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ABSTRACT

HANSEN, ROBERT W. (University of Illinois
College of Medicine, Chicago) AND JAMES A.
HAYASHI. Glycolate metabolism in Escherichia
coli. J. Bacteriol. 83:679-687. 1962.-This study
of glycolate-adapted Escherichia coli indicates
that the most probable route for utilization of
the substrate includes glyceric acid, 3-phospho-
glyceric acid, and the tricarboxylic acid cycle. A
glyceric acid dehydrogenase, which reduces
tartronic semialdehyde to glycerate in the pres-
ence of reduced diphosphopyridine nucleotide,
and a kinase, which catalyzes the formation of
3-phosphoglycerate from glyceric acid and
adenosine triphosphate, were shown to be present.
Carbon recoveries in growing cultures and
manometric data obtained with resting cells
showed the complete oxidation of glycolate to
carbon dioxide. Measurements of the oxidation
of tricarboxylic acid cycle intermediates indi-
cated that these compounds are oxidized without
lag and at a rate commensurate with the rate of
glycolate oxidation. Assays of the enzymes
characteristic of known pathways of terminal
oxidation, such as isocitratase, malate synthetase,
isocitric dehydrogenase, and condensing enzyme,
provided further evidence for an operating
tricarboxylic acid cycle. A postulated pathway
for the utilization of glycolic acid is as follows:
glycolate - glycerate -- 3-phosphoglycerate
pyruvate tricarboxylic acid cycle.

In Escherichia coli, the tricarboxylic acid
cycle has been established as the major pathway
for the oxidation of acetate and compounds
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giving rise to acetate (Swim and Krampitz, 1954;
Wheat, Rust, and Ajl, 1956). The route of
oxidation of compounds of a higher oxidation
state, such as glycolic and glyoxylic acids, has
not been as well established, although the tri-
carboxylic acid cycle has been implicated by the
work of several investigators (Bachrach, 1957;
Kalnitsky and Barron, 1947; Kornberg and
Gotto, 1959). Recently, Kornberg and Gotto
(1961) showed that, in a pseudomonad, glycolic
acid is oxidized by a route involving the di-
carboxylic acid cycle (Kornberg and Sadler,
1960).
Krakow and Barkulis (1956) reported that

extracts of glycolate-adapted E. coli catalyzed
the formation of a three-carbon intermediate
and carbon dioxide from 2 moles of glyoxylic
acid. The three-carbon intermediate was later
identified as tartronic semialdehyde (Krakow,
Hayashi, and Barkulis, 1959; Krakow, Barkulis,
and Hayashi, 1961; Kornberg and Gotto, 1961).
It was also demonstrated that there was present,
in the same extracts, a diphosphopyridine
nucleotide (DPN)-dependent dehydrogenase
which reduced tartronic semialdehyde to a
compound tentatively identified as glyceric
acid. If the above two reactions observed in the
extracts are components of the pathway leading
to the tricarboxvlic acid cycle, it is reasonable
that a glyceric acid kinase could also be present
in the glycolate-adapted E. coli. Glyceric acid
kinase has been reported in mammalian cells
(Ichihara and Greenberg, 1957) and in micro-
organisms (Black and Wright, 1956); a glyceric
acid dehydrogenase specific for hydroxypyruvate
has been reported to occur in extracts of parsley
leaves (Stafford, Maqaldi, and Vennesland, 1954).
The following report indicates that extracts of

glycolate-adapted E. coli contain a glyceric acid
kinase and a glyceric acid dehydrogenase which
reacts with tartronic semialdehyde but not with
hydroxypyruvate. Also, evidence is presented for
a functioning tricarboxylic acid cycle during the
oxidation of glycolic acid. These data indicate
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that the glyoxylate shunt (Kornberg and Madsen,
1958) and the dicarboxylic acid cycle are less
likely routes of terminal oxidation of glycolic
acid in these organisms.

