),
who showed that glycine was oxidatively deaminated to
glyoxylate. The finding that glyoxylate and glycine were
interconvertible by transamination (Cammarata and
Cohen, 1950; Nakada and Weinhouse, 1953) further
implicated glyoxylate in glycine metabolism. In other
studies (Weinhouse and Friedmann, 1951 ; Nakada and
Weinhouse, 1953) it was shown that glyoxylate is
metabolized in rat liver by one of two pathways: (a)
oxidation to oxalic acid and (b) oxidation to formate and
carbon dioxide. The former pathway is of little physio-
logical significance, while the latter represents the major
catabolic route of glyoxylate.

Nakada (1953) has demonstrated that the oxidation
of glyoxylate in rat liver was markedly increased by the
addition of rL-glutamic acid. Nakada and Sund (1958)
later postulated that glyoxylate catabolism proceeded
via a decarboxylation of the carboxyl carbon concomi-
tant with a condensation of the a-carbon with glutamic
acid to yield N-formyl-L-glutamic acid. The latter prod-
uct is then converted to glutamic acid and formate.
However, Crawhall and Watts (1962) observed that
when a-ketoglutarate and glyoxylate were incubated
with rat liver mitochondria, the decarboxylation of
both compounds was more rapid than when they were
incubated separately. They also noted that a-keto-
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Compound I was isolated by chromatography on three
columns as white crystals, soluble in water, alcohol,
and acetone, insoluble in Et;O (mp 104-105°, pK =
4.7), 2,4-dinitrophenylosazone (mp 264-265°), and
p-nitrophenylosazone (mp 265-266°). Elemental anal-
ysis and nuclear magnetic resonance spectrum were
consistent with the assigned structure. Compound I
was synthesized chemically by deamination of é-amino-
levulinic acid with nitrous acid and isolated by chroma-
tography on Dowex and Celite columns, This syn-
thetic I gave the same 2,4-dinitrophenylosazone as
enzymatically prepared 1.

glutarate was more effective than L-glutamic acid in
stimulating decarboxylation of glyoxylate.

Earlier, Franke and Jilge (1961) tentatively identified
2-keto-3-hydroxyadipic acid as an intermediate in the
condensation between glyoxylate and «-ketoglutarate in
Aspergillus niger. Using similar techniques, Okuyama
et al. (1965) demonstrated an analogous reaction with
extracts of Rhodopseudomonas spheroides and further
postulated a cyclic mechanism for the oxidation of
glyoxylate involving 2-keto-3-hydroxyadipic acid and
o-hydroxyglutarate. A similar system was found in rat
liver mitochondria (Kawasaki er al., 1966). Recently,
Koch and Stockstad (1965) reported partial purification
from rat liver mitochondria of an enzyme, glyoxylate
carboligase, which catalyzed the synergistic decarboxyl-
ation of glyoxylate and «-ketoglutarate. However, they
suggested that the product in this reaction was 2-
hydroxy-3-ketoadipic acid.

In this laboratory, it was recently found with prepa-
rations from beef kidney and other tissues that acetalde-
hyde and a-ketoglutarate condense to form 5-hydroxy-
4-ketohexanoic acid with concomitant decarboxylation
of a-ketoglutarate (Bloom and Westerfeld, 1966).
Noting the structural similarity between glyoxylate
and acetaldehyde, it was thought that an analogous
reaction between glyoxylate and a-ketoglutarate to yield
2-hydroxy-3-ketoadipic acid could occur. A further
decarboxylation of the B-keto acid would then yield
5-hydroxy-4-ketovaleric acid (HKV).! This paper re-
ports our findings as related to: (1) the isolation of large
quantities of HKYV, and (2) the chemical identification
of HKV.,

1 Abbreviations used: HKV, 5-hydroxy-4-ketovaleric acid.
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FIGURE 1: Time course of !'4CQO, production upon
acidification. Procedure as described in the text.
Incubations were for 2.5 hr under air in a Dubnoff
metabolic shaker at 37°. The reaction was stopped by
adding 0.3 ml of 509 perchloric acid. *CO, was
measured as Ba!4CQ; at the times indicated. Each
point represents the average of two determinations.

