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SUMMARY

Four obligately photoautotrophic blue-green algae were shown to assimi-
late acetate. This reaction was light dependent and was greatly decreased in
the absence of carbon dioxide. Acetate was incorporated mainly into the
ethanol extractable (lipid) fraction of the organisms and into the protein
fraction. Only four amino acids (glutamate, proline, arginine, leucine) were
significantly radioactive as a result of the incorporation of (1-) or (2-}**C-
acetate. Partial degradations of amino acids derived from specifically labelled
acetate and enzyme assays on crude cell-free extracts of Anacystis nidulans
support the operation of established pathways for the biosynthesis of these
amino acids. Growth of blue-green algae was not significantly affected by the
presence of moderate concentrations of the sodium salts of the lower fatty
acids, with the exception of propionate, low concentrations of which inhibited
growth.

The blue-green algae are a ubiquitous group of procaryotic micro-organisms which
grow photosynthetically and, unlike the photosynthetic bacteria, produce oxygen.
Apart from studies on their photosynthetic activities and, with certain species, also
on their nitrogen-fixing activities, surprisingly few biochemical investigations have
been made on this important group of organisms. Although blue-green algae com-
monly occur in soil and waters containing organic matter, very few studies have been
made on their ability to metabolize organic compounds. It is believed that most of the
blue-green algae are obligate photoautotrophs. This seems well established for three
pure cultures of blue-green algae studied by Kratz & Myers (19554, b): namely
Anacystis nidulans, Anabaena variabilis and Nostoc muscorum G. These organisms
should therefore be useful for a study of the phenomenon of obligate photoautotrophy.
It has been found that some obligately autotrophic photosynthetic bacteria can
assimilate certain organic compounds (Sadler & Stanier, 1960; Hoare & Gibson,
1964). Accordingly a study has been made of the ability of some blue-green algae to
assimilate some simple organic compounds. A preliminary account of part of these
investigations has been published (Hoare & Moore, 1965; Hoare, Hoare & Moore,
19664, b).

METHODS

Abbreviations used. ATP: adenosine triphosphate; CoA: coenzyme A; DCMU:
3-(3,4-dichlorophenyl)-1,1, dimethyl urea; NAD: nicotinamide adenine dinucleotide;
NADP: nicotinamide adenine dinucleotide phosphate.

Organisms. Strains of Anacystis nidulans, Anabaena variabilis and Nostoc muscorum
G were obtained from Dr J. Myers (Zoology Department of The University of Texas).
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Anabaena flos-aquae A-37 was kindly provided by Dr R. G. Tischer (Mississippi State
University). Cultures were maintained under constant illumination at 25-30° on agar
slopes containing medium DM (see below) supplemented with ammonium chloride
(o1 8).

Growth of organisms. Organisms were grown photosynthetically on the medium
(DM) of van Baalen (1965a), which is a modification of the medium ‘D’ used by
Kratz & Myers (19554); after equilibration with air + 1-2 %, (v/v) carbon dioxide the
medium was at pH 7-6-7-8. For growth experiments 20 ml. medium in 22 x 175 mm.
glass tubes were cotton-wool plugged and gassed continuously with a mixture of
1-2 %, (v/v) CO, in air; the tubes were immersed in a water bath and were illuminated
by a bank of fluorescent lights providing a light intensity of 1ooo ft. candles and
maintaining the cultures at 30°. Growth was determined by following extinction at
600 my in a Bausch & Lomb (‘Spectronic-20’) spectrophotometer. For larger scale
growth, cultures were grown in the same medium in 2-1 cylinders by using 10 ml.
inoculum to 1500 ml. medium. Cultures were harvested after incubation for 40 hr in
the light. In some cases cultures were grown in the continuous culture apparatus of
Myers & Clark (1944), operated manually.

For photoassimilation experiments organisms were harvested under aseptic condi-
tions by transferring cultures to sterile polyethylene bottles which were centrifuged for
15 min at 10,000 g at 20°, and washed three times in sterile medium DM. For enzyme
experiments aseptic conditions were not necessary. After centrifugation and washing,
the organisms were stored as a packed mass at — 10°.

Determination of viable counts. The procedure was a slight modification of that
used by van Baalen (1965a). Samples from cultures were harvested and the organisms
washed three times and appropriately diluted in the same growth medium. Final
dilutions were plated in 0-05 ml. of medium DM+ 1Y%, agar on the surface of DM
agar plates so that quadruplicates of three different dilutions could be placed on a
single plate. The plates were inverted in a dessicator containing a small amount of
water, gassed three times with 99 %, (v/v) Ny+1 % (v/v) CO, and sealed. The system
was illuminated by two 150 W. tungsten lamps and was maintained at about 35° with
a fan. After 2-4 days of incubation colony counts were made under a binocular
dissecting microscope. A standard curve relating number of viable organisms/ml. and
extinction at 600 my with incubation time was determined.

Photoassimilation experiments. The photoassimilation of radioactive organic com-
pounds was determined in the following manner. Organisms harvested and washed
under sterile conditions were suspended in sterile growth medium to the appropriate
concentrations and 20 ml. amounts were transferred aseptically to sterile glass tubes
22 x 175 mm. fitted with cotton-wool plugs and gassing tubes as in the growth studies.
Reagent-grade organic acids (Na salts) were added and the tubes were gassed with
2%, (v/v) CO, in air, illuminated at 30° and equilibrated for 30 min. Sterile radioactive
organic substrates (2 uc) were then added. Samples (1 ml.) were removed aseptically
at intervals, filtered through 450 mg pore-diameter Millipore filters and washed with
20 ml. 0-01 M-carrier organic substrates. The filters were mounted on aluminium
planchettes with adhesive, dried and assayed for radioactivity with a Nuclear Chicago
thin-window proportional flow counter.

Enzyme assays. Preparation of cell-free extracts. Most enzyme assays were done
with crude (undialyzed) cell-free extracts made as follows. Stored packed organisms
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2-3 g. wet weight were mixed with 10 g. washed No. 10A Ballotini glass beads and
suspended in 15 ml. 0-05 M-potassium phosphate buffer (pH 7-0). The suspension was
chilled on ice and treated with ultrasonics for 9o sec. with an M.S.E. sonic disintegrator
with a § in. diameter probe. The suspension was then centrifuged for 15 min. at
16,000 rev./min. in a Sorvall refrigerated centrifuge at +2° and the supernatant fluid
centrifuged for 30 min. at 100,000 g in a Spinco Model L ultracentrifuge. The resulting
clear blue extract was used for enzyme assays.

