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INTRODUOTION

D-Glucaric acid is the dicgrboxylic acid analogue of D-glucose,
formerly known as saccharic acid., While it is known to have been isolated
from natural sources, it can be synthesized from the oxidation of glucuronic
acid or from glucuronolactone,

As early as 1927, gluqaric acid was isolated from a culture medium, in

which it had been produced by Aspergillus niger growing on glucose as its

sole carbon source. This occurrence was reported by Challenger, Subramonian,
and Walker (1).

It had been demonstrated a year earlier, in 1926, by den Dooren de
Jong (2), that a wide variety of bacterial species could grow utilizing
glucaric acid as their sole carbon and ehergy gource. Other investigators
subsequently demonstrated the ability of certain bacterial species to
metabolize glucaric acid. Such was the work done by Kay (3) in 1925 using

Escherichia coli as the experimental organism, and that of Simon (4) in 1947

using Clostridium acetobutylicume. It is of interest to note that these

various micro-organisms did not produce the same end-products as the result
of their metabolism of gluéaric acid. However, these studies did indicate
that the products formed were two or three carbon intermediates of the same
types as those produced when glucose is metabolized.

Although this information about the utilization of glucaric acid by

various bacterial species was known, very little was known about the -

pathway(s) by which this sugar acid was metabolized.

1.




Determination of the pathway was begun in 1958 when Blumenthel and
Campbell (5) demonstrated the formation of pyruvic acid from glucaric acid in
a ratio of 1:l1 when E, coli was grown on & medium containing only glucarate
as a carbon and energy source. It was further reported by Blumenthal 6)
that the intermediate product in this breakdown was & keto-deoxy form of the
hexaric acids He had also isolated the enzyme, D-glucaric acid dehydrase,
which brought ﬁbout'thisidehydration. The dehydration was shown to occur at
either of two sites in the molecule, resulting in both 2-keto-3-deoxy- and
4-deoxy-5-keto~ glucaric acid, with the latter compound being the major
product formed (a calculated 86 - 91%) (7).

Further research into the problem, using Escherichia coli as the

experimental organiem, demonstrated tﬁat.two additional enzymes participate
in the breakdown éf D-glucaric acid to pyruvic acid and glyceric acid.

These were identified as keto-deoxy-glucaraté (KDG) aldolase and tartronate
semialdehyde reﬂuctaae. The KDG aldolase cleaves KDG to form pyruvic acid
and tartronate scﬁialdehyde (TAS). The TAS is then reduced by TAS reductase

to glyceric acid, This same pathway, which will be referred to as the

glycerate pathway, was also found in meny related Enterobacteriaceae as
their means for catabdliiing glucaric acid (8)s The entire pathway, as
formulated by Blumenthal et al., is illustrated in Fige l.

A second pathway, the <-ketoglutarate pathway, for the metabolism of
glucaric‘acid has been found to exist in Bacillus megaterium (9,10), and in

pseudomonads (11). The KDG, formed by the dehydration of glucarate, is
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probably dehydrated a second time to yield diketoadipic acid. This compound
is decarboxylated to form o(~ketoglutarate semialdehyde which is then
oxidized to of{~ketoglutaric acid. This pathway is illustrated in Fig. 2.

The present study involves this saeme problem, namely, the metabolism
of D-glucaric acid, but is concerned with the metabolic pathway which is

followed by the fungi, with Aspergillus niger being utilized as the experi-

mental organism. 4
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MATERIALS AND METHODS

Organisme The experimental organiam used in this project was the

Ascomycete, Aspergillus niger. The culture was originally obtained from the

American Type CQulture Ooilection, Strain No. 6275, and was maintained as a:
stock culture for class study in the loyola University Department of Micro-
biology. The culture was maintained on slants of Potato Dextrose Agar (Difcoﬁ
and grown on the glﬁcarate medium as a submerged, aerated culture.

Media. Since the purpose of the project was to determine the pathway
by which Ao niger metabolizes glucaric acid, a medium had to be defined in
which the organism could grow using the glucarate as its only carbon and
energy source, A solution of the required inorganic salts was preparedrin
the following proportions: 0.008% KHyPO, 0.03% NH,NOs, 0.08% MgS0,,

0.00046% FeS0,°TH,0, and 0,00046% ZnS0,*2H0. This was adapted from a medium
reported by Bernhauer, Siebenduger, and Tschinkel (12) when used by them in
studies using A. niger. Although other salt solutions were tested, this one,
after addition of the glucarate, was found to result in the best growth of
Ae ni ér,‘and 8o this was maintained as the stendard inorganic salt solution.
Twenty g of D-glucaric acid, prepared fgom Ca glucaratesd Hy0 by deionization,
“were added per liter of salt solution to give a 2% concentration. The medium
was then distributed in 50 ml aliquots into 250 ml Erlermeyer flasks and |
autoclaved, The flasks of culture media were inoculated with spores of
A. niger taken off slants of Potato Dextrose Agar, and placed on a rotary

shaker at 30 O for four days. About 5 ml of sterile water were added to a
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slant of A, niger that had been allowed to sporulate, the spores were
scraped off with a loop, and & 1 ml sample was pipetted into each flask.