MATERIALS AND METHODS

Growth of organisms and preparation of extracts.
E. coli (Crooks' strain), maintained on nutrient
agar (Difco), was adapted to glycolate utilization
by transferring a loopful of the stock culture to
10 to 500 ml of the following medium: NH4Cl,
1.0 g; Na2HPO4, 6.0 g; KH2PO4, 2.0 g; NaCl,
0.5 g; MgSO4 - H20, 0.2 g; glycolic acid, 5.0 g;
H20, 1 liter. These cultures were placed on a
rotary shaker and incubated for 24 hr at 37 C.
Larger amounts of cells for manometric experi-
ments and for the preparation of cell-free extracts
were obtained by inoculating 6 liters of the
medium with 500 ml of an adapted culture and
then incubating at 37 C for 24 hr. The culture
was aerated by passing air through sterile cotton
filters into medium-porosity sintered-glass spar-
gers. Cells from these cultures were harvested in
a Sharples refrigerated supercentrifuge and
washed three times at 4 C with 0.0001 M phos-
phate buffer (pH 7.2). Extracts of glycolate-
adapted cells were prepared by grinding with
alumina and extracting with buffer, according to
Wheat et al. (1956). Due to high endogenous
oxidation of reduced DPN (DPNH) in the crude
extracts, it was necessary to fractionate the
extracts to obtain glyceric dehydrogenase
in sufficient purity for assay. The fraction
precipitating between 25 and 51% of ammonium
sulfate saturation was found to contain all of the
glyceric dehydrogenase activity and no endog-
enous DPNH oxidase activity.

Protein was determined by the biuret method,
with crystalline bovine albumin as the standard.

M1anometric assays. Manometric experiments
were performed according to the general methods
given by Umbreit, Burris, and Stauffer (1949).
Experiments on the oxidation of glycolic acid
were made using 10 ,umoles of glycolic acid and
7.5 mg (dry wt) of washed glycolate-adapted
cells in 2.35 ml of 0.1 M potassium phosphate
buffer at pH 7.0 and 30 C. During oxygen-uptake
experiments, 0.15 ml of 10% KOH was contained
in the center well; this reagent was omitted
when evolved CO2 was determined. The quantity
of CO2 was calculated according to Umbreit et al.
(1949). The oxidation of tricarboxylic acid cycle

intermediates by resting cells was determined
using 20 MAmoles of substrate and 10 mg (dry wt)
of cells in 2.35 ml of 0.1 M phosphate buffer
(pH 7.2) in the main compartment and 0.15 ml of
10% KOH in the center well. The temperature
was 30 C.
Enzyme assays. 1) Titrimetric:-Glyoxylic acid

carboligase and glyceric kinase were assayed
titrimetrically according to the general method
described by Schwartz and Meyers (1958).
Carboligase was determined as described by
Krakow et al. (1961) in a reaction mixture
containing 30 ,umoles of sodium glyoxylate, 2
MAmoles of MgCl2, 0.3 mg thiamine pyrophosphate
(TPP), 1.5 to 3.0 mg of enzyme protein, and
water to 5.0 ml. The pH was adjusted to and
maintained at 7.0 during the reaction by the
addition of 0.1 N HCI.

Glyceric acid kinase in the crude extracts was
determined titrimetrically, using the method of
Schwartz and Meyers (1958). The reaction
mixture contained 5.3 j,moles of DL-glyceric
acid, 100 ,umoles of potassium fluoride, 9.1
,umoles of disodium adenosine triphosphate
(ATP), 1.56 mg of extract protein, and water to
make 5.0 ml. The mixture, without ATP, was
adjusted to pH 7.4, and the reaction initiated by
the addition of ATP solution which had been
adjusted previously to pH 7.4. The pH was
maintained by addition of 0.05 N NaOH. The
amount of produce was calculated from the
amount of hydrogen ion which appeared during
the phosphorylation.

