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Kinetics of Glucose Incorporation by Aghanopcapsa 6714

RICHARD A., PELROY and JAMES A. BASSHAM

Laboratonz,gj_Chémita]JBiodynamits, Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720

Photoautotrophic metabolism of COszaé compared with
glucese metabolism in the facultative unicellular blue-green
alga, Aghanocagsa 6714. Glucose-fed cells incorporated more
14C into phosphorylated sugar intermediates of.the reductive
and oxidative pentose phosphate cycles than autotrophic cells.
The relative 1ncrease§ were: 140-fold in dark cells; 32-fold
in dich]oropheny]meth}]urea (DCMU) inhibited cells; and 16-fold
in cells assimi1ating{glutose during photosynthetic carbon
reduction. |

On the other nand, incorporation of ]4C ffom glucose into
3-phosphoglycerate and the amino acid'pobls-bf glutamate and
aspartate was reduced in dark cells. Rates of protéin synthesis
in dark and DCMU inhibited cells was reduced 50 and 80% compared
to photoautotrophic cells. In cells assimi]atin§ g]ucdse during
photosynthesis, rates of ]4C incorporation into the two amino
acids and proteih was ihe same as in photoautotrophic cells.

Chase experimentﬁ, using an excess of ]ZC-g1ucose and CO2
revealed slow turnover of carbon in dark cells, and intermediate
turnover rates in DCMU‘inhibited cells, when compared to cells

1

assimilatina glucose during photosynthesis.

‘Work performed under the auspices of the U. S. Atomic Energy
*Commission. |
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INTRODUCTION
Pn extensive study of unicellular bluc-green algae (22) sugdested
that ob]igat;'photoautotrophy vias the rule for tﬁis subgroup, However,
recent studies have shown a few exéeptions to this generalization.

Agmenellum quadruplicatum, a rod shaped organism, was grown on glucose

at 1ight intensities too low to sustain photosynthesis and C02 fixation

(24). Chloroaloea fritchii was grown in the dark on acetate (12), a

substrate not general]y'éatabolized'by blue-green algae (5;2],]4). Also,
screening of the unicellular culture collection previdus]y maintained
~at the University of California, revealed six strains, all cocci, capable
of photoheterotrophic or chemoheterotrophic growth using glucose as the
substrate (19).
One of these strains, Aphanccapsa 6714, was chosen for further
study. (€02 ffxation was found.to occur solely by the reductive pentose
phosphate (CalVin) cycle, while heterotrophic metabolism was carried out

predominantly or'exc]dsiVely by:the oXidative pentose phosphate cycle

(16,17). In addition, it was found that photosynthesis almost completely

suppressed the oxidative pathvay. Analysis of enzymes in cell-free
extracts revealed that ribulose-1,5-diphosphate (RuDP)‘was a strong
inhibitor of gTucose-G-phqsphate dehydrogenase, the first enzyme of the
oxidative pathway. Moreover, dark incubation of cells led to the imme-

diate disappearance of this metabolite, at the same time the oxidative

pathway was being activated.. Thus, it was proposed that the intracellu-

lar concentration of RuDP acted as a negative control over the oxidation
of glucose-6-phopshate, and the oxidative pentose pathway.
In the present study photoautotrophic metabolism of C02 is compared

with three kinds of glucose metabolism: (1) mixotrophic metabolism of
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g]qcose Wn photosynthesizing gells, (2) photoheterotrophic metabolism
of glucose iﬁ ce]1$ unable to'reduce €0, photochemically, and (3) chemo-
heterotrophic metabolism of giucose in the dark.
In the first condition, cells can carfy out bqth photoautotrophic

C02 fixation and photophosphorylation.along with non-cyclic and cyclic
electron photoelectron transport. In condition (2) cells ére poisoned
| with dichlorophenylmethylurea (DCMU)'whfch specifically blocks non-cyclic
electron trahsport and photosynthetic pyridinevnuc1eotide reduction, but
-~ leaves ATP synthesis by cycIié phosphory]atidn undamaged, In condition

(3) cells must supply both energy (ATP) and reducing power (NAD(P)H) by
dissimilation of glucose. S

. MATERIALS AND METHODS

Organism: Aphanocapsa 6714 is a unicé]iular coccus of typological
group IIA (22).