Protein estimations were done by determination of the extinction at 260 and 280 mp
(Warburg & Christian, 1942).

Specific enzyme assays were done as follows.

Acetic thiokinase (acetyl coenzyme A synthetase) was assayed by the procedure of
Jones & Lipmann (1955). Reaction mixtures of 1-5 ml. total volume contained (#moles):
0-08 coenzyme A, 10 ATP, 20 K acetate, 100 K phosphate (pH 7:5), 10 MgCl,, 10
glutathione and 10 (neutralized) hydroxylamine. The reaction proceeded faster in the
absence of potassium fluoride. Extracts containing 2—-6 mg. protein were incubated
with the above components for 30 min. at 35°. The reaction was stopped by adding
1-5 ml. ferric chloride reagent containing 10 9%, (w/v) FeCl;.6H,0 and 3-3% (w/v)
trichloroacetic acid in 0-66 N-HCI (Lipmann & Tuttle, 1945). Tubes were centrifuged
and the extinction of the supernatant fluid measured at 540 mg against a ferric chloride
reagent blank.

Citrate synthase was assayed by determining citrate formation from oxaloacetate
and acetyl coenzyme A. Reaction mixtures (5 ml.) contained (zmoles): 100 potassium
oxaloacetate (freshly neutralized to pH 7-0); 8 acetylcoenzyme A ; 50 cysteine; 100 K
phosphate (pH 7-5); extract. Control tubes were without oxaloacetate. Tubes were
incubated at 35° and samples (o0-5 ml.) were withdrawn at different times for deter-
mination of residual acetylcoenzyme A and of citrate. Acetylcoenzyme A was deter-
mined by the hydroxamate procedure of Lipmann & Tuttle (1945). Citrate was
determined by the colorimetric procedure of Taylor (1953). Acetylcoenzyme A was
prepared by the acetylation of coenzyme A with acetic anhydride (Stadtman, 1957).

Citrate synthase was also demonstrated by coupling the acetic thiokinase system
(in the absence of hydroxylamine) with oxaloacetate and determining the citrate
formed. Formation of citrate from radioactive acetate was also determined in this way
(details in the results section).

Isocitric-NA DP dehydrogenase. This was assayed spectrophotometrically by follow-
ing the reduction of NADP at 340 my. Reaction mixtures of 3 ml. total volume con-
tained (u#moles): o'5 potassium DL-isocitrate, 0-5 NADP; 10 MgCl,; 100 KH,PO,
buffer (pH 7-0); extract. Control mixtures without isocitrate were used. Rates of
NADP reduction were determined against a blank containing extract+ buffer only.
The stoichiometry of the reaction was determined by estimating the x-ketoglutarate
formed as the 2,4-dinitrophenylhydrazone by the procedure of Friedmann (1957).

Transaminases. Transamination was demonstrated qualitatively. Reaction mixtures
of 1 ml. total volume contained (#moles): 25 L-amino acid; 50 potassium a-keto-
glutarate; extract in 0-05 M-KH,PO, (pH 7-0). Control tubes were included in which
a-ketoglutarate and the different amino acids were incubated alone with the extract.
Tubes were incubated 60 min. at 35° and were then deproteinized by treatment with
o1 ml. glacial acetic acid+o0-5 ml. 959, (v/v) ethanol in water. Protein-free super-
natant fluids were subjected to paper electrophoresis on Whatman 3 MM paper in a

23-2
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pyridine + acetic acid buffer (pH 3-6) for 2 hr at 2000 V. (Dixon, Kauffman & Neurath,
1958) together with glutamate markers. Strips were dried and then dipped in nin-
hydrin (0'1 %, w/v, in acetone) to detect glutamate.

Glutamic dehydrogenase was tested in reaction mixtures of 3 ml. final volume con-
taining (#moles): 50 potassium L-glutamate; 5§ NAD or NADP; 100 KH,PO, (pH
7-0); extract. The reaction was also tested in the direction of glutamate synthesis as
described in the Results section.

N-Acetyl glutamate kinase. Reaction mixtures of 1-5 ml. final volume contained
(pmoles): 20 N-acetyl-L-glutamate; 10 ATP; 10 MgCl,; 200 (neutralized) hydroxyl-
amine; extract. Tubes were incubated at 35° and were deproteinized with the ferric
chloride reagent of Lipmann & Tuttle (1945) and extinction of the ferric complex
measured at 540 my as in the assay for acetic thiokinase.

a-N-Acetylornithine 8-transaminase was assayed by the procedure of Albrecht &
Vogel (1964). Reaction mixtures of 1 ml. total volume contained (#moles): 100
KH,PO, (pH 8-0), 5 #-N-acetyl-L-ornithine; 10 a-ketoglutarate; 0-05 pyridoxal phos-
phate; extract. Controls were set up in which a-N-acetylornithine was omitted, and in
which it was added at the end of the incubation period. Reactions were stopped by
adding 0-3 ml. 6 N-HCI and the tubes heated 30 min. at 100°, cooled, 1 ml. of 3-6 M-Na
acetate+o0-2 ml. 0-033 M-o-aminobenzaldehyde added and the extinction at 440 mz
measured after 15 min.

N-acetylglutamate-ornithine transacetylase. This enzyme was demonstrated qualita-
tively (details in the Results section).

Ornithine transcarbamylase. This was assayed by the procedure of Spector &
Lipmann (1955). Reaction mixtures of 1 ml. total volume contained (#moles): 150 tris
(pH 8-0); 5 MgCl,; 8 L-ornithine; 6 dilithium carbamyl phosphate; cell-free extract.
Tubes were incubated for different times at 35° and the reaction stopped by adding
5 ml. o5 M-perchloric acid. Tubes were centrifuged and appropriate samples of the
clear supernatant fluids were taken for citrulline estimation by the colorimetric
procedure of Archibald (1944) as modified by Oginsky (1957).

RESULTS

Effect of organic compounds on growth of Anacystis nidulans. Preliminary experi-
ments were done to examine the effect of sodium acetate on the rate of growth of
Anacystis nidulans. A series of tubes containing 20 ml. medium DM supplemented with
different concentrations of sodium acetate were inoculated with o-1ml. of a suspension
of washed organisms adjusted to an extinction of 1-0 at 600 mgy, corresponding to
5% 10% organisms/ml. Growth was followed by measuring the extinction at 600 my
as a function of time. Typical growth curves are illustrated in Fig. 1. Acetate never
stimulated growth, but concentrations of 0-01-0-04 M inhibited growth. Determination
of viable counts showed that even at the higher growth inhibitory concentrations of
acetate, the cultures were still viable after a 12-hr incubation period.