The original carbon source used was D-Glucaric (Saccharic) Acid Mono-
Potassium Salt, obtained from Sigma Chemical Oompany. Because this was
found in preliminary studies to contain impurities that reacted in the
thiobarbituric acid test, it was decided upon to use a different form of
glucarate as the carbon source in the medium. This source, which was then
used consistently throughout the project, was calcium glucarate (saccharate)
tetrahydrate C.P., obtained from Mann Research Laboratories, Inc., in New
York. 8Since this caicium salt in insoluble in water, it was necessary to
remove the calcium ions in order to obtain an aqueous solution of the
glucarate, Five g of the calcium gluéargte were added to 40 ml of Dowex =
5 W - X8 - H* form, a cation exchange resin, and placed on a rotary shaker
for about 2 hr, The deionized glucarate solution was then filtered out and
the resin washed twice with deionized distilled water, The volume of the
glucarate was brought up to 250 ml (a 2% solution). The pH of this solution,
2.8, was adjusted to pH 5.0 by addition of 1 N NaOH. The optimum pH for the
growth of A. niger is 4.4 - 7.5 (13).

The presence of arsenite in a culture medium is known to hinder
decarboxylation in cultures of A, niger, and thus an accummulation:of o=
keto acids would occur (14). 1In order to trap such intermediates which may
be produced when glucarate is metabolized, cultures’were grown in the usual

manners four days incubation on a rotary shaker at 30 ¢ in the 2% glucarate
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medium. The medium was then removed and replaced by a 50 ml aliquot of the
2% glucarate med ium containing 0.01 M sodium arsenite CN&ASOZ). The cultures
were replaced on the shaker at 30 ¢ an additional two days, after which time
the orgenism was removed by filtration and the filtrate was used for identi-
fication of o(-keto acide present by chemical and enzymatic methods. BEach
flask contained about 2 g (wet weight) of cells.

Qell-free extracts. 1In order to test for the presence of the dehy-

drase within the cells, it was neceséary to disrupt the cells and release
the'enzyme into solution. Two methods were used to obtain such cell-free
extracts. |

l, Grinding with glass beads.’ The culture medium was removed and the
cells were washed with 0,05 M potaasi&m phosphate buffer. The washed cells
were ground in a chilled mortar for about 3 min with an equal weight of acid
washed glass beads (Minnesota Mining and Maﬁufacturing Coe, Minneapolis,
Type 113). The resulting paste was then washed into cold centrifuge tubes
with the phosphate buffer (pH 5.7) and centrifuged in the cold at 12,000 X g
for 15 min to remove the glass beads and cellular debris. The entire proce-
dure was conducted at a temperature of 4 C,.

2. Sonication. Washed cells were prepared in the same way as they
had been for preparation of extracts by grinding. They were then suspended
in 30 ml of 0.05 M potassium phosphate buffer, pH 5.7, and the entire
suspension ﬁan placed in a continuous flow Rosett Oocoling Cell. This

container is designed to promote mixing of the material being insonated

8.




while mainteaining the low temperature required. The cooling cell was im= .
mersed in a qalt-ice-water cooling bath which remained at =4 C or below.
This prevented the temperature of the suspension from rising above 4 C, thus
minimizing denaturation of proteins. The cells were then disrupted by sonic
escilletion for 10 min in a Brenson Sonifier, GCellular debris vas remeved
by centrifugation at 12,000 X g in a Serval 5S-1 qentrifuge in a cold room
for 15 min at 4 C, -

Analytical Methods. The concentration of protein present in the cell-

free extract was determined spectrophotometrically according to the method of
Waddell (15, 16). According to this procedure, the cell-free extract is
diluted with 0.05 M potaésium phosphate buffer so that it measures between
an optical density of 1.5 and 0.5 whe; read at a setting of 215 nm, against
a blank of the buffer solution. The absorbancy of the solution is then read
at 225 nm. The difference in these two readings is then multiplied by 144,
and the figure obtained from these calculations is considered equivalent to ‘
the concentration of proteins in the cell-free extract in ug/ml.