Media and Culture Conditions:  Cells wereigrdwn photoautotrophica]Ty ,

in an inorganic medium BG-]i, described e]séﬁheré (21). ‘Ce11s were'gassed'
with compressed air containing about 0.04% COp w/v. |

]4L Tracer Experiments: Log-phase cells were harvested at room tem-

perature by cgntrrfugation'at 29,000 ¢ for 20 min and fesuspended in BGj]]

o at a1toncentratfon of 2% hardfbacked cé]]s (wet weight) w/v. The cells

*5’WWere"theh transferred to round bottom flasks (10 ml per flask) sealed

- ?fwith"sefum stopnefs and placed in a rack which suspended the flasks in a

: water bath kept at 25°C. Ag1tatlon was achieved through a’ rec1procat1ng 7.

f’?“ff,@dﬁioniqf:thg;racP which was attached to an electric motor by ‘a metal

' ?ﬁéonnecting rod. The ]1qht sources were eight 20-watt Sunray co]or1te

) 1Tref1ectors, mounted about 1 inch be]ou the trunsparent plcx1glaas bottom
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of the water bath. The 1ight intensity at fhe surface of the flasks
was about 800 foot candles. Light was exciuded from dafk.ce1ls by wrap-
ping a flask with black, waterproof e]ectriciané tape. Before starting’
the experiment, DCHU was added to one of the flasks ét‘a final concentra-
tion of 5 x 10'5 M, sufficient to complete]y suppress 02 evolution.
At the bégfnnfng.of experimeﬁts, g]dcoseiu-]gcf(3.33 mM final con-

]4C-sodium biéarbonate‘(50 mi

centration;'20~ncuries per nmole) and (or)
final concentration; 20.73 ncuries per nmole) were addéd to each flask
by Syringe through serum stoppers. To measure the effect of glucose on o
intermediary metabolism in photosynthesizing cells, both 1abe1ed cbm- :

]4C by fixation

pounds were added to the system to prevent dilution of,
of un]abe]ed C02. Hhen labeled bicarbonate was omitted from cells incu-
bated in the light plus DCMU. or in the dark, there was little difference
in pool sizes or po]ymer1zed products of metabo11sm, indicating that
virtually a11 ‘carbon was assimilated from.g]ucose under these conditions.

At intervals, 0.5 m1'samp]eé of the cell susﬁensions were removed by
syringe and ‘the cells killed by the addition of 2.0 ml of methanol. From
each sample’ZSO ul vere removed and analyzed by two—dimensiohal’paper
chromatography (1 5 | | ’ |

The solvent system for the first d1mens1on was phenol-water- g]ac1a1
acetic acid gthylenediamine tetraacetic acid (1 M) (840:160:10:1 v/v),
“and in the second dimension equal volumes of hebutanol-waterv(370:25 v/v)
and propionic aéid—water (f80:220 v/v). Compoﬁnds in the sugar monophos-
phate and diphosphate afeas of the chromatograms vere resolved by develop-
ment for 48 hr in each direction. Amino acids_and PGA were resolved by

24 hr'chromatdgraphyvin_each direction. Sugar diphosphates, which migrate

as a single spof were re-eluted from chromatograms with distilled water,
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hydrolyzed with a part1a11y purf1ed enzyme from a Polidase- S preparation
(Schwartz onchem1ca]s, Inc. ), and rechromatographed in the so]vent systems
described above, 24 and 16 hr respectively. This procedure separated
ribulose, sedohéptu]ose, and fructose as the free sugars.

Radicactive areas on the chromatograms were identified by X-ray film,
thé’spbts corresponding tp exposed film cut out end cnunted by an auto-
matic spot-counting device (13). After corrections were made for counting
»efficiencies~and coincident counting,rthe results were expressed in con-

centration units of natoms input carbon per mg (wet weight) cells.

Analysis of 14C_in Glvcogen and Protein: Methanol suspensions used
fqr reso]utfon of so]ub]e'intermediates were concentrated by cenfrifugation
and the supernatant containing soluble intermediates discarded. The cell
pellets were washed exhaustively, first with 100 mM_]ZC glucose (if labeled
glucose was a substrate) and then with distilled water. The wasnhed pellets
were suspended in 2 m1 of 2 N HCl in small test tubes, covered with marb]es;
and hydrolyzed for 1 hr>at 100°C.  Fifty wl of the supernatant fraction
from the hydrolysate was ¢ ided to Aquasol (New Eng]and Nuc]ear) and
counted by 11qu1d scintillation. The remaining supernatant was concen-
trated to dryness in a vacuum dessicator and then resuspended in 2 ml of
50 mM sodium carbonate to neutralize residual acid. Two hundred fifty ul-
of this solution waS'chromatogranhed in the standard solvent systems as
~described above, and freed radioactivity determined by radicautography .
Unlabeled glucose was added to duplicate chromatograms and the position
determined after chromatography by AqNO3 reagent (23).‘ Approximately

95% of the solubilized radioactivity migrated with free glucose.
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The acid hydrolvzed pe]]ets_wére washed exhaustively as described

above, and suspendéd in 2 ml of an acueous solution containing So'pg v
of Pronase (Siama Biochemical Corp.) per ml. 0.10 m pf toluene was

“lavered ovér the pronase susnensioniandlthe two phase system incubated
at 37°C for 24 hr. The samnles were clarified by centrifugation and

50 ul of the sunernate, containing so]ubiiized aﬁino acids, counted 1in

Aquasol by liquid scintillation.