Similar growth experiments were done with other fatty acids. In each case highly
purified substances were used as the sodium salts prepared by neutralization of freshly
distilled fatty acids. The lower straight chain and branched saturated fatty acids were
tested over the range 0-001-0-02 M. In most cases the results were very similar to those
with acetate: namely growth was significantly inhibited only by relatively high concen-
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trations of fatty acid. However, propionate was a very much more potent growth
inhibitor, with significant growth inhibition at 10-¢M. and complete inhibition of
growth by 5x 1074 M. Determinations of viable counts indicated that still higher
concentrations of propionate killed the organisms. Low concentrations of propionate
also inhibited growth of Anabaena variabilis and Nostoc muscorum G.

Several compounds were tested to determine whether the growth inhibition by
propionate could be annulled. Acetate specifically annulled the growth inhibitory
effects of propionate for Anacystis nidulans, Anabaena variabilis and Nostoc muscorum
G. Other compounds tested over a range of concentrations (102 to 10~° M) including
butyrate, pyruvate, f-alanine, pantothenic acid, yeast extract (0-005-0-5 %, w/v) and
casamino acids (0-005-0'5%, w/v) did not annul the growth inhibitory action of
propionate. Typical results are given in Table I. Attempts to obtain reproducible
growth rates with different concentrations of acetate and propionate intended to
determine whether propionate might compete with acetate, were not successful.
Qualitatively, growth inhibition by propionate of all three blue-green algae was
consistently annulled by acetate.

Table 1. Effect of acetate and propionate on growth of blue-green algae

Organisms were grown at 30° in the light in 20 ml. medium DM with Na acetate and/or
Na propionate at the final concentrations indicated; cultures gassed continuously with
2% (v/v) CO, in air. Extinction at 600 mu measured at intervals and growth rate constants
(K) in log, units per day determined according to Kratz & Myers (1955a).

Concn of
e A ™
Acetate Propionate
(% ™) K
Anacystis nidulans o] 0 09I
o 0001 o
0-005 o} 1-06
0005 0001 091
Anabaena variabilis o o 091
o 0-001 o
0°002 [} 1-09
0'001 o 097
0002 0'001 1-01
Nostoc muscorum G o] o 070
o 0001 o
0°001 o] 056
0001 0°00I 068

Photoassimilation experiments. The assimilation of acetate. Isotopic tracer studies
with (1-) and (2-)*C-acetate were carried out to determine if acetate was assimilated
by growing cultures of blue-green algae. Preliminary tests with cell suspensions in
growth medium showed that both (1-) and (2-)**C-acetate were assimilated, and that
the process was light dependent. The time course of photoassimilation of (2-)'*C-
acetate followed over a 12 hr incubation period showed a uniform rate of assimilation
over the initial 4 hr, and over 40 %, of the added acetate was incorporated by the cell
suspensions after 12 hr incubation (Hoare & Moore, 1965). In order to study in more
detail the influence of different factors on the rate of photoassimilation of acetate,
conditions were developed such that the rate of photoassimilation was proportional to
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the cell concentration. A series of tubes was set up with a range of cell concentrations.
(2-)1C-acetate (0-01 M final concentration, 2 #C.) was added to each tube and samples
(1 ml.) were withdrawn after 1, 2, 3 and 4 hr incubations and assayed for incorporated
radioactivity. For each cell concentration the rate of photoassimilation of *C-acetate
was determined. The results are given in Fig. 2. When the tubes were gassed with
1-2 9%, (v/v) CO, in air, the rate of acetate incorporation was proportional to concen-
trations up to 0-5 mg. dry weight organisms/ml. but decreased with higher concentra-
tions. Increasing the carbon dioxide concentration to 4% (v/v) increased the range
over which the rate of acetate assimilation was proportional to cell concentration but
significantly decreased the absolute rate. For all subsequent experiments suspensions
of organisms were kept within the range 0-3-0-5 mg. dry weight/ml. and were gassed
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Fig. 1. The effect of acetate on the growth of Anacystis nidulans. 20ml. tube cultures inoculated
and aerated with 1% carbon dioxide in air, incubated in the light at 30° as described in
methods. Growth followed at 600 mg, basal medium supplemented with different concen-
trations of acetate: O—O none, @—® 1072 M; A—A 2x1072M; A—A 3xI0°2M,
O—0 4x 1072 M

Fig. 2. Effect of cell concentration on the rate of photoassimilation of acetate by Anacystis
nidulans.

Cell suspensions (20 ml.) of different dry weight concentrations were incubated with sodium
(27)*C acetate for periods up to 4 hr and samples (1 ml.) were withdrawn and assayed for
radioactivity as described in Methods. Rates of incorporation are given as counts per
minute per ml. suspension. A—A aerated with 1%, carbon dioxide in air. O—Q aerated
with 4 9% carbon dioxide in air.

with 1-2 9, (v/v) CO, in air unless otherwise stated. The rate of photoassimilation of
acetate was found to be carbon dioxide dependent. Cultures gassed with carbon dioxide
free air, made by passing air through a tube packed with soda-lime and then through
two Milligan gas washers containing N-sodium hydroxide, showed an exceedingly slow
rate of acetate assimilation (Fig. 3). The gradual increase in rate of assimilation during
the experiment in the cultures gassed with 19, (v/v) carbon dioxide is probably due
to cell growth.

The effect of different experimental conditions on the rate of photoassimilation of
acetate by Anancystis nidulans is summarized in Table 2. Acetate assimilation was
exceedingly sensitive to inhibition by DCMU (dichlorophenyl, dimethyl urea), which
is a potent inhibitor of non-cyclic photophosphorylation and acts by blocking the
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oxygen-evolving system. Acetate was assimilated at the same rate under ‘semi-
anaerobic’ conditions when the cultures were gassed with a mixture (1 +99 parts by
volume) of carbon dioxide in nitrogen or in hydrogen. Carbon dioxide was still
essential for optimal acetate assimilation under these ‘semi-anaerobic’ conditions.
Cell suspensions in nitrogen-free media showed a diminished rate of acetate assimila-
tion, but there was only a slight decrease in acetate assimilation after longer periods of
incubation (4-8 hr) with cells suspended in magnesium or phosphate-deficient media.
Sodium fluoroacetate at a final concentration of 10~ M had little effect on the photo-
assimilation of acetate. Propionate which was found to be a potent growth inhibitor
for the blue-green algae was shown to inhibit the photoassimilation of acetate, but at
comparatively high concentrations.