2) Spectrophotometric:-Enzyme activities
were determined spectrophotometrically, using
1.0-cm silica cuvettes and a Beckman DU
spectrophotometer. The final volumes were 3.0
ml in all the assays. Isocitric dehydrogenase was
determined by the method of Wheat et al. (1956);
the mixture consisted of 100,umoles of potassium
phosphate buffer (pH 7.4), 0.2 mg of triphospho-
pyridine nucleotide (TPN), 1.0 Mmoles of MgC92,
and 5.0,moles of isocitric acid. The rate was
determined by observing the increase in absorb-
ance at 340 m,. The TPN reduced (,umoles) was
calculated from the extinction coefficient of
reduced TPN (TPNH): 6.22 X 106 cm4/mole
(Horecker and Kornberg, 1948). Isocitratase was
determined by the method of Dixon and Korn-
berg (1959). The reaction mixture contained
potassium phosphate buffer (pH 7.0), 200
,moles; MgCl2, 20 ,umoles; 2,4-dinitrophenyl
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hydrazine hydrochloride, 10 ,moles; cysteine
hydrochloride, 0.33 ,umoles; isocitric acid, 10
,umoles; and extract protein, 1.56 mg. Observation
of the increase in absorbancy at 234 m,, at
which wave length glyoxylic phenylhydrazone
absorbs, gave the rate at which glyoxylate
formed, and the amount was calculated from
the extinction coefficient: 1.7 X 104 cm2/mole.
Evaluation of the activities of malate synthetase
and condensing enzyme was based on the decrease
in absorbancy at 232 m,u during the hydrolysis
of acetyl coenzyme A (Dixon and Kornberg,
1959). Reaction mixtures contained 50 ,umoles
acetyl coenzyme A, 3.0 ,umoles glyoxylate or

oxaloacetate, and 0.312 mg of extract protein.
The reaction was initiated by the addition of
glyoxylate or oxaloacetate and followed by
observation of the absorbance at 232 m,. The
quantity of acetyl coenzyme A used was calcu-
lated from the extinction coefficient: 4.5 X
106 cm2/mole. For the determination of the malic
enzyme, advantage was taken of the fact that
carboxylation of pyruvate is accompanied by the
oxidation of TPNH (Ochoa, Mehler, and
Kornberg, 1948). To reaction mixtures containing
75 ,umoles of glycvlglycine buffer (pH 7.4), 0.4
,moles of TPNH, 1.0,umoles of MnCl2, 10,umoles
of pyruvate, and 0.31 mg of extract protein were

added 30 ,umoles of NaHCO3. The decrease in
absorbance at 340m, was noted, and the amount
of TPNH oxidized was calculated from the extinc-
tion coefficient of TPNH. Glyceric dehydrogenase
was assayed in the following mixture: potassium
phosphate buffer (pH 7.0), 200 jAmoles; DPNH,
0.36 MAmoles; glyoxylate, 0.6 ,umoles; extract pro-
tein, 0.572 mg; and water to make to 3.0 ml. All
the components except TPP and MgCl2 were

mixed, and the change in absorbance at 340 m,u
determined. After 3 to 5 min, TPP and MgC12
were added and the change in absorbance with
time was again observed. The amount of product
formed was determined by calculation from the
extinction coefficient of DPNH: 6.22 X 104
cm2/mole (Horecker and Kornberg, 1948).

Product identification. Products formed during
the enzyme reactions were identified by paper
chromatographic techniques. In all cases the re-

action mixtures were deproteinized by adding 1.0
ml of 50% trichloroacetic acid, and cations were

removed by treating in a batch process with 10.0
g wet wt of Dowex-50 ion-exchange resin in the
hydrogen form. After removal of the precipitated
protein and the resin by centrifugation, the super-
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natant fluids were reduced in volume under
diminished pressure.

Glyceric acid and glycolic acid were both
identified in two different solvent systems: n-bu-
tanol-acetic acid-water (100:22:50), as described
by Stepka (1952), developed by the ascending
technique for 15 hr and dried at room tempera-
ture; and n-butanol-formic acid-water, according
to Barnabas and Joshi (1955), developed by the
descending technique for 15 hr and dried at room
temperature. Acid spots were visualized by spray-
ing the dried chromatograms with 0.04%
bromeresol green in 95% ethanol, adjusted to pH
5.5. Acids appeared as yellow spots on a light
green background. Phosphate esters of hydroxy
acids were identified by descending cbromatog-
raphy in methyl Cellosolve-methylethyl ketone-3
N NH40H (7:2:3; Mortimer, 1952) and by
ascending chromatography in methanol-NH40H-
water (6:1:30; Bandurski and Axelrod, 1951).
Chromatograms were developed for 15 to 18 hr
and dried at room temperature. Phosphates were
visualized by spraying the chromatograms with
Hanes-Isherwood spray (Bandurski and Axelrod,
1951), drying in air, and exposing to ultraviolet
light for 15 min in a blueprinting apparatus.
Phosphates appeared as dark blue spots on a light
blue background.