RESULTS
In Fiqures 1-3, the ]4C labeling of various metabolites is shown
for photosvnthesis with MCO?_ (A}, photosynthesis with ]4C02 and ]4C-

14

.glucose (B);'photoheterotrdphic assimilation of ' 'C-glucose (C), and

chemoheterotrophic assimilation of ]4C;glucose.

14C-1abe]ed glucose during photosynthesis resulted

The presence of
in a' 15-fold increase in the concentrations of the sugar monophosphates,
glucose-6-phosphate (G6P) and sedoheptu]ose-7—bhosphate (S7P) (shown
together as a single curve) and fructose-6-phosphate (F6P). In dark
cells the increase was even more dramatic, with approximately a 140-fold
ipcrease in the concentrations of these compounds (Figure 1-D). The!

concentrations of the monophosphates in DCMU-treated cells was inter-

mediate between photosvnthetic and dark values (Figure 1-C).
14 |

The formatfon of " 'C labeled PGA is about the same during photosyn-
thesis plus and minus glucose, as expected for the primary produce. of

C02 fixation. In DCHMU-treated cells the concentration of PGA 15 reduced
to about 50% that found in photosynthetic cells. However, the rate that
labeled carbon accumulates in PGA is markedly reduced in dark cells and

is barely detectable during the first 15 min of incubation.

i
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Nearly the same concentrat1ons of ribulose-1,5-dipnosphate (RuDP) are
maintained in photosynthes1z1nq cells, plus and minus glucose (F1gure 2-A, -
2-B), but only traces of fructose—],G-diphosphate (FDP) and sedoheptu]ose—
1,7-diphosphate (SDP) were found. On the other hand, inhibition of photn-
system II (non-cyclic electron flow) or dark incubation both lead to the
virtual disappearance of 14C in'RuDP; while levels of FDP and SDP.arevele-
vated many times over the phoidsynthetic values (Figure 2-C, 2-D).

14

Phosphogluconate (6-PGluc) was not detectable in the light when ' CO

2
was used as the only carbon source (Figure 2-A), but a slow labeling of this

metabolite was noted in cells assimilating 1

C-glucose in the light (Figure
2-B). On the other hand, a comparatively large increése in labeled 6-PGluc
is seen in dark cells (Figure 2-D), probably as a result of the active use
of the oxidative pentosé pathway. Cells treated with DCHU, in the light,
showed a faster rate of ]4C aCEUmulation in this metabolite than photosyn-
thetic cells (Figure 2-C), but slower than dark cells. ‘

Incorporation Qf ]aﬁe]ed carbdn 1n£o glutamate and aspartate was not
greatly differént in photosynthetic and DCMU treated cells, except for the

’4co ~fed cells (Figure 3-A, 3-B,

14

early saturation of the aspartate pool in

C into

-aspartate and the rate of g]utamate 1abe]1nq was only 15-30% that for ‘the

3-C). In contrast to these resu]ts, dark cells took up 11ttle

other cells (Figure 3-D).

Polymer Synthesis: Figurés 4-A and 4-B show the net synthesis of pro-
tein and glyconen (polvalucose) by the cells of Figures 1-3. A large amount
of glucose was incorporated into glycogen in all glucose-fed cells. .The |

’ i

rate in dark cells was anpproximately 1/2 that observed in phdtosynthetic ,

or cells treated with DCMU in the light.
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" Rates of protein synthesis were highest in photosynthetic cells,
lowest in dark cells, and intermediate 1n‘ce1]s treated with OCMU. It
is.notewdrthy that the rates of glycogen and protein synthesis were
more nearly comparable in C02 fed cells--thus, glucose ehhanceé the for-
mation of glycogen over the synthesis of protein.