Table 2. Effect of experimental conditions on the rate of
assimilation of acetate by Anacystis nidulans

Suspensions of A. nidulans (1 mg. dry wt/ml.) in 20 ml. medium DM containing Na
(2-)"C-acetate (200 pmoles, 2 xC) incubated at 30° in the light and gassed continuously with
the mixture indicated. Samples (1 ml.) taken after 1, 2, 3, and 4 hr. incubations for 4C
estimations to determine rates of acetate incorporation as described in Methods.

Acetate assimilation
1072 X counts/min./mg.

Experimental conditions dry wt cells/hr
Expt. 1. Control: in air+ 1% (v/v) CO, 342
+2'5x 1077 M-DCMU 330
+5x 107" M-DCMU 12:6
+7:5% 107" M-DCMU 97
+ 1078 M-DCMU 65
Dark control 02
Expt. 2. Control: in air+ 19, (v/v) CO, 330
in nitrogen+ 1 % (v/v) CO, 330
in nitrogen-deficient media
(air+19% COy) 170
in hydrogen+ 1%, (v/v) CO, 330
Expt. 3. Control: in air+ 1% (v/v) CO, 124
+2 % 102 M-Na propionate 21
+ 1072 M-Na propionate 4'5
+ 5 x 1078 M-Na propionate 97
+ 1073M-Na propionate 115

Photoassimilation of other organic compounds. Anacystis nidulans was also tested for
its ability to assimilate a limited number of other simple organic compounds. Test
conditions were similar to those employed with acetate, using **C-labelled compounds.
Total incorporated radioactivity was determined after incubations in the light and in
the dark. The results are summarized in Table 3.

Propionate incorporation was also tested, but at lower concentrations, since it was
a potent growth inhibitor. Both (1-) and (2-)!*C-propionate were incorporated in a
light dependent process and the rate of incorporation, which was linear for 2-3 hr, was
significantly reduced if the cultures were aerated with carbon dioxide free air. Other
organic compounds including butyrate, citrate, glutamate and succinate were not
significantly incorporated by Anacystis nidulans.

Distribution of incorporated radioactive compounds. Distribution of incorporated
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radioactivity in Anacystis nidulans was examined using the fractionation procedure of
Roberts et al. (1955). Distribution of incorporated acetate was also examined in
Anabaena variabilis, Nostoc muscorum G and Anabaena flos-agquae and part of these
preliminary findings have already been reported (Hoare & Moore, 1965). The results
with Anabaena flos-aquae which have not been previously reported are given in Table 4.

Table 3. Photoassimilation of organic acids by Anacystis nidulans

Washed suspensions (1o mg. dry wt organisms/10 ml. medium DM) of photoauto-
trophically grown A. nidulans incubated in the light or in the dark with organic substrates
(Na salts, 10 #moles, 2 uc 1*C) gassed continuously with 19, (v/v) CO, in air, 5 hr. at 30°.
Total 1*C incorporation determined on samples as described in Methods.

Total #C Total #C
added assimilated
1075 x counts/  107% x counts/
Substrate min. min.
Acetate Light 309 20°§
Dark 29°3 40
Succinate Light 32§ 04
Dark 31°3 o1
Glutamate Light 384 07
Dark 350 o5
Citrate Light 389 07
Dark 346 05

Table 4. Distribution of incorporated “*C-acetate by Anabaena flos-aquae

10 ml. medium DM containing 26 mg dry wt organisms incubated 20 hr in the light at
30° with Na (1-)**C-acetate (10 umoles, 4 xC) gassed continuously with 19, (v/v) CO, in air.
Organisms harvested, washed and fractionated by the procedure of Roberts ez al. (1955)
and *C content of fractions determined.

Fraction 10~% x counts/min. %*

Whole culture (organisms -+ culture fluid) 570 —
1. Cold TCA soluble 047 32
2. 75% ethanol soluble 8-52 589
3. Ethanol/ether soluble 065 45
4. Hot TCA soluble 034 23
5. Acid ethanol/ether soluble 052 36
6. Hydrolyzed residue 4-06 287
Total assimilated (sum of 1-6) 1456 —

* 04 of total assimilated.

The ‘residual protein’ fractions were subjected to further examination. These
fractions were hydrolysed in 6 N-HCI (18 hr at 100°) and the neutralized hydrolysates
were examined by two-dimensional paper chromatography and radioautography as
already described (Hoare & Moore, 1965). In all four blue-green algae, only four
amino acids were significantly radioactive, and these were shown to be glutamic acid,
proline, arginine and leucine. The protein hydrolysates showed a ‘normal’ distribu-
tion of about sixteen amino acids when the chromatograms were developed with nin-
hydrin. Separation of the amino acids was achieved on a micro-scale by a combination
of high voltage paper electrophoresis and paper chromatography procedures. The
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following more extensive examination of the isolated amino acids was carried out only
with Anacystis nidulans.

Specific activities of isolated amino acids. The four radioactive amino acids and
aspartic acid were isolated on a micro-scale. Specific activities were determined as
follows. Radioactivity of the final amino acid solutions was determined on appropriate
samples (in duplicate) in 15 ml. Bray solution (Bray, 1960), in an Ansitron liquid
scintillation counter. Amino acid estimations were carried out by the colorimetric
procedure of Yemm & Cocking (1954). Since proline gives a very weak colour in this
procedure, the modified ninhydrin method of Chinard (1952) was used to estimate
proline. The results are given in Table 5.

Table 5. Specific activities of amino acids derived from
(I-)**C-acetate in Anacystis nidulans

Amino acids isolated from a hydrolysate of Anacystis nidulans which had incorporated
Na (1-)**C-acetate for 18 hr in the light. Amino acids determined by the ninhydrin method
of Yemm & Cocking (1954) and *C as described in Methods. Specific activity of added
(1-)"C-acetate 4-8 x 10° counts/min./#mole.