Chemical analyses. Glycolic acid was de-
termined by the method of Calkins (1953). Gly-
ceric acid was assayed by the chromotropic acid
assay of Bartlett (1959) and the periodate oxida-
tion method of Frisell, Meech, and MacKenzie
(1954). No compound present in the reaction
mixtures, other than glycerate, reacted in these
methods. Acid-labile phosphate was determined
according to Lowry and Lopez (1946) after hy-
drolysis for 7 min in 1.0 N HCl in a boiling-water
bath.

TABLE 1. Glycolate utilization by Escherichia coli

Growth experiment Resting cell oxidation
Glycolate

Carbon C02 Carbon C02 02

JAM JAM "M MM AM

Added 3300 20
Remaining 1132
Used 2168
Calculated 2168 20 15
Found 2060* 19.4 14.3

* Recovery = 95.0%.
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Tartronic
Semi aldehyde

5 10 15 20 25 30

FIG. 1. Specificity of glyceric dehydrogenase. Reaction mixture: KH2PO4 buffer (pH 7.0), 200 AmM; DPNH,
0.36 AM: sodium glyoxylate, 0.6 gAM; enzyme extract, 0.572 mg of protein. Final volume was made to 8.0 ml.
Hydroxypyruvate used was 0.2 ,AM. Tartronic semialdehyde was generated in situ from glyoxylate by the
addition of magnesium chloride, 10.0 AmM, and TPP, 0.15mg at the time shown by the arrow.

RESULTS

Glycolate utilization by growing and resting cells.
Inasmuch as the possibility existed that glycolic
acid was catabolized by an intramolecular oxida-
tion-reduction, determinations of the end
products of glycolate utilization were made. Car-
bon-balance studies with growing cultures and
manometric determinations of glycolate utiliza-
tion in resting cells were made. Table 1 contains
the results of a carbon-balance study. Glycolic
acid was determined by the method of Calkins
(1953) at the time of inoculation and again 24 hr
later. CO2 release was determined by measuring
the weight increase of tared, Ascarite absorption
tubes. All cultures were aerated with C02-free
air; at the end of the experiments, the pH of the
medium was lowered to 3.0 with 6.0 N H2SO4 to
release dissolved carbon dioxide. Glycolic acid
was catabolized completely to carbon dioxide.

Table 1 also contains the results obtained in
manometric experiments with resting cells, using
glycolic acid as a substrate. It should be noted
that the amounts of oxygen taken up and carbon
dioxide evolved are stoichiometric. These data
complement those of the carbon balance, and lend

TABLE 2. Chromatographic indentification of the
products from the carboligase and glyceric acid

dehydrogenase reactions*

Sample Solvent 1 Solvent 2

Glyceric acid 0.38 0.54
Glycolic acid 0.50 0.49
Reaction mixture 0.36, 0.49 0.55, 0.50
Reaction plus gly- 0.36, 0.50 0.55, 0.50

ceric acid

* Solvent 1: n-butanol-acetic acid-water; sol-
vent 2: n-butanol-formic acid-water (see Ma-
terials and Methods). Results are expressed as
RF values.

strong support to the contention that glycolic
acid is catabolized to carbon dioxide.

Glyceric dehydrogenase. Krakow et al. (1959,
1961) presented evidence that tartronic semialde-
hyde was the product formed from glyoxylic acid
by E. coli extracts, and that the glyceric dehydro-
genase acted upon tartronic semialdehyde and
not upon the tautomeric compound, hy-
droxypyruvate. The specificity of the E. coli
glyceric dehydrogenase was reinvestigated, in
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TABLE 3. Stoichiometry of the glyceric dehydrogenase
reaction