14

Dilution Experiments: Replacement of ' 'C by an excess of unlabeled

carbon from glucose and (or) C02 is shown in Figures 5 and 6. Dilution
rates were rapid in photosynthetic cells, with half times of about 1 min
for the three‘honophosphates and RuDP (Figures 5-A, 6-A). The corres-
ponding dilution rates from dark cells were much slower: 10-12 min for
monophosphates, and approximately 8 min for diphosphates (Figures 5-C, 6-C).
The ratesvinVDCMU—treated cells were about 2—3 min for the monopnosphates
and diphosphates (#igures 5-B, 6-B).
DISCUSSION

Inhibition of photosystem I1 (hence of non-cyclic electron flow) or
dark incubation leads to activation of the oxidative pentose pathway and
loss of reductive carboxylation. Thus, non-cyclic electron flow may exert
the primary control over intefmediary metabolism in Aphanocapsa 6714. A
térget site for control of the reductive pentqse phosphate (Calvin) cycle
is phosphoribulokinase, since RuDP is not synthesized in the dark, or in
the light plus DCMU. Also, previous results have shown the rapid disap-
pearance of this hetabo]ite in cells transferred to the dark (16). Tﬁis
indicates inactivation of the kinase reaction althouygh carboxydismutase
continues to catalyie the formation of PGA from RuDP and c02, at least
during the first several minutes. It should be noted that the phospho-

ribulokinase from spinach chloroplasts is also inactivated in the dark,
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but7can be_réactivated3 ig.vitro, by light in the presence of chloro-

p]astﬁ; of“invﬁhe dark by.réduced dithiothreitol (9).  This suggests that
reduction of a critical site on the enzyme is necessary for activity. In
this reg&rd,'itIShould also be noted that NADH is'a positive effector of

the phosphoribulokinases from the photosynthetic bacterium, Rhodops eudoriionas

spheroides and'ﬁhe facultative autotroph, Hydrogenomonas facilis (18,11).

ANP is a potentvinhibitor of these enzymes, as well as the enzymes from
the two thiobéti]ii, T. thiooxidans and T. thioparus (10,6). Phosphoribulo-
Kinase from thé'thiobac111i is apparently unaffected by NADH.

The loss of non-cyclic electron flow due to darkness or DCHU inhibi-
fion in the light also ha§ important effects on.the ease with which carbon . f
moves from the iﬁtermediates_of the pentose‘phosphate pathways fo the

synthesis. of amino acids. This can be seen in two ways. The rate at

~ which the pod]s of amino acids and phosphoglycerate are built up in dark

cells is mu;h.s]ower than in photosynthetic cells, and rates of protein
synthesis 1in dakk and DCHUQtreated cei]s are reduced by’more than 80%
and aboﬁt'SO% respectivé]y. Second, the turnover rates ¢/ metabo]ités in
the monophosphates and diphosphates are reduced by about the same amounts
(80 and 50%) in dark and in DCHU-treated cells in comparisoh to photo-
synthetic cells. It is c)ea# that the loss of photosystem II activity
results in a substantial reduction in the overall rate of metabolism.

This reduced metabolic rate is probably not due to energyviimita—_
tion‘sincé dark cells contain as high, or highef, levels of ATP as photo-

synthetic cells (paper in preparation). Rather, we feel the cause is

likely to be a decrease in the capability of regulated enzymes to cata-

lyze key reactions. Onc of these reactions is probably the hydro]ysis
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of fructose-],6-diphosphate. That there is a decrease in the activity
of this enzyme can be seen by the incfease in conéentratibn of fructose-
1,6-diphosphate (along with sedoheptulose-1,7-diphosphate) in dark and

DCMU-treated cells. Since the hydrolysis of fructose-1,6~diphosphate to

fructose-6-phosphate (which may be catalyzed by the same enzyme in Chlorella

and higher plants) is strongly favored in photosynthesizing cells, the
increased concentration of fructose-1,6-diphosphate in dark cells and
cells treated with DCMU, in the 1ight, means that the enzyme involved
fructose-1,6-diphosphatase (FDPase) is functioning at a slower rate.

In Chlorella, FDPase activity greatly decreases in the dark, or in
the light with the addition of vitamin K5, thought to divert eléctrons
from non-cyclic photoelectron flow (15,8). The resu]tiﬁg oxidized state
of cofactors in the chloroplast is thought to activate g]Ucose-G-phosphate

dehydrogenase and the oxidative pentose phosphate cycle as well (1,7).
The oxidative pentose pathway sti]i opefates recycling triose phosphates
via FDPase to glucose-6-phosphate, a]thoughvthe enzyme's activity is
greatly reduced. Thus, the overall feétures of regulation befween the
oxidative and'reductive pentose pathways in Aphanocapsa 6714 resemble

those of the more ﬁe]] studied system, Chlorella pyrenoidosa.