The presence of d—knto-p-deoxyglucﬁrate (KDG) was assayed according
to the periodate-thiobarbituric acid test (TBA) for keto-deoxy sugar acids
of Weissbach and Hurwitz (16). To 0.2 ml of sample, 0425 ml of 0,025 M
H5106 (periodic acid) in 0,125 N H,80, was addeds This mixture was allowed
to stand at room temperature for 20 mine After this time, 0.5 ml of 2%
NaAsO, in 0s5 N HCl was added and allowed to stand for 2 min. Two ml of 0.3%

thiobarbituric acid was then added, and the assay tube was placed in a
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boiling water bath for 10 min. Addition of the periodic acid causes a
cleavage of the KDG molecule in that position where ﬁwo hydroxyl radicals are
found attached to two adjacent carbon atoms. This résults in the formation
of formylpyruvate which then reacts with the thiobarbituric acid to form a
pink chromogen with an absorption maximuﬁ at 551 nm. After cooling of the
assay mixture, the absorbancy of the color produced is read at 551 mm against
a blank which is carried through the whole procedure. A Beckman Spectro-
photometer Model DB was used to read aﬁsorbancies.

The production of <(~keto acids was determined by two methode. By the
addition of 0.1% 2,4-dinitrophenylhydrazine in 2 N HOl to the sample being
tested for the presence of o-keto acids, 2,4-dinitrophenylhydrazone deri-
vativea of the o(~keto acidshwere forﬁed, The intensity of the color of
these compounds can be determined in the Klett photoelectric colorimeter,
equipped with a filter having a maximum transmittance at 540 nm, This
procedure is found to be highly specific for the keto acids as a group (18).

The other method employed for detecting the production of eo=keto
acids was the semicarbazide test of MacGee and Doudoroff (19). The reagent
used here contained 1% semicarbazide HCl in 1.5 sodium acetatg trihydrate;
1.5 ml of this resgent was mixed with 0,2 ml of sample and 1,3 ml H,0 and
allowed to incubate at room tempergture for 30 min., After this time the

Aabsorbancy of the solution was measured in the Beckman DB Spectirophotometer
at 255 nm against a reagent blank.

It has been reported in studies conducted by Blumenthal and Fish (8)

.
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on the metaboliem of glucaric acid by E. coli that glyceric acid and pyruviec
~ aoid were found in & 131 ratio. To determine whether glyceric acid was also
an end-product from the metabolism of glucaric acid by A. niger, the colori-~
metric test devised by Bartlett (20) was used. According to this procedure,
'chromotropic aéid, when heated with glycerate in the presence of concentrated
sulfuric acid, produces a distinctive color which can be meésured spectro-
photometrically foriidentificétion of the glyceric acid. Under the conditiong
" of the study being conducted here, the presence of glyceric acid was never
found as a breskdown préduct of glucaric acid by A, niger.

Enzyme assays, = To determine whether or not D-glucarate dehydrase was
present within the cell and initiated the first step of the breakdown of
glucarate to KDG, cell-free extracts ;erp prepared and assayed for the
presence of glucarate dehydrase (21).

Serological tubes containing 0.1 ml of the substrate disodium gluoarate1
prepared in a concentration of 20 umoles/ml, 0.05 ml of 0.8 M Tris-HC1
buffer, pH 8.0, and 0,05 ml of 0,08 M MgS0,, were placed in a 30 C water
bath and allowed time to adjust to the incubation temperature. At selected
time intervals, 0.2 ml of the cell-free extract was added to each assay tube
and incubated for 10 min. The reaction was terminated by the addition of
0.1 ml 10% trichloroacetic aﬁid (TCA). Precipitates were removed by centri-
fugation and the supernatant fluid tested for the presence of KDG by the TBA
test. This is the product which would be formed if the enz}me glucarie

dehydrase were present in the cell, The amount of KDG formed enzymatically
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could be calculated from the observed change in optical density in the TBA
test, using the molar extinotion value of 60,000 (23).