Reaction product
Absorbance

Reaction change at
340 my Calcu- Found

lated*

Mmoles j.moles

Glyoxylate reduction -0.097 0.047 0.052
to glycolate

TSAt reduction to glyc- -0.443 0.215 0.213
erate

* Calculated using 6.22 X 106 cm2/mole as
extinction coefficient for DPNH (Horecker and
Kornberg, 1948).

t Tartronic semialdehyde.

view of the report (Stafford et al., 1954) of a
glyceric dehydrogenase specific for hydroxy-
pyruvate in plants. In addition, further informa-
tion was needed on the action of cell extracts on
glyoxylate in the presence of reduced DPN.
DPNH is not oxidized to any great extent in

the presence of hydroxypyruvate (Fig. 1). When
glyoxylate is added, to serve as substrate for the
production of tartronic semialdehyde, no oxida-
tion is observed. It is apparent, however, that the
addition of TPP and MgC12 to the glyoxylate
mixture brings about an instant and marked in-
crease in the oxidation of DPNH.
The product formed by cell extracts in the

presence of DPNH, glyoxylate, TPP, and MgCl2
is predominantly glyceric acid (Tables 2 and 3).
Of 0.6 Mmoles of glyoxylate added to the reac-
tion mixture, 0.426 Mimoles was recovered as
glyceric acid (1.0 ,mole of glycerate being equiva-
lent to 2.0 ,umoles of glyoxylate), a recovery
of 72 %. The total change in As4o, due to reduction
of glyoxylate to glycolate, was calculated from the
rate of Auo decrease before addition of the co-
factors, TPP and MgCl2. The change in absorp-
tion due to the reduction of tartronic semialde-
hyde was taken as the difference between that of
glyoxylate and the total change.

Glyceric kinase. In a typical experiment de-
termining the presence of a glyceric kinase, there
was release of titrable hydrogen only in the com-
plete system. The absence of glycerate, ATP, or
enzyme rendered the system inactive. Potassium
fluoride was added initially to cause inhibition of
ATP enzyme activity by the fluoride ion. It was
found, subsequently, that the phosphorylation
rate was markedly increased by the potassium

ion itself. The product resulting from the phos-
phorylation reaction, 3-phosphoglyceric acid,
was identified chromatographically in two differ-
ent solvent systems (Table 4). No trace of 2-
phosphoglyceric acid was noted.

Figure 2 illustrates the time course followed by
the kinase reaction. Table 5 shows the stoi-
chiometry of the reaction, as calculated from the
titration data and analyses of acid-labile phos-
phate. Although 9.1 ,umoles of ATP were added
to the reaction mixture, more than the expected
9.1 ,umoles of acid-labile phosphate were obtained.
It is assumed that this higher value was due to
partial hydrolysis of ADP.

Oxidation of tricarboxylic acid cycle intermediates
by resting cells. Manometric studies of the oxida-
tion by resting cells of intermediates in the tri-
carboxylic acid cycle were made. The data in
Table 6 were obtained from the maximal oxida-
tion rates for those substrates and are given as
Qo2 (,uliters of 02 uptake/hr per mg dry wt of
cells). These data show that all intermediates
except citrate were oxidized at a rate sufficient to
account for glycolate oxidation. Citrate, however,
has been shown to penetrate cell walls with diffi-
culty (Wheat et al., 1956) and its relatively slow
rate of oxidation is probably a function of the
rate of entry into the cell. Because of the rapid
oxidation shown here, and because oxidation oc-
curred without appreciable lag, it was concluded
that the tricarboxylic acid could serve as the
terminal oxidation pathway in glycolate-adapted
E. coli.

TABLE: 4. Chromatography of glyceric kinase
reaction products

Descending P Ascending RF
Sample constants* value

Solvent I t Solvent 2

3-Phosphoglyceric 118 0.35
acid

Reaction mixture 126, 22 0.36, 0.15
Reaction plus 3-
phosphoglycerate 126, 22 0.36, 0.15

ATP 23 0.13

distance of compound
distance of inorganic p

t Solvent 1: Methyl Cellosolve-methylethyl
ketone-3 N NH40H (7:2:3); solvent 2: methanol
-NH40H-H20 (6:1:30); Bandurski and Axelrod,
1951).
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FIG. 2. Titration of the glyceric kinase reaction. Reaction mixture: DL-glyceric, 5.8 UM; MgC12, 1.0 AM;
KF, 100 ,m; enzyme extract, 1.56 mg of protein. All components adjusted to pH 7.4 and reaction started by
adding 9.1 Mm A TP. The pH was maintained at 7.4 by addition of 0.05 N NaOH. Temperature, 80 C.