Specific activity

Amino acid counts/min./xzmole
Glutamic acid 3-8 x 10%
Aspartic acid 006 X 10%
Arginine 37 X 104
Leucine 5-4 % 10%
Proline 083 x 10*

Table 6. Degradation of glutamic acid and leucine derived from
(I-)*C-acetate in Anacystis nidulans
Amino acids, isolated and purified from a hydrolysate of A. nidulans which had in-
corporated Na (1-)4C-acetate for 18 hr in the light, were degraded as described in Methods.
Specific activity

Compound pmoles Counts/min. counts/min./gmole
Glutamate 1,000 240,000 240
CO, (from y—COOH) 470 110,000 234
a, vy diaminobutyrate 112 85 076
Leucine 119 80,320 6,740
CO, 11-9 65,400 5,500

Degradations of isolated amino acids. Two of the amino acids, formed as a result of
the photoassimilation of (1)-1*C-acetate by Anacystis nidulans, were degraded to locate
the incorporated C. Leucine was degraded by reaction with an excess of chloramine-T
which decarboxylates the amino acid quantitatively. The reaction was carried out in
a Warburg manometer vessel according to the procedure of Kemble & McPherson
(1954) and as used previously by Hoare & Gibson (1964). Glutamic acid was de-
graded by a Schmidt reaction in which the amino acid was treated with hydrazoic
acid resulting in decarboxylation of the terminal (C-5) or y-carboxyl group (Cutinelli,
Ehrensvard, Reio, Saluste & Stjernholm, 1951; Hoare, 1963). The residual
a,y-diaminobutyric acid was recovered from the reaction products as the dipicrate
and was subsequently converted to the free amino acid. The results of the degradations
are given in Table 6.
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Enzyme activities in cell-free extracts of Anacystis nidulans. The results of the de-
gradation of glutamate are consistent with the conventional pathway of glutamate
synthesis from acetate via citrate. Accordingly evidence was sought for the presence,
in cell-free extracts of Anacystis nidulans, of all the enzymes necessary to effect the
incorporation of acetate into glutamic acid. Cell-free extracts were prepared as des-
cribed in the Methods section, and the following enzymic activities were clearly
established.

Table 7. Acetyl CoA synthetase in cell-free extracts of Anacystis nidulans

A. nidulans grown photoautotrophically on medium DM was harvested and cell-free
extracts prepared as described in Methods. Extracts containing 4 mg. protein incubated
at 35° for the times indicated in a reaction mixture of 1-§ ml. volume containing (#moles):
008 CoA, 10 ATP, 10 K salt of fatty acid, 100 K phosphate (pH 7-5), 10 MgCl,, 10 gluta-
thione and 10 (neutralized) hydroxylamine.

Hydroxamate
Incubation formed
time absorbance at
Substrate Component omitted (min.) 540 my
Acetate None 60 0276
Propionate None 60 0'193
Butyrate None 60 0°040
Fluoroacetate None 60 0077
90 0093
120 0110
200 0°140
Propionate CoA 60 0-053
ATP 60 0'038
MgCl, 60 0124
Glutathione 60 0145

(i) Acetic thiokinase (acetyl CoA synthetase). Cell-free extracts catalysed an ATP
and coenzyme A dependent formation of a hydroxamic acid from acetate. Propionate
was also activated but no hydroxamate was formed with butyrate as substrate.
Propionate appeared to compete with acetate in these reactions. Sodium fluoroacetate
was only poorly activated by extracts of Anacystis nidulans. Typical results are sum-
marized in Table 7.

(ii) Citrate synthase. Using cell-free extracts supplemented with all the co-factors
necessary for optimal activity of the acetic thiokinase, but with the neutralized hydroxy-
lamine omitted, it was possible to demonstrate the formation of citrate provided
oxaloacetate was added. This was demonstrable in two ways. In the first procedure
(2-)**C-acetate was used as a substrate, whereby an oxaloacetate dependent incorpora-
tion of radioactivity into a non-volatile acidic fraction could be demonstrated. Radio-
activity was extracted into ether from acid solution and two-dimensional chromato-
grams with carrier citrate showed coincidence between the carrier and radioactive
areas on the chromatogram. Coincidence of added carrier citrate and radioactivity
was also established by paper electrophoresis at pH 3-6. The chromatography system
of Benson et al. (1950) was used. In the second procedure, citrate formed as a result
of incubation under the conditions of the previous procedure, or alternatively using
acetylcoenzyme A (prepared by the method of Stadtman, 1957) in place of the acetic
thiokinase system, was measured directly by the colorimetric procedure of Taylor
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(1953). Typical results are given in Table 8. Using acetylcoenzyme A as substrate
attempts to establish a correlation between the amount of acetylcoenzyme A used,
followed by measuring the absorption of deproteinized solutions at 260 my, or by
hydroxamate formation, and citrate formation were not successful due to variable
degrees of breakdown of acetylcoenzyme A by crude extracts in the absence of
oxaloacetate.

Table 8. Citrate synthase in cell-free extracts of Anacystis nidulans

Complete reaction mixtures 2 ml. contained cell-free extract (2 mg. dry wt), 200 #moles
K (2-)*C-acetate (17 x 10° counts/min.), 0-16 umoles CoA, 20 umoles ATP, 200 umoles K
phosphate (pH 7'5), 20 gmoles MgCl,, 20 umoles glutathione, and 20 pmoles K oxalo-
acetate. Tubes incubated at 35°, 100 xl. samples removed at times indicated, mixed with
100 1. 2% (W/v) acetic acid, dried on planchettes and assayed for 4C.

(2-)"C-acetate incorporation (1073 x counts/min)
AL

r N

Incubation Coenzyme A Oxaloacetate
(min.) Complete omitted omitted
20 227 49 44
40 457 7:6 93
60 70°1 91 99
90 84-0 81 10°1
120 1285 139 197
180 166-4 184 19+7

Table 9. Aconitase and isocitrate dehydrogenase in cell-free
extracts of Anacystis nidulans
Cell-free extract of A. nidulans (1-6 mg. dry wt) incubated at 35° in a reaction mixture

of 3 ml. containing (#moles): o-5 K-DL-isocitrate, 0-5 NADP, 10 MgCl,, 100 K phosphate
(pH 7-0). For stoichiometry, lower concentrations of isocitrate were used as indicated.