The cell-free extract was also used to assay KDG utilization by the
procedure used for the enzyme KDG aldolase (22). While the dehydrase assay
48 btesed on the forpation of KDG, the KDG aldolase assay is based on the
disappearance of KDG. The assay procedure employed was similar to that used
in the glucarie dehydrase assay. Serological tubes were prepared containing
Oel ml of 0,07 M MgS50, and 0,02 ml of 0.5 M potassium phosphate buffer, but
the substrate used in this assay was 0,00077 M KDG, prepared according to the
method of Blumenthal, Fish, and Jepson (23), and dissolved in distilled,
deionized water. The tubés w&re placed in the 30 C water bath and allowed
time to equilibrate. The cell-free e&trgct was then added to the tubes and
allowed to incubate for 10 min, after which time the reaction was stopped by
edding 0.1 ml 10% TOA. The TBA test was performed on a sample of the centri-
-fuggd supernatant solution, and absotbancies vere measﬁred at 551 nm. The
presence of an enzyme was demonstrated by the marked decrease in KDG
‘originally present in the assay tubes. However, since the products TSA and
pyrutate were not being measured at the same time, this assay cannot be
called a KDG aldolase assay. |

To caiﬁulate the amount of KDG present in the assay mixture, the
optical density of the sample in the TBA test was multiplied by 2.5 (ratio
of the total volume of the assay mixture tb the volume of the sample being
analyzed). The product was then divided by the extinction coefficient of

.
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KDG, 60,000, This converted the measured absorbancy of the assay mixture
into pmoles of KDG present in it,. "

Since it had been established by colorimetric procedu;es that <A~keto
acids were formed when glucaric acid was catabolized by A. niger in the
presence of arsenite, enzymatic assays were used to determine whether the
o ~keto acid formed was pyruvic and/Br o~ketoglutaric acide In testing for
the production of <-ketoglutarate, the enzyme L-glutamic dehydrogenase was
used, The enzyme was obtained from Sigma Qhemical Co. 88 a crystalline
suspension in an ammonium sulfate solution. Enough ammonium ion was present
in the enzyme to satisfy the NH5 requirement, Thq reaction catalyzed by this
enzyme was followed by measuring the oxidation of reduced diphosphopyridine
nucleotide (B-~DPHN) at 340 rm. Accoraing to the procedure followed (24),
P-DPRH was prepered in a concentration éf 8 X 1077 M by dissolving the
disodium salt in a 1% Na3005 solution., Into a 1 em cuvette, containing both
the test sample and DPNH, 0.05 ml of the enzyme L-glutamic dehydrogenase was
added, and the change in optical density at 340 rm was measured. From the
measured chenge in absorbancy, the umoles of o-ketoglutarate present in the
assay mixture could be calculated.

Two similar methods were followed in determining the production of
pyruvic acid (24, 25), They used the enzyme lactic dehydrogemmse and
measured, spectrophotometrically, p;DFNH oxi&ation at 340 nm against a water
blank. Into the cuvette were measured the substrate being tested, B-DFNH,

and a buffer (one procedure used 0,04 M triethanolamine buffer, pH 7.5,

13,




while the other procedure used 0.05 M potassium phosphate buffer, pH 7.5).
At zero time the enzyme was added and the change in optical density per

minute determined. The amount of pyruvate present in the sample being

tested was then calculated from the formula; -2 o'g . ﬁg = ﬁmolea pyruvate/
assay mixture, where V = volume of the assay mixture, € = the extinction

coefficient of DPNH, and d = light path of the cuvette in cm.
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RESULTS

Although it was reported (1) that glucaric acid was produced by
Aspergillus niger when grown on a glucose-cﬁntaining medium, considerable
difficulty has been experienced by thoa§ trying to grow the organism on a
medium containing only glucarate as the sole carbon and energy source. In a
survey conducted by Fish (26) on a variety of micro-organisms grown on &
glucarate medium'aa‘compared to the same micro-organisms grown on a glucose-
containing medium, A. niger was found to grow very slowly and to only a very
alight extent.

When glucose was substituted for glucaratq in the medium used in the
present investigation, the individual spores were found to germinate into
small, spherical colonies with mycella covering the surface, giving the
appearance of white, fuzzy sphefes. The spores inoculated into the glucarﬁte
medium germinated into gray colonies, devoid of mycelia, requiring a longer
' growth period than those inoculated into media containing glucose, and
growing to only about one-half their size. Both of these were grown as
submerged cultures on a rotary shaker at 30 Q. Although less }uxgriant than
the growth on glucose, sufficient growth was obtained on glJca;ate to make a
metabolic study possible.

8ince 1t had been reported in the studies already cited that KDG was
the initial 1ﬁtermediate product of glucarate metabolism by different
bacteria using either the glycerate or o-ketoglutarate pathways, the

‘possibility of this being the intermediate product when A. nigér metabolized
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glucarate was first investigated. The assay procedure for KDG involves
formation of a chromogen which can be measured spectrophotometrically, thus
determining the presence of KDG in the original sample. .