TABLE 5. Stoichiometry of the glyceric kinase
reaction

Time DL-Gycerate Acid-labile* H+ produced

min pmoles ,umoles pmoles

0 5.8 15.72 0
8 3.10 13.54 2.13

Used 2.7 2.18

* After 7 min of hydrolysis at 100 C in 1 N HCI.

TABLE 6. Oxidation of tricarboxylic acid cycle
intermediates by resting-cell suspensions

Substrate Q0S

Pyruvate 25.0
Acetate 16.3
Citrate 2.0
ca-Ketoglutarate 15.1
Succinate 24.8
Fumarate 29.4
Malate 30.6
Glycolate 4.8
Glyoxylate 3.1

TABLE 7. Comparison of enzyme characteristic of
specific oxidative pathways

Enzymes, Specific activity

Isocitric dehydro- 0.375 Mm TPN reduced
genase

Isocitratase 0.013 ,uM glyoxylate
formed

Condensing enzyme 0.280 Mm acetyl CoA used
Malate synthetase 0.133 Mm acetyl CoA used
Malic enzyme 0.093 ,uM TPNH oxidized

Specific activities of enzymes in cell-free extracts.
The activities of certain enzymes which are im-
portant in the functioning of specific oxidation
pathways were measured. Condensing enzyme
and isocitric dehydrogenase, which are enzymes
in the tricarboxylic acid cycle, were assayed, as
were isocitratase and malate synthetase, enzymes
of the glyoxylate shunt. Glyoxylic acid car-
boligase, glyceric dehydrogenase, and glyceric
kinase, enzymes of the pathway from glyoxylate
to acetyl coenzyme A (CoA), and the malic en-
zyme were also determined in these cell-free ex-
tracts. The specific activities of some of theme
enzymes, calculated as ,moles of substrate used
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or inmoles of product formed per min per mg of
extract protein, are compared in Table 7. The
activities of these enzymes are in accord with the
conclusion that the tricarboxylic acid cycle is
the most probable route of terminal oxidation
during glycolate catabolism by glycolate-adapted
E. coli Crooks'.

DISCUSSION

A number of reports have suggested strongly
the presence, in glycolate-adapted organisms, of
a dehydrogenase which formed glyceric acid from
a three-carbon intermediate in a more highly
oxidized state, and a kinase catalyzing the forma-
tion of phosphoglyceric acid from which pyruvate
and acetyl CoA could arise by pathways demon-
strated previously in E. coli. Several reports
(Kornberg and Gotto, 1959, 1961; Mann, 1957;
Quayle and Keech, 1959) demonstrated the oc-
currence of glyceric acid during glycolate metabo-
lism in microorganisms and plants. Kornberg and
Gotto (1959) reported evidence for the formation
of 1 mole of acetyl CoA and 2 moles of carbon
dioxide from 2 moles of glycolate. A subsequent
report (Kornberg and Gotto, 1961) showed that
glycerate was converted to pyruvate in the pres-
ence of ATP. The presence of a possible three-
carbon precursor of glycerate had been demon-
strated by Krakow and Barkulis (1956) and
Krakow et al. (1959, 1961) when they showed
that the enzyme, glyoxylic acid carboligase, in
extracts of glycolate-adapted E. coli converted 2
moles of glyoxylic acid to 1 mole each of carbon
dioxide and tartronic semialdehyde.
The data in this paper indicate that the path-

way suggested by the above reports is a likely
pathway by which glycolate-adapted organisms
metabolize glycolic acid. The enzymes glyoxylic
acid carboligase (Krakow et al. 1959, 1961),
glyceric acid dehydrogenase, and glyceric acid
kinase, acting sequentially, would convert the
two-carbon substrate to an intermediate which is
an established participant in pathways known to
exist in E. coli.
At the present time no evidence has been ob-

tained concerning the glyceric acid isomer which
is formed by the dehydrogenase, nor for the iso-
mer for which the kinase is specific. It is apparent,
however, from the stoichiometry of the glyceric
kinase reaction (Table 5) that only one isomer is
utilized by glycolate-adapted E. coli. A similar
result was obtained in studies of glycerate oxida-
tion by resting cells.