(a) Stoichiometry a-ketoglutarate
D-isocitrate NADP formed formed
(pmoles) (umoles) (umoles)
006 006 005
o012 o'10 009
018 o7 014
024 021 020
(b) Reaction rates: AOD at 340 mp/min./mg.
dry wt
Components
Complete:
DL-isocitrate and NADP 0-105
cis-aconitate and NADP 0035
Citrate and NADP < 0005
DL-isocitrate and NAD Nil
DL-isocitrate, NADP; Mg?*t omitted 0°020

(iii) Aconitate hydratase (aconitase) and iso-citrate NADP dehydrogenase. As
outlined in Methods, aconitate hydratase was demonstrated indirectly by using
cis-aconitate as substrate under the spectrophotometric assay conditions for iso-
citrate NADP dehydrogenase. Iso-citrate dehydrogenase was readily demonstrated in
extracts and was shown to be activated by magnesium, even in undialyzed extracts.
The reaction was NADP specific, and stoichiometry was established between iso-
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citrate disappearance (assumed to be complete when the reaction ceased with an
excess of NADP), NADP reduced and a-ketoglutarate formed. Results are sum-
marized in Table 9.

(iv) Conversion of a-ketoglutarate to glutamate. It was at first assumed that gluta-
mate would be formed from a-ketoglutarate through the action of a pyridine nucleo-
tide linked glutamate dehydrogenase. Numerous attempts to assay for L-glutamate
dehydrogenase, using NAD or NADP as coenzyme, were unsuccessful. The reaction
was tested in the synthetic direction by seeking a glutamate dependent oxidation of
the reduced pyridine nucleotides, by spectrophotometric measurements at 340 mp. It
was also tested in the reverse direction by spectrophotometry at 340 my, and by
seeking the formation of a-ketoglutarate by the 2,4-dinitrophenyl hydrazone pro-
cedure of Friedmann (1957). Whilst it is probably not justified to conclude that
Anacystis nidulans lacks a glutamate dehydrogenase, alternative mechanisms for
glutamate formation were sought. Qualitative tests, as outlined in Methods, readily
established that glutamate was formed from a-ketoglutarate by transamination with
appropriate L-amino acids. The most effective amino acids for the transamination
reaction were the branched chain amino acids leucine, isoleucine and valine; phenyl-
alanine and aspartic acid were less effective amino donors.

(v) Conversion of glutamate to ornithine. Evidence for the conversion of glutamate
to ornithine by a transacetylation mechanism in a number of blue-green algae and
photosynthetic bacteria was presented recently by Hoare & Hoare (1966). Extracts
of blue-green algac were shown to contain a transacetylase which catalysed the
reversible transfer of an acetyl group from a-N-acetyl-L-ornithine to L-glutamate, and
to contain an N-acetyl glutamate phosphokinase which is specifically inhibited by
L-arginine. These findings support the proposition that arginine is synthesized from
L-glutamate via acetylated derivatives in some blue-green algae. Further evidence in
support of the postulated enzymic pathway was sought by attempting to demonstrate
the presence, in cell-free extracts of Anacystis nidulans, of other enzymes catalyzing
reactions involving certain acetylated intermediates. The postulated sequence of
reactions involving acetylated intermediates is as follows:

(i) L-glutamate + acetylcoenzyme A — N-acetyl-L-glutamic acid.

(ii) N-acetyl-L-glutamic acid + ATP - N-acetyl-L-glutamyl-y-phosphate + ADP.

(iii) N-acetyl-L-glutamyl-y-phosphate+ NADPH + H+ - N-acetyl-L-glutamyl-y-
semi-aldehyde.

(iv) N-acetyl-L-glutamyl-y-semi-aldehyde + glutamate — a-ketoglutarate +-c- N-
acetyl-L-ornithine.

(v) a-N-acetyl-L-ornithine + glutamate — L-ornithine + N-acetyl-L-glutamic acid.

As pointed out by Hoare & Hoare (1966), this sequence of reactions for the bio-
synthesis of ornithine from glutamic acid involves a cycle of acetylated intermediates
in which N-acetyl-L-glutamic acid is required in only catalytic amounts. Attempts to
demonstrate an appreciable synthesis of N-acetyl-L-glutamic acid by the procedures of
Maas, Novelli & Lipmann (1953) or of Hudock (1962) were not successful. It was,
however, possible to demonstrate qualitatively the formation of N-acetyl glutamic
acid using (2-)'4C-acetate as substrate in a system containing all reactants necessary for
the conversion of acetate to acetylcoenzyme A supplemented with L-glutamic acid.
Reaction mixtures of 1-5ml. final volume contained (umoles): 0-08 coenzyme A;
10 NaATP; 10 glutathione; 10 potassium acetate, (10 #C); 100 potassium phosphate
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buffer pH 7:5; 10 MgCl,; 5 sodium glutamate; cell-free extract containing 8 mg.
protein. Tubes were incubated 60 min. at 35° and the reaction was stopped by im-
mersing tubes in a boiling water bath for 5 min. Control tubes were run in which
glutamate was omitted, and in which the complete reaction mixture was stopped at
zero time. Ten pmoles carrier N-acetyl glutamate was added to the cooled tubes which
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Fig. 3. Effect of carbon dioxide on the photoassimilation of acetate by Anacystis nidulans.

Cell suspensions (0-38 mg. dry wt per ml.) were incubated as described with sodium
(2-)1*C-acetate and samples (1 ml.) withdrawn at intervals for assay of incorporated radio-
activity. [0—0 control illuminated system aerated with 1% carbon dioxide in air; O—O
system illuminated and aerated with carbon dioxide free air; A—A dark control aerated with
1% carbon dioxide in air.

Fig. 4. Time course of citrulline formation from carbamyl phosphate and ornithine in cell-
free extracts of Anacystis nidulans. Cell-free extract containing 2 mg. protein incubated in a
final volume of 1 ml. under conditions given in the methods.

Table 10. a-N-acetyl ornithine transaminase in extracts of Anacystis nidulans

Incubation Absorbance
Substrate (min.) at 440 mp
a-N-acetyl-L-ornithine 15 006
30 010
60 oI5
90 021

Cell-free extract of A. nidulans (2mg. protein) incubated at 35° in a reaction mixture of
1ml. containing (x moles): 5 a-N-acetyl-L-ornithine, 10 a-ketoglutarate, 0-05 pyridoxal
phosphate, 100 K phosphate (pH 8-0). Figures are corrected for ‘controls’ without «-keto-
glutarate. Details given in Methods.

were then treated with o1 vols. 10 N-H,SO,, centrifuged, and the clear supernatants
were extracted three times with 1-5 vol. chloroform + r-butanol (1 +4 v/v). Combined
butanol extracts were taken to dryness in a stream of air at 45-50° and the residues
were applied to Whatman 3 MM paper and subjected to electrophoresis at pH 3+6
as previously described (Hoare & Hoare, 1966). The dried paper was then monitored
for 14C, Low but significant incorporation of radioactivity was observed in the N-acetyl
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glutamic acid area (which could be located by spraying the paper with bromcresol
green indicator) only in tubes incubated with the complete reaction mixture. However,
acetate incorporation was estimated to be less than 5%, of the acetate added to the
system. Although variations in the experimental conditions were examined, no
improvement in the net synthesis of N-acetyl glutamic acid was achieved and further
attempts to establish the presence of the N-acetyl glutamate synthetase were aban-
doned.