A certain amount of difficulty was experienced in this phase of the
investigation. As conducted here, a pink color should have developed only
in those assay tubes in which KDG was present. However, the pink color
developed even in the controls, which were samples taken from the sterile
glucarate medium before being inoculatqd with a spore suspension of a. niger.
This indicated that the commercial glucarate source, or the mono-potassium
salt, was not pure D~-glucaric acid, but contalned at least trace amounts of
KDGe In order to obtain pure glucarate for use as'the carbon source in the
growth medium, calcium giucarate (sac;haxate) tetrahydrate was used. It was
necessary to pass this compound through a cation exchange resin to remove
"the calcium ions and allow the glucarate to go into solution. From this
- procedure a pure glucarate source was obtained which was subsequently used
in the growth medium and as the control in the test for KDG, giving a reading
of zero optical density, at a wavelength of 551 mm. Using the pu:ified
glucarate source, it was possible to demonstrate formation of KDG from
glucarate by means of the TBA assay. The scheme for the reaction which
occurs when KDG is assayed according to the TBA procedure is illustrated in
Fig. 3.

This ﬁroductipn of KDG from glucarate involves a dehydration, and so

enzyme assays were run to establish the presence of a dehydrase within the
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cells, Oells grown on the glucarate medium for 4 days were harvested,

washed twice and then suspended in 0,05 M potassium phosphate buffer, pH 5.7,
and then disrupted for 10 min by sonic os#iilation. The cell suspension was
then centrifuged to remove cellular debris, and the supernatant fluid, which
contained the enzyme fraction, was removed,

As a method of determining the extent of cell disruption, the concen-
tration of protein in the supernatant fluid was determined spectrophoto-
metrically according to the method of Waddell (15, 16), This method was the
best suited for the purpose since it did not require the addition of any
reagents to the cell~free extract, nor did it destroy the sample. Also, the
cell-free extract was diluted in a phosphate buffer which would not interfere
with the reading of the absorbancy oéithe proteins, as other buffer solutions
have been shown to do (27). About 40 pg of protein/ml were released into
solution for 1 g wet weight of célla insonated, By thus determining the
presence of soluble proteins in the fraction tested, a certainﬁy was eeta-.

‘blished that the procedure and duration of sonication were adequate for
obtaining cell breakdown.

| Tho r;maining'eupernatant fraction was then assayed for dehydrase
"enzyme activity as described in methods. Under the conditions speqified,
‘140 m1 of the cell~free extract, cont#ining about 40 pg of protéinﬁnl, |
catalyzed the formation of 1.2 pmoles of KDG from 2.0 pmoles of D-glucarate,
a2 59.5% conversion. This géfe'evidence that the glucarate had been dehy-

drated by an enzyme present in the crude extract. In the control tubes, in
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which TCA was added before the enzyme extract, there was no change in
optical density; that is, no KDG was formed.

From the cell-free extraoct prepared by grinding the mycelia manually
using glass beads, lesser amounts of KDG were found to be produced when tbe
orude extract was added to glucarate in the enzyme assay, probably due to a
larger degree of denaturation of the enzyme in solution during the cell
breakdown process. - |

The cell-free extract prepared by sonication was also used to assay
for enzymatic KDG utilization, as described in methods, From the 0,077
pmole of KDG used as the substrate in the enzyme assay for KDG utilization,
0.026 pmole wes found to remain at the end of the reaction, indicating that
sufficient enzyme was present in the’éeli-free ;xtract to break down 0.051
pmole, or about 66,2% of the KDG used. .

The semicarbazide test of MacGee and Doudoroff (19) performed with
ssmples taken from the culture medium after growth of A. niger, demonstrated
the presence of o-keto acids as metabolic products of glucarate metabolism,
The organiem was originally grown in the culture medium containing 2%
glucarate, and then these cells were harvested and washed with 0.057M
potassium phosphate buffer, pH 5.2, These washed cells were then allowed to
metabolize glucarate in fresh 2% growth medium with added 0.01 M sodium
arsenite to cause accummulation of o-keto acids. Samfles were removed at
regular intervals over a 24 hr period and-the A-keto acids were determined

using the semicarbazide test. Tho observed change in optical density,
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according to this procedure, indicated that «~keto acids were being pro-
duced from the glﬁcaric acid when metabolized by A. niger. For the first &
hr, samples were removed every half hour; after this, samples were removed
after 2 hr periods. The greatest concentration of o~keto acids was found
to ooour by 3g hr. Semples removed after this time showed no increase, and,
in most cases, by 24 hr a decrease in concentration was observed (Table 1),

Similar results were obtained when o~keto acid production was tested
according to the method of Friedmenn and Haugen (18). Samples for this
procedure were obtained in the same manner as for the semicarbazide reactione.
A great increase in the intensity of the color produced when dinitrophenyl-
hydrezone derivatives wer§ formed, measured at 540 rm in the Klett photometer,
indicated the increasing concentratio; of fx-keto acids. -