Methods

Glyoxylic acid was determined by the method of
Dekker and Maitra (1962). The periodate—chromotropic
acid procedure of Frisell and MacKenzie (1958) was
used to assay samples containing between 100 and 1000
ug of HKV, Melting points were determined on a Fisher-
Johns melting point apparatus.

Experimental Section

Preparation of a Particulate Fraction from Beef Heart.
For small-scale incubations, a particulate fraction was
prepared in the following manner (all operations were
performed at 4°). A 1:5 beef heart homogenate (w/v) in
0.1 M potassium phosphate buffer (pH 7.1) was prepared
with a Teflon pestle tissue grinder and centrifuged at
100,000g for 2 hr in a Spinco preparative ultracen-
trifuge. The supernatant solution was discarded, the
tightly packed pellet was rehomogenized in phosphate
buffer and recentrifuged, and the resulting pellet was
used for incubation. The pellets were stored at 4° and
retained activity for about 5 days.

Incubation Medium and 4CO; Measurement. The
incubation medium was prepared by mixing the follow-
ing: 20 umoles of glyoxylate-1,2-14C (48,000 cpm),
obtained from Calbiochem; 20 umoles of a-ketogluta-
rate; 1 ml of 0.10 M potassium phosphate buffer (pH 7.1);
1 ml of particulate suspension (equivalent to 200 mg of
fresh heart); and enough water to make a final volume
of 3 ml. Incubations were carried out in a Dubnoff
metabolic shaker at 37° under air, using special 20-ml
beakers without lips and covered with tight rubber caps.
The center well contained a strip of filter impregnated
with 0.2 ml of 8 N potassium hydroxide. The incubation
mixture was shaken for 2.5 hr and the reaction was
stopped by injecting 0.3 ml of 50 9 perchloric acid into
the main compartment. The vessels were shaken for an
additional 2 hr to ensure complete decarboxylation of
any susceptible enzymatically formed intermediate
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products. The contents of the center well were collected
quantitatively, mixed with 1 ml of 0.25 M Na,CO;, and
precipitated with 3 ml of 5% BaCl,. The resulting
barium carbonate was collected on glass fiber filter paper
disks, washed with hot water, dried with acetone,
assayed in a flow counter, corrected to infinite thinness
(Yankvich et al., 1947), and expressed as micromoles of
14CQOs,.

Results

When glyoxylate-1,2-14C (ten vessels, 48,000 cpm/
vessel) was incubated, a total of 266,000 cpm was
found in CQ, and 235,000 cpm was found in the per-
chloric acid filtrates. It had been previously demon-
strated in R. spheroides (Okuyama et al., 1965), rat
liver mitochondria (Kawasaki et al., 1966), and pig
liver mitochondria (Stewart and Quayle, 1967) that
glyoxylate-1-14C but not glyoxylate-2-14C yielded 14CO,
when incubated with «-ketoglutarate. Since our
system produced approximately equal molar amounts of
radioactivity in *CQ, and in the perchloric acid filtrate
from glyoxylate-1,2-14C, it was assumed that the carbon
dioxide was derived almost entirely from the carboxyl
carbon of glyoxylate while the a-carbon was incorpo-
rated into some water-soluble intermediate(s).

Time Course of **CO; Production in the Presence of
Perchioric Acid. Twelve reaction mixtures were in-
cubated for 2.5 hr and then acidified with perchloric
acid. The center well contents were counted in duplicate
at 0, 15, 30, 60, 120, and 180 min after acidification.
Figure 1 shows that approximately 159 of the car-
boxyl carbon was converted to CQO, after a 2.5-hr
incubation without acidification. Acidification caused
an increase in carbon dioxide production until a maxi-
mum level was reached in about 2 hr. Most of the 14CO,
released by acid apparently came from a decarboxyla-
tion rather than from bicarbonate. In subsequent
experiments with rat heart preparations incubated with
unlabeled substrates, acidification increased the amount
of HKV by as much as sixfold. Koch and Stokstad
(1965) also found a relatively slow release of 1CQ, with
acid alone, but in the presence of 4-aminoantipyrine, the
release was completed within 10 min.