The transamination of a-N-acetyl ornithine (reaction (iv) in the above reaction
sequence) was demonstrated in cell-free extracts of Anacystis nidulans by the pro-
cedure of Albrecht & Vogel (1964). However, it was also found that ornithine partici-
pated in a y-transamination reaction. The significance of the latter reaction is not clear
(Table 10). Extracts of blue-green algae do not contain «-N-acetyl ornithine deacetyl-
ase.

(vi) Citrulline formation from ornithine. Citrulline was presumed to be an inter-
mediate in arginine biosynthesis, therefore ornithine transcarbamylase activity was
examined in extracts of Anacystis nidulans as described in Methods. Typical resuits
are illustrated in Fig. 4. This reaction has also been reported in Nostoc muscorum by
Holm-Hansen & Brown (1963).

DISCUSSION

The most significant outcome of our limited survey of acetate assimilation by blue-
green algae has been the discovery of a uniquely limited distribution of incorporated
acetate into cell constituents. In all cases acetate was incorporated mainly into the
lipid fraction and, to a smaller extent, into the cell proteins. The lipid fraction was
not examined in detail. However, Nichols, Harris & James (1965) have recently
examined the lipids of the blue-green algae Anacystis nidulans and Anabaena variabilis
and have shown that acetate is incorporated into the fatty acids of the lipids: especi-
ally into phosphatidyl glycerol. Palmitate, stearate and oleate were also incorporated
into lipids. Evidently blue-green algae are not impermeable to these long chain fatty
acids.

Acetate incorporation into the protein fraction is of particular interest, since only
four amino acids (glutamate, arginine, proline and leucine) were significantly radio-
active following the assimilation of (1-) and (2-)1*C-acetate. This situation appears,
so far, to be unique to the blue-green algae. The obligately autotrophic green sulphur
bacteria of the genus Chlorobium incorporate acetate into all the amino acids of the
cell proteins (Hoare & Gibson, 1964).

The degradation data for glutamate and leucine are consistent with established
mechanisms for the biosynthesis of these amino acids. There is no need to invoke the
operation of any novel mechanism of amino acid biosynthesis in blue-green algae.
The conventional route for the biosynthesis of glutamate from acetate is supported by
the demonstration, in cell-free extracts of blue-green algae, of all the enzymes necessary
to catalyze the over-all reaction. The failure to detect a glutamate dehydrogenase is
somewhat disturbing since this enzyme is important in the assimilation of inorganic
nitrogen in most micro-organisms. It seems more probable that the transaminases
which we have demonstrated qualitatively are involved in the terminal stages of the
biosynthesis of other amino acids using glutamate as the amino donor. Biosynthesis
of the branched chain amino acids (valine, isoleucine, and leucine) presumably
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involves such transaminases in blue-green algae. Previous claims of the absence of
fructose 1,6-diphosphate aldolase in blue-green algae (Richter, 1961; Fewson,
Al-Hafidh & Gibbs, 1962) and the subsequent demonstration of the enzyme (van
Baalen, 1965a; Willard, Schulman & Gibbs, 1965) make it clear that the failure to
detect an enzyme in cell-free extracts should be treated with reservation.

Formation of the other three amino acids (i.e. leucine, proline and arginine) from
acetate is believed to proceed by conventional routes. Thus leucine is believed to be
formed by a condensation of acetylcoenzyme A with a-ketoisovaleric acid yielding
a-isopropyl malic acid, with subsequent transformations according to the following
scheme:

CH
3>CH CO.COOH Hy.
CH,.CO—COA +CH; —-—»C /CH .C(OH). COOH

CH,. COOH

CH
3>CH.CH.COOH —_— >CH ¢.coon
H %

// ? CH(OH).COOH CH.COOH
e

CH.CH.COOH CH
> _ ”>CH CH,.CO.COOH
C0.COOH

CH, ” *
H3>CH .CH,.CH(NH,).COOH

CH

Apart from the presence of transaminases catalyzing the terminal step, no enzyme
studies have been carried out on the mechanism of leucine biosynthesis, and support
for the above scheme rests almost entirely on the isotope degradation data (Table 7).
The above scheme results in the incorporation of the carboxyl (C-1) of acetate into the
carboxyl group of leucine. Proline and arginine are believed to be derived from glutam-
ic acid. Enzymes involved in proline biosynthesis have not been extensively examined
in blue-green algae. In the course of our studies of N-acetylglutamate phosphokinase,
it was found that extracts catalyzed a slower rate of formation of a hydroxamate
from glutamate. However, it is not clear whether this is due to a glutamate y-phos-
phokinase which would be involved in the biosynthesis of proline (Baich & Pierson,
1965) or due to a glutamine synthetase (Ravel, Humphreys & Shive, 1965). Evidence
in favour of the mechanisms of conversion of glutamate to arginine is more substantial
although still lacking in detail. This may be summarized as follows: (1) the specific
activities of arginine and glutamate are very similar; (2) a number of enzymes cata-
lyzing the interconversion of acetylated intermediates and the presence of ornithine
transcarbamylase have been demonstrated in cell-free extracts of blue-green algae and
(3) the N-acetyl-L-glutamate phosphokinase is specifically inhibited by arginine.

Since glutamate biosynthesis involves some of the reactions of the tricarboxylic
acid cycle it is rather suprising that acetate is not incorporated into aspartic acid and
amino acids derived therefrom. This may be compared with the studies of acetate
incorporation by glucose grown Escherichia coli (Roberts et al. 1955). In numerous
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experiments apartic acid was isolated from the proteins of blue-green algae which had
assimilated (1-) or (2-)*4C-acetate, but its specific activity was exceedingly low. The
results suggest that the flow of assimilated acetate proceeds more rapidly from
a-ketoglutarate to glutamate than from a-ketoglutarate to succinate and round the
tricarboxylic acid cycle to oxaloacetate from which aspartate is presumably derived.
This further implies that the tricarboxylic acid cycle may be ‘sluggish’ in blue-green
algae. Blue-green algae do respire at a slow rate, but little is known about their
respiratory mechanisms (see, for example, Kratz & Myers, 1955b; Webster & Frenkel,
1953). Preliminary studies by Still & Wang (1965) on the role of the tricarboxylic
acid cycle in the chemoautotrophic bacterium Thiobacillus thioparus merit comparison
with the blue-green algae. Aseptic radio-respirometry techniques showed a number
of organic compounds were utilized, although carbon dioxide was still the exclusive
carbon source for proliferating cells. Most of the reactions of the tricarboxylic acid
cycle were involved in the biosynthesis of the carbon skeletons of amino acids, but
cells were unable to convert a-ketoglutarate to succinyl coenzyme A. Absence of this
enzyme system in the blue-green algae would provide a reasonable explanation for the
failure to get acetate incorporated into aspartate and would establish a close relation-
ship between an obligate chemosynthetic bacterium and the obligately photoauto-
trophic blue-green algae.