It has already been indicated that glyceric acid, which was found by
Blumenthal and Fish (8) to be formed along with pyruvic acid in a 1:l1 ratio
when glucaric acid was catabolized by E. 0oli via the glycerate pathway, was
not found at all after metabolism by A, niger. This analysis was performed
five times: on two occasions samples were removéd fromlthe original growth
medium after 4 days growth of A. niger; three other samples were removed from
the arsenite containing medium after 3% hr incubation with the organism.
When heated with chromotropic acid iﬂ concentrated Hasoa, no color was
produced in any of these samples, and readings of zero optical density were
obtained. The control, which was a solution containing Oe2 pmole of
glyceraté, gave an optical density reading of 0,48. |

.
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o -KETO ACID PRODUCTION

TABLE 1

Total of~keto acid production as determined by the semicarbazide test of

MacGee and Doudoroff (19) measured at 258 nm.

Time,

05
1.0

2.0

3¢5 .

2440

0.33
0.53

0.65

0.70

1403

1.55

1.70

Semicarbazide Reaction

II
0,23
047
0.59
0.64
1,04
1.69
1,44

0.De 2
Experiment Number
III
0,17 -
037
054
0.70
1.13
>1.65
133
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0633

0450

0.59

0.68
l.11
1.57

1,29

: ouss

0653
0.80
0.98
1.03
1.59
1.55

Average
O.Do 258

0e29
0.48
0.63
0.74
1.07
‘ 1.61
1.46




Enzymatic analyses were used in an effort to identify the specific
o« ~keto acida‘ﬁeing formed, since both pyruvic and «-ketoglutaric acids are
K« =keto acids, When resting cell suspensions utilized gluéarate in the
presence of arsenite, these analyses showed that both pyruviec and «-keto-
glutaric acids were present in the supernatant liquid., Identification of
each of these products was based on spectrophotometric measurement of the
oxidation of DPNH to DPN, measured at an absorbancy of 340 um. The results
from five typical experiments for the determination of pyruvate and «~keto-
glutarate are summarized in Tables 2 and 3.

The assay procedure for the identification of pyruvate utilized the
enzyme iactic dehydrogenase, which catalyzed the reduction of any pyruvate.
whicﬁ may have been present to lactic‘ac;d in the presence_of.DPNH. Results
from experiments performed, as tabulatéd in Table 2, showed that from 190
jmoles of glucarate added, a maximum average of 175 pmoles of pyruvate were
formed, This is equal to a 91% production of pyruvic acid, on an equimolar
basis, or an approximately 1l:l ratio between the moles of gluca;ate added
" and the moles of pyruvete formed,

For the identification of o~ketoglutarate, the enzyme glutamic
dehydrogenase was used. This enzyme catalyzes the‘reductive amination of
any 'dbketoglutarate and NH§ to glutamic acid with DPNH being oxidized to
DPN. The enzyme assaxa; as tabulated in Table 3, demonstrated that of~keto=-
glutarate was present as a metabolic end-product from the metabolism of

glucarate at a maximum average of 70.7 pmoles of o(aketoglutaraté formed

22,




from 180.5 pmoles of glucarate addeds This would indicate an average
production of 39.2% of o -ketoglutarate from the gluckrate, on an equimolar

basis, when metabolized by A, nigor.,"i
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TABLE 2

PYRUVIO ACID FORMATION -

Determined by assay with lactic dehydrogonase'in the presence of DFPNH,

measured at 5#0Ann.

Time,

.0
0.5
1.0
1.5
2,0
3¢5

. 240

4.91
27.47
42,67

. 63,24
| 90425
(160439

" 180,01

g -
pyruvate ¢ "_;»lactato
P
Pyruvate formed, amoles
Experiment Number
I m oW v
2,95 0,98 - 1177 7436
2256 20.60 247 553
45,12 47,09  39.75  97.12
72.59 86,32  57.88 - 112.81
125,07 13145 92,21 142,24
189.82  188:84 166,27 168,35
179,52 176408 176.08  161.86

Pyruvate
content

)
5659
30,71
54435
18.57
118.24 :
178.72
174.71.