Chromatography. The perchloric acid filtrates from
the main compartments of the incubation flasks were
pooled. The protein precipitate was removed by cen-
trifugation and washed with 59 perchloric acid. The
supernatant solutions and washings were combined,
neutralized with 4.5 M potassium hydroxide, chilled
overnight, and filtered. The filtrate was then chromato-
grammed sequentially on Dowex 1-X10, Dowex 1-X4
AG, and Celite columns as previously described by
Bloom and Westerfeld (1966).

Perchlorate filtrate (100 ml) at pH 7 was passed through
a Dowex 1-X10 column (Busch er al., 1952) at 4 ml/min
followed by 50 ml of water and 100 ml each of 1, 2, 4,
and 6 M formic acid. The effluent was collected in 10-ml
fractions and 0.5-ml aliquots were plated on aluminum
pans, dried under a lamp, and counted in a Nuclear-
Chicago D-47 gas-flow counter. Approximately 90%;
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of the radioactivity was found in two poorly resolved
peaks at tubes 19 and 22. The entire fraction from 19 to
30 was collected and evaporated to dryness in a flash
evaporator and chromatogrammed on a Dowex 1-X4
AG column (Berl er al., 1962).

A 20-ml sample at pH 7 was passed through the col-
umn and eluted with 35 ml of 0.05 N, 80 ml of 0.10 N,
and 60 ml of 0.30 N acetic acid followed by 120 ml of
0.10 N HCIL. Fractions of 5 ml were collected and
0.5-ml aliquots were plated and counted. The chromato-
gram showed the existence of two peaks of about equal
size. The first peak (designated A) was found in tubes
32-43 (peak at 37) while the second peak (designated B)
was found in tubes 49-60 (peak at 49), although this
peak showed considerable variation as to its exact
location. Fractions A and B gave negative tests for
glyoxylate.? The periodate-chromotropic acid test for
HKYV was positive for fraction A and negative for B.
Fraction A was subsequently identified as HKV while
the chemical nature of B is still under investigation.

Fractions A and B were individually concentrated to
1 ml and chromatographed separately on Celite as
described by Ueno et al. (1960). When 5-ml samples
were collected, fraction A (HKV) peaked in tube 32 and
was collected in tubes 28-34; fraction B peaked at 81
and was collected in tubes 75-94. These fractions were
then evaporated to dryness in a flash evaporator, dis-
solved in water, transferred to a beaker, and dried by a
stream of warm air.

Products of Periodate Oxidation of HKV. Approxi-
mately 13 mg of unlabeled HKV (prepared from non-
radioactive glyoxylate and a-ketoglutarate and purified
by the three chromatographic columns) was dissolved
in 3 ml of water and mixed with 6 ml of 1% periodic
acid. The mixture was allowed to stand for 5 min at
room temperature, neutralized with potassium hy-
droxide, and diluted to 10 ml with distilled water.
The formaldehyde formed by this reaction was pre-
cipitated as the dimedon derivative (Frisell and Mac-
Kenzie, 1958). The weight of the derivative was equiva-
lent to 106.4 umoles of formaldehyde and gave the
theoretical melting point of 189-190°. There was no
depression of the melting point upon mixing the deriva-
tive with a dimedon derivative prepared from com-
mercial formaldehyde.

The filtrate from the dimedon-precipitated formal-
dehyde was neutralized, evaporated to a volume of
1 ml, and chromatogrammed on a Celite column,
The acid in the eluate was determined by titrating each
tube with 0.005 N KOH. The only detectable acid
appeared in tubes 26-37 (peak at 31) which by compari-
son with known acids was suggestive of succinic acid
The amount was equivalent to 96.1 umoles of succinate’

2In early experiments, glyoxylate was not detected colori-
metrically. It was later discovered that the unreacted glyoxylate
was lost during flash evaporation, and/or from the lamp under
which the planchets were dried. When the enzymatic reaction did
not proceed to completion and care was taken to avoid volatiliza-
tion, the excess radioactive glyoxylate peaked at tube 22 from
the Dowex 1-X10, tube 63 from Dowex 1-X4 AG, and tube 32
from Celite.