Assimilation of organic compounds by blue-green algae was originally studied with
the aim of understanding the general problem of obligate autotrophy. Obligate auto-
trophs as defined by organisms which appear to be unable to grow on organic com-
pounds as sole or major source of cell carbon include some of the chemosynthetic
bacteria, photosynthetic bacteria (viz. the genus Chlorobium) and probably most of
the blue-green algae. Unfortunately comparatively few studies have been made of the
assimilation of organic compounds by obligate autotrophs, and it is still far from clear
why such organisms are unable to grow on organic compounds. In green sulphur
bacteria of the genus Chlorobium, inability to grow on acetate as sole or major carbon
source is probably attributable to the inability of these organisms to oxidize acetate,
as was first suggested by Sadler & Stanier (1960). In Chlorobium, acetate assimila-
tion is not only light dependent, but requires carbon dioxide and an inorganic reduc-
tant such as hydrogen sulphide which is the essential source of reducing power for
cell synthesis. Formation of essential cell constituents from acetate in Chlorobium is
then effected primarily through the pyruvate synthase reaction as was first indicated
by the isotope incorporation studies of Hoare & Gibson (1964). Recent enzyme studies
with Chlorobium thiosulphatophilum have established the importance of pyruvate
synthase and other carboxylation reactions in this organism (Evans & Buchanan,
1965; Buchanan & Evans, 1965; Evans, Buchanan & Arnon, 1966; Buchanan &
Evans, 1966).

Assimilation of organic compounds by blue-green algae has been studied by a
limited number of investigators. Heterotrophic growth of blue-green algae in the dark
was first clearly demonstrated by Harder (1917) with a strain of Nostoc punctiforme
isolated from the rhizomes of the plant Gunnera. However, subsequent investigations
have shown that the few blue-green algae which can grow heterotrophically in the dark
grow under such conditions at exceedingly slow rates. Thus Allison, Hoover & Morris
(1937) observed slow growth and nitrogen fixation by a strain of N. muscorum in the
dark on a glucose medium, and more recently Fay (1965) observed growth and nitro-
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gen fixation by Chlorogloea fritschii heterotrophically in the dark with sucrose as the
most effective organic carbon source. Sucrose assimilation (and nitrogen fixation)
were greater in the light than in the dark, but, in contrast to our findings on the photo-
assimilation of acetate, the photoassimilation of sucrose by C. fritschii was increased
if carbon dioxide was omitted. Heterotrophic growth of Tolypothrix tenuis was first
studied by Kiyohara, Fujita, Hattori & Watanabe (1960); this organism can respire
on glucose and can assimilate glucose into a glucose containing polysaccharide
(Cheung & Gibbs, 1966). The most thorough studies on the assimilation of organic
compounds by blue-green algae were those of Allison et al. (1953), using radioactive
tracer techniques to follow the assimilation of acetate by a strain of N. muscorum.
Both carbon atoms of acetate were assimilated, and assimilation was greatly stimu-
lated by light and the presence of carbon dioxide. Acetate was incorporated primarily
into lipids and into free soluble glutamate and carboxylic acids; the proteins of the
cells were not examined. Our studies of acetate assimilation are in accord with these
findings. Furthermore, we have found light-dependent acetate assimilation to be
inhibited by low concentrations of DCMU, suggesting that the photosynthetic oxygen
evolving system is essential. We interpret this to imply that non-cyclic photophosphory-
lation is essential for acetate assimilation in blue-green algae. DCMU inhibition of the
photoassimilation of acetate has been found in eucaryotic algae including species of
the genera Chlorella, Scenedesmus, Ankistrodesmus, Chlamydomonas, Chlorogonium
and Euglena (Wiessner, 1964).

Preliminary reports of acetate assimilation by Aracystis nidulans and Anabaena
variabilis by Carr & Pearce (1966) and Pearce & Carr (1966) partly corroborate our
findings.

From our very limited survey of the assimilation of organic compounds by blue-
green algae, acetate is the most readily assimilated organic compound. This was also
the case with the blue-green alga Anabaena flos-aquae studied by Moore & Tischer
(1965), the chemosynthetic sulphur bacterium Thiobacillus thiooxidans studied by
Butler & Umbreit (1966) and the chemosynthetic nitrifying bacterium Nitrobacter
agilis studied by Delwiche & Finstein (1965) and by Ida & Alexander (1965). Recent
preliminary studies by Kelly (19654, b) of acetate assimilation by T. neapolitanus, in
which acetate incorporation was thiosulphate-dependent and in which glutamate
formation from acetate was inhibited by fluoroacetate, again indicate remarkably
close similarities between obligate chemoautotrophs, at least as exemplified by
thiobacilli, and obligate autotrophs, as exemplified by the blue-green algae.

The biochemical mechanism of the inhibitory effect of propionate on the growth of
blue-green algae is still not clear. Propionate alone amongst a series of fatty acids
inhibited growth. One possible explanation of this specificity and mechanism of
growth inhibition would be that propionate ‘drains off’ coenzyme A which is essential
for biosynthetic processes associated with cell growth. The acetothiokinase of Ana-
cystis nidulans was found to activate propionate, but not other fatty acids. Reversal
of propionate inhibition by acetate might then be due to the preferential activation of
acetate in the presence of propionate, thus making acetylcoenzyme A (presumably
normally generated from pyruvate) available for essential biosynthetic reactions.
Growth inhibition by propionate and its reversal by acetate was observed in the
bacterium Streptococcus faecalis by Hill (1952). Propionate inhibition of the growth
of the eucaryotic alga Haematococcus pluvialis has been reported by Stross (1960).

24 G. Microb. 49
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