The potential for heterotrophic growth by Aphanocapsa 6714 is probably
due to the permeability 6f the cell membrane to‘g]ucose, rather than to |
a fundamental biochemical difference between this organism and the strictlv
photoautotrophic blue-green algae (17). In all of the organisms that we
studied, glycogen was the majbr reserve material of the ce]]; the levels
of the glucose-6-phosphate and gluconate-6-phosphaie dehydrogenases were

comparatively high and the activity of the latter enzyme was inmediately
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evident on a transition of cell suspensioné from light to darkness (16).
Thus it seems reasonable to expect that the oxidative pentose cycle is
used for endogenous metabo?ism by these orQanisms."In resting cells
only a limited flow of carbon through tﬁe cycle sufficient for mainte-
nance levels of ATP would be required. Accordingly,; regulation of the
phosphatase reaction‘cohverting fructose-],ﬁ-diphosphate to fructose-6-
phosphate coqu'serve as 6neimechanism for reducing'thé activity of the
oxidative cycle to match-the-Catabolic requirements of the ce]], With
the exception of the FDPase reaction, the other stebs between triose
phosphate and glucose-6-phosphate are known to be reversible in photo-
synthetic systems (2). It js noteworthy that the spinach enzyne is
dependent on a strong reducing agent such as'férredokin for maximum
activity (3) and that low potential electron donors more negative than
the pyridine reduced nucleotides are unlikely to exist in plant-type -
photosynthetic systems in the absence of photoe]ectron flow.

It has aiready bgen shdwn:that the rate of protefn synthesis and
| formation of amino acid precursors is more strongly ihhibited than the
synthesis of glyéogen.in dark cells of Aphanocapsa 6714. Thus, recycling
of a significant portion of triose phosphate generated by the oxidative
pentose cycle is reqﬁired. According]y,vwe would look for other enzymes
betweeh_triose phosphate and the tricarboxylic acid cycle reactions also
to undergo inactivation in fhe dark. There are a number of.possib]e
candidates to be found in tﬂe,]iterature on_enzyme.regulatiOn in photo-
| synthetic systemﬁ: the NADPllinked'tfiose phosphate dehydrogenase (24,20),

phosphopyruvate carboxylase (4), and pyruvate kinase (7).
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FIGURE CAPTIONS

Fﬂg.j].‘ ]4C labeled 1wtermed1ates in ADhanocags 6714 under four

experihentaI.cond1t1nns (A} light (as energy source), . 14

14 14

C02 as carbon

source; (B) 1iqht,. CO? and ' "C-glucose as carbon sourcesi'(c) Tight
with 5 X IO'S‘M DCMU to b]ock-non—cyclib'photoelectron.f]ow and MC-g]ucose
as' carbon source; (D) darkness with ]4C-glucose as carbon and energy source;
3eph05phog1ycerate,,o;'monophosbhates (6P and S7P), e; F6P, &.

14

Fig. 2.. ""C-labeled iqtermédiates in Aphanocapsa 6714 under four

experimental conditions (see‘Fig. 1). RuDP, e; FDP,a; SDP, a; 6-phospho-

gluconate, o.

Fig. 3. 14C-1abe]ed intermediates in Aphanocapsa 6714 under four

experimental conditions (see Fig. 1). Glutamate, o0; aSpartate, o.

Fig. 4. Incorporation of ]4C into g]vcogen (polyg]ucose) and prote1n

14

from ]460? and ' "C-aolucose.

'(A) Protein synthes1s in cel]s incubated with:

o; light (as energy source), 14 14

14

CO2 and " "C-glucose as carbon sources. -

A, light plus C02 as carbon source.
1 - l ) : ‘ » ‘ '
o, 1ight plus 5 x 10 S M peru (to inhibit non-cyclic photoelectron

f]ow) and 14

CO-glucose as carbon source.
. Y : ' .
4, darkness with ]'C-glucgse_as carbon and energy source.

(B) Glycogen synthesis in cg?]svipcubated as described in'(Aoi
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. . A . . -
Fig. 5. Dilution of 1 C from intermediates of fAphanocapsa 5714.

(A) Light, 14 1

, .14 .
C-glucose and 'C02 as carbon sources. At 10 min (dashed

1ine), 100: 1 excess of ]Zc—glucose and bicarbonate added to the system.

(B) Light with 5 x 10'5 M DCHU, ]4C-glucose as carbon source. At 10 min

12

100: 1 excess of "“C-alucose added to the svstem.

(C) Darkness, lac-g]UCOSe as carbon and energy source. At 10 min 100:
1 excess of~]2C491ucose added to system,

Yonovhosphates (G6P and S7P), e; F6P, o.

Fig. 6. Dilution of 14C from intermediates of Aphanocapsa 6714
(see Fig. 5§ for expianétion of conditions (A)-(C)-

RubDP, @; FDP and SDP, o.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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