Ueno et al. (1960) showed that the recovery of succinic
acid on Celite is 92.1% (89%, in our experiment) and
thus the corrected value of 105-108 umoles of succinic
acid agrees with that obtained for formaldehyde.
When the labeled HKV-3-1‘C was oxidized with per-
iodate, 99+ %7 of the radioactivity was found in formal-
dehyde.

Positive identification of the acid as succinic acid was
accomplished by preparing the p-phenylphenacyl ester
from fractions 26-37. The silvery flakelike crystals
obtained melted at 211-212° which was identical with
the melting point of the ester prepared from authentic
succinic acid. There was no depression on mixing of the
two derivatives,

Large-Scale Preparation of Unlabeled HKV for the
Preparation of Derivatives. Well-trimmed beef heart (500
g) was ground in a meat grinder, placed in a double
thickness of 60-gauge cheesecloth, and dialyzed against
cold (4°) running tap water for 6 hr and 10 L. of distilled
water for 18 hr. The washed particulate fraction pre-
pared in this way was homogenized with 1500 ml of
distilled water in a Waring Blendor and incubated in an
8-1. round-bottom flask at 37° in air in the following
proportions: 2 1. of beef heart preparation, 200 ml of
1.0 M potassium phosphate buffer (pH 7.2), 10 g of
a-ketoglutaric acid neutralized with KOH and diluted
in 250 ml of water, and 5 g of glyoxylic acid mono-
hydrate dissolved in 250 ml of water. Aliquots of 50, 50,
90, and 60 ml of each substrate were added at 0, 90, 180,
and 270 min after the start of the incubation. One
hour after the last addition, enough 7097 perchloric
acid was added to give a final concentration of 5%. The
mixture was allowed to stand for an additional 8 hr with
occasional stirring to ensure complete decarboxylation
of any enzymatically formed intermediates. The mixture
was then filtered, neutralized with solid potassium
hydroxide, refrigerated for 12 hr, and filtered; yield of
HKYV is 3.8 g (539 of theory) as determined by per-
iodate-chromotropic acid. The yellow filtrate was diluted
to 4 1. and chromatogrammed on Dowex 1-X10,
Dowex 1-X4 AG, and Celite columns which were scaled
up proportionately. This material was then used for the
preparation of derivatives and crystallization of the
free acid.

HKYV (270.5 mg) was recrystallized several times from
acetone and dried for 48 hr over phosphorus pentoxide
under reduced pressure: yield 100 mg, mp 104-105°,
neut equiv 135 (calcd 132), pK = 4.7. The free acid
(HOCH,COCH;CH,COOH) was found to be very
soluble in water, soluble in ethanol and hot acetone,
and insoluble in diethyl either. Anal: Caled for CsHsO4:
C, 45.46; H, 6.10. Found: C, 45.54; H, 6.18.

The nuclear magnetic resonance spectrum in D;O
with 59 K.CO; showed a singlet at + = 5.64 ppm for
the C-5 methylene protons and an eight-line pattern
centered at 7 = 7.5 ppm for the C-2 and C-3 methylene
protons. The respective integral ratios were 2:4.

Derivatives

2,4-Dinitrophenylosazone Derivative. HKV (46 mg)
was refluxed with 400 mg of 2,4-dinitrophenylhydrazine
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FIGURE 2: Postulated products of glyoxylate-a-ketoglutarate condensation. Mechanism I occurs in beef heart; me-

chanism 11 has been postulated by other investigators.

dissolved in 100 ml of 2 N~ HCI for 1 hr; yield, 8297 of
theory. Recrystallization from boiling nitrobenzene
gave short yellow rods, mp 264-265°. Anal: Calcd for
CiyHiN:Oio: C, 41.64; H, 2.88; N, 22.85. Found: C,
41.92; H, 2.95; N, 23.33.

p-Nitrophenylosazone Derivative. p-Nitrophenylhy-
drazine (400 mg) in 5 ml of absolute alcohol was added
to 142 mg of HKV in 5 ml of absolute ethanol. The
resulting solution was refluxed for 1 hr, cooled, and
filtered. Water (20 ml) was added to the filtrate which
was then stored for 1 week at 0°. The orange-red pre-
cipitate was filtered and yielded 53 77. Recrystallization
from nitrobenzene gave a brown precipitate, mp 265~
266°. Anal. Caled for CyHisN¢Os: C, 51.00; H, 4.03;
N, 20.99. Found: C, 50.73; H, 4.09, N, 20.52.