Net
Pyruvate
formed

(avg.)
pmoles

25,12
48,76
72.98
110.65
175.15
169,12

Zero hour samples were removed after inoculation of the test medium, con-

taining 190 pmoles of D-glucarate, with the organism. From the ampuntﬁ of

pyruvate already found in this sample, there would appear to have been some

sﬁall carryover of pyruVatéAfrom_the original growth mediume
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TABLE 3
o =KETOGLUTARIC ACID FORMATION

Determined by assay with glutamic dehydrogenase in the p:oserice of DPNH,

measured at 340 nm,

) GDH ,
NH3 + o-ketoglutarate ¢ » glutamate .
DPNH PN
Net

A=keto=- L=keto=-
, ‘ Co ) glutarate glutarate

oA =Ketoglutarate formed, pmoles content  formed

Time, Experiment Number (avg.) (avg.)

hr 1 I1 IIr -~ Iv.© .V pmoles  moles

0 20,13 13,84 12,58 + 15.09 24,84 - 17,30 0

0.5 b2,1h 27468 . 29.56 30,82  21.67 3157 - 14.27
1,0 53478 47,80 46,23 43,09 Tj 45.60 47,30 - 30,00
1.5 56461 53.78  55.74  55.7h  49.69 5431 37.01
20 67.95 699  TLIL  TLOE . 61.93  69.51 . 52.27
3,5 83466 90426 435 83.66 - 88.06 87499  70.69
24,0 89,63 869 8607 869 83,66 8649  69.19

Zero hour samples wex;e_removed after inoculation of the f.est medium, con-
taining 180.5 pmoles of D-gluf:arate, with the organism. From the amounts of
oK -ketoglutarate already found in this sample, there would appear to have
been some small carryover of d-ketoglutafgte'from the original growth

medium. .
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DISCUSSION

From the results presented here, it would appear that Aspergillus
niger follows a metabolic pathway similar to, although not identical to,
those pathways already established for oﬁhqr micro-organisms., Studies
conducted on’varioﬁs bacterial species have shown that two pathways exist

for glucarate metabolism. Initially, using Escherichia coli as the experi-

mental organism, Bl&menthal and Fish (8) demonstrated that.one mole of D=~
glucaric icid was converted to one mole each of pyruvic acid and glyceric ‘
acid. This pathway was shown to involve a dehydration of the glucaraﬁe to
keto-deoxy-glﬁcarate (KpG) s 8 cleavage of the KDG to pyruvic acid and
tartronate semialdehyde (TAS), and a reduction of the TAS to glyceric acid
(Fig. 1). This same glycerate pathway was found to exist in a wide variety
of enteric‘bacteria.teeted. |

A second pathway for glucarate metabolism was found to exist in

Bacillus megaterium and pseudomonads (9,10,11). In this pathway, glucarate

was dehydrated‘to KDG which was then dehydrated a second time to diketoadipic
gcid, decarboxylated to A-ketoglutaric semialdehyde, and then oxidized.
This pathway is illustrated in Fig. 26 | |

The present study‘concerned itself with the same problem, namely the
pathway by which D-glucaric acid ;s metabolized, except that the experimental
organism utilized was Aspergillus niger, rather than a member of the bacterial
species, |

The first problem was to develop a chemically defined culture medium

2.




§onta1n1ng D-glucaric acid as the sole carbon and energy source in which
the test organism could grow, Once this was‘determined, various procedures
were employed in order to identify the steps by which the organism catabolizeﬂ
the glucarate into products utilizable in the,already known pathways of
carbohydrate metabolism, | -

Since the development of thé TBA test (17), many investigators have
demonstrated the production of eo/~keto~p-deoxy sugar acids as intermediate
products in the metabolism of many of the sugar acids. These are formed by
a dehydratipn of the parent compound and appear to be primary intermediates
in its degradation. The production of sugh a keto-deoxy sugar acid was also
esteblished in the present study when the presence of TBA positive material
was demonstrated to be present in the’supernaﬁant liquid following glucarate
metabolism when measured at an qptical density of 551 ﬁm. The first step in
the catabolism of D-glucaric acid is therefore shoﬁn to invblve a dehydration
of the glucarate to yield keto-deoxy-glucargte (KDG). Enzyme assays, using
cell-free extracts and known amounts of KDG, further demonstrated the pre-
sence §f the glucarate dehydrase enzyme which catalysz the dehydration of
the substrate to KDG. Thus the first step in glucarate metabolism apﬁ;ara to
be the same in all microbial species studied thus far, |

By allowing resting cell éuﬁpensions to catabolize glucarate in the
presence of arsenite, -keto acids adcummulated in the medium which were
identified by both colorimetric (Table 1)_and4enzymatic reactions (Tables 2

and 3). Both the aemicarbazidbltegt and the formation of dinitrophenyl=-
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hydrazones showed that <f~keto acids were indeed being formed as end-
products of glucarate metabolism. Assays for pyruvate and #-ketoglutarate
by enzymatic procedures showed that for every two moles of glucarate utilized,
approximately two moles of pyruvate and approximately one mole of o~keto~
glutarate were formed.