Consideration of the data presented on oxida-
tion of tricarboxylic acid cycle intermediates and
on the activity of key enzymes of the possible
pathways leads to the conclusion that the tricar-
boxylic acid cycle is probably the major pathway
of glycolate oxidation by the organism used in
these experiments. Carbon-balance studies, using
glycolate as a substrate for growing cells, and
manometric determinations of oxidation of
several substrates, show that these compounds
are oxidized completely to carbon dioxide by
glycolate-adapted E. coli. The relatively slow
oxidation of glycolic acid (Table 6) is probably
due to difficulty in penetrating the cell walls of E.
coli since Krakow and Barkulis (1956) and
Krakow et al. (1959) have shown that this com-
pound is an intermediate in glycolate oxidation.
A similar difficulty in penetrating the cell wall

is shown in the case of citric acid as a substrate for
resting cells (Table 6). It has been shown pre-
viously that such behavior is known to occur with
citric acid, and it probably also occurs here, espe-
cially since all the other tricarboxylic acid cycle
intermediates were oxidized completely and with-
out lag by resting cells. This oxidative pattern
points to the presence of a functioning citric acid
cycle in glycolate-adapted E. coli.

It is still possible, however, that the oxidation
of the tricarboxylic acid cycle intermediates may
have occurred by way of the glyoxylate shunt or
the dicarboxylic acid cycle of Kornberg. Assays
of the specific activities of certain enzymes in
cell-free extracts of the glycolate-adapted organ-
ism showed that they were present and operating
at rates commensurate with the oxidation of
glycolate by way of the tricarboxylic acid cycle.
The enzyme isocitratase is a characteristic and

tortronic
semi aldehyde glycerote

glyoxylate

acetyl SCoA 3-phosphoglycerate
"I-, pyruvate* \cells

mulate tricarboxylic
"'_+~acid cycle m... alate

energy

cel Is

FIG. 3. Mechanism for terminal oxidation of
glyoxylate.
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necessary component of the glyoxylate shunt. In
extracts of glycolate-adapted E. coli, isocitratase
was found at a relatively low activity (35 the
activity of isocitric dehydrogenase). It seems
likely, then, that any isocitric acid present in the
organism would be oxidized by isocitric dehydro-
genase and continue through the tricarboxylic
acid cycle, rather than be acted upon by iso-
citratase. Under these circumstances, the possible
role of the glyoxylate shunt would be, at best, a

synthetic pathway rather than a route of terminal
oxidation.
The dicarboxylic acid cycle has been proposed

to account for the metabolism of an E. coli
mutant which lacked the condensing enzyme.

Although the presence of an active condensing en-

zyme in glycolate-adapted E. coli would not ex-

clude a dicarboxylic acid pathway, it appears un-

likely that this is the major pathway of terminal
oxidation; the combined activities of carboligase
and condensing enzyme are great enough to
limit substrate for malate synthetase.

It is apparent, of course, that the assays of en-

zyme activities in cell-free extracts may not give a
true picture of conditions in the intact organism.
Final proof of the relative importance of the path-
ways studied must rest upon experiments with the
intact organism. The data presented here, how-
ever, are indicative that the major pathway of
glycolate oxidation could be the tricarboxylic
acid cycle.
A pathway for the catabolism of glycolate in

glycolate-adapted E. coli, postulated on the basis
of the data presented in this paper, is given in
Fig. 3. A similar pathway has also been postulated
by Kornberg and Gotto (1961) for Pseudomonas
ovalis Chester. This pathway provides for the
entrance of glycolate into the tricarboxylic acid
cycle to meet the energy requirements of the or-

ganism. The synthesis of 3-phosphoglycerate
by the organism studied also provides for the net
incorporation of carbon from the two-carbon
substrate glycolic acid into the growing cell.
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