Preparation of HKV from 6-Aminoleculinic Acid.
Deamination of s-aminolevulinic acid by nitrous acid
with the formation of 5-hydroxy-4-ketovaleric acid was
accomplished with about a 2097 yield by the following
procedure. NaNO. (50%7) (1 ml) was added dropwise
(10 min) to 100 mg of é-aminolevulinic acid (128 mg of
the hydrochloride) dissolved in 5 ml of 1 N Hs.SO.,.
The solution was allowed to stand at room temperature
for 25 min and in boiling water for 5 min. Excess nitrous
acid was removed by transferring the solution to a
round-bottom flask, adding 20 ml of 0.25 N H,SO4, and
flash evaporating at 40° to 12 ml.

This yielded 20-25 mg of HKV which was purified
by the previously described chromatography on Dowex
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and Celite columns. Recrystallization from acetone
gave mp 102.5-104.5; 2,4-dinitrophenylosazone, mp
264.5-265°.

Discussion

The results reported in this paper have shown the
presence of an enzyme in the particulate fraction of
beef heart that catalyzes a condensation between gly-
oxylate and «-ketoglutarate. Several investigators
(Koch and Stockstad, 1965; Stewart and Quayle, 1967)
have demonstrated the occurrence of a similar system
in both rat liver and pig liver mitochondria. Koch and
Stockstad (1965) suggested that glyoxylate and a-keto-
glutarate undergo an initial condensation to yield 2-
hydroxy-3-ketoadipic acid which then decarboxylates to
HKYV in the presence of acid. Kawasaki et al. (1966)
have suggested that in rat liver mitochondria the initial
condensation product is 2-keto-3-hydroxyadipic acid
which could be converted enzymatically to a-hydroxy-
glutaric acid. These alternate possibilities are shown in
Figure 2.

Since the 2-hydroxy-3-ketoadipic acid was readily
decarboxylated in the presence of acid it was necessary
to isolate the decarboxylated condensation product and
locate the positions of the hydroxyl and keto functions.
The identification of the hydroxyl group at C-5 was
established by the fact that formaldehyde is obtained by
periodate oxidation and the nuclear magnetic resonance
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spectrum contains a singlet at + = 5.64 ppm for the
C-5 methylene group. Furthermore, the unknown
compound was identical with HKV formed by the
deamination of é-aminolevulinic acid with nitrous acid,
Rappe (1959) has synthesized HKV. The melting point
and nuclear magnetic resonance data are consistent with
that obtained for our compound. All of this provides
evidence that the primary condensation product from
glyoxylate and «-ketoglutarate is 2-hydroxy-3-keto-
adipic acid and the acid decarboxylation product is
HKYV,

Paper chromatography of the 2,4-dinitrophenylosa-
zones of the reaction products from human kidney
by Koch er al. (1967) suggested the presence of two
compounds. On the basis of labeling patterns and optical
properties, they were tentatively identified as the osa-
zones of HKV and 2-hydroxy-3-ketoadipic acid.
Stewart and Quayle (1967) chromatographed the re-
action products and observed two spots, neither of
which incorporated radioactivity from glyoxylate-1-14C.
In this paper, we have also demonstrated the existence
of at least one other product in addition to HKV. The
chemical nature of this compound is presently under
investigation.

Moriyama and Y ui (1966) have isolated and identified
HKYV as a product of glyoxylate metabolism in Myco-
bacterium takeo. Our data confirm their findings with
regard to the structure of HKV. They have suggested
that HKYV is formed via a direct one-step condensation
of glyoxylate and a-ketoglutarate. In our system, it
appears that most of the HKV is formed by a chemical
decarboxylation of 2-hydroxy-3-ketoadipic acid.
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