That KDG was actually an intermediate and was further metabolized was
alao;eatablished. DG utilization by enzymés in the_cell-free extract was
detected using authentic KDG under the assay conditions established for KDG
aldolase. A marked decrease of KDG present-in:fhe assay tubes, when measured
by the TBA test at an optical density of 551 mnm, demonstrated the presence of
an enzyme which catdlyzed this disappéarance of KDG. This assay procedure
was conducted in the preéence of Mg*+: because KDG aldolase has been shown to
have an absolute requirement for this cation which bdth activates the enzyme
and is required for meximum enzyme activity (26). However, sinee the products
of KDG aldolase, pyruvate and tartronate semialdehyde (or the.reduced TSA
product, glycerate) were not shown to be formed directly from the XKDG, one
camnot say that KDG aldolase is actually preaeht. It ia true that pyruvate
was shown to accﬁmmulate when glucarate was metabolized by whole c;ils in the
presence of arsenite, Howevér, glycerate, the product formed from tartronate
semialdehyde by reduction via tarironate semialdehyde reductase, was not
detected when analyses were performed on either‘dolls from the original 2%
growth medium or from the medium to which arsenite had been added. It is

obvious that further studies must be performed in order to establish the

28,




immediate product(s) of KDG metabolism in the cell-free extracts. As further
proof that KDG is an intermediate in glucéraﬁe'metaboliam, authentic KDG,wAa
shown to be utilized by mycelial suspensions of A. niger.

At this point, it is not clear if the glycerate and/or the o-keto-
glutarate pathway, or another variatién of glucarate catabolism is being
used, It is conceivable, for example, that the glycerate pathway is being
used and that, for some reason, the lipoic aqid-mediated pyruvate dehydro-~
gonaaQ complex is not completely blocked by arsenite so that some o~keto-
glutarate is formed via some of the reactions of‘the tricarboxylic acid cycl@.
Also, conditions may not have been appropriate'to allow the accummulation of
glycerate so that'it was further metabolized via 3-phosphoglycerate to form
a second molecule of pyruvate. On the surface, 1t would appe#r that pyruvate
and -ketoglutarate represent producté of the glyoeraﬁe‘and o=ketoglutarate
pathways, respectively, quever, until direct evidence for the participation
of specific enzymes in these two pathways, suchvas KDG aldolase and tartro-
nate semialdehyde reductase in thefglycerate pathway and of~-ketoglutarate
semialdehyde dehydrogenase in the d?ketoglﬁtarﬁte pathwaﬁ, no specific
conclusions can be drawn. It is likely tPAt the metaboliem of glucarate in
Ao piger is different in some respects thah the metabolism in bacteria. In
the enteric bacteria with'the giycerate éathway,>for example, the presence of
arsenite does not allow the ebnversioﬁ of pyruvate to o~ketoglutarate. In-
the present study there did hot.appeA:-to_be‘anyAindioation that pyruvate

formetion precoded‘wdkketoglutératg formation, or vice versa (Tables 2 and 3).| -
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In these esnalyses both products reached & maximum after 3¢5 hre Analyses
which had been contimied at 2 hr intervals for longqr periods of time (not
shown in table) showed no further increase after that time, and an analyeiq
after 24 hr indicated that there was no further formation of either keto
acid,

Although there are many avenues.of investigstion stili to.bd tested and
explored, an initial study of the metabolic pathway by which Aspergillus

niger catabolizes D-glucaric acid has been presented here,
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SUMMARY

Data obtained in this study has demonstrated that in the fungus
Aspergillus niger glucaric acid is catabolized by means of a pathway in-
volving a_dehydrase enzyme and an énZyme(s) catalyzing the breakdown of KDG.
Experimental results with arsenite-poisoned mycelial auspensionabindioated
that for every mole of glucarate utilized, spproximately one mole of pyruvate
waé formed, and approximately 0.5 mole of of~ketoglutarate was formed. The;o
appoaf to be the major metabolic end-products of glucarate metabolism, and
the small amount of carbon atoms still to be accounted for may be COoe The
two end-products which have been identifiqd are presumably metabolized
further by known pathways. The presence of qt'leaat‘two enzymes in the
pathway was also demonstrated, D-gluca;ic.dehydraee was shown to catalyze
the dehydrstion of D-glucaratofto‘form ketOfdeoxy-glucarate, and an enzyme(s)
catalyzing the utilization of KDG to_ﬁnkpqyn ptgduots vas also shown 4o be -

present. -
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