
Vol. 140, No. 2JOURNAL OF BACTERIOLOGY, Nov. 1979, p. 452-458
0021-9193/79/11-0452/07$02.00/0

Carbon Dioxide Assimilation in Cyanobacteria: Regulation of
Ribulose 1,5-Bisphosphate Carboxylase

F. ROBERT TABITA* AND CLARE COLLETTI
Department ofMicrobiology, The University of Texas at Austin, Austin, Texas 78712

Received for publication 28 June 1979

Cyanobacteria assimilate carbon dioxide through the Calvin cycle and therefore
must regulate the activity of ribulose 1,5-bisophosphate carboxylase. Using an in
situ assay, as well as measuring the activity in crude, partially purified, and
homogeneous preparations, we can show that a number of phosphorylated inter-
mediates exert a regulatory role. Three diverse organisms, Agmenellum quadru-
plicatum, Aphanocapsa 6714, and Anabaena sp. CA, were studied, and it was
found that the in situ and cell-free carboxylase activities were particularly affected
by low levels ofphosphogluconate and reduced nicotinamide adenine dinucleotide
phosphate. There was a marked activation by these ligands when the inactive
enzyme was assayed in the presence of low levels of bicarbonate, a result
significantly different from a previous report. Moreover, the fully activated
enzyme was inhibited by phosphogluconate. In situ Anabaena CA carboxylase
activity exhibited a particular capacity for activation by phosphogluconate and
reduced nicotinamide adenine dinucleotide phosphate. However, activation of the
crude, partially purified, or homogeneous Anabaena CA carboxylase by phospho-
gluconate and reduced nicotinamide adenine dinucleotide phosphate was signifi-
cantly decreased when compared with enzyme activity in permeabilized cells. It
appears that the microenvironment or the conformation of the enzyme within the
cell may be significantly different from that of the isolated enzyme.

Cyanobacteria (blue-green algae) form or-
ganic matter by assimilating carbon dioxide. The
enzyme which catalyzes this primary CO2 assim-
ilation is ribulose 1,5-bisphosphate (Rbu-P2) car-
boxylase (3-phospho-D-glycerate carboxylase
[dimerizing]; EC 4.1.1.39). Various phosphoryl-
ated intermediates, particularly those character-
istic of photosynthetic metabolism, have been
shown to either inhibit or activate the carbox-
ylase. Inhibition by 6-phosphogluconate,
NADPH, or fructose bisphosphate is pro-
nounced when the enzyme is activated by prein-
cubation at high levels of bicarbonate (20 to 50
mM) in the presence of magnesium (3, 7, 21). In
contrast, upon incubation at low levels of bicar-
bonate (about 1 mM), the carboxylase is rela-
tively inactive, and phosphorylated metabolites
(particularly NADPH and phosphogluconate)
markedly activate the inactive enzyme if in-
cluded in the preincubation mixture (4-6, 8, 9,
15, 18). Such behavior yielded a plausible hy-
pothesis for the physiological regulation of this
key enzyme based upon the known concentra-
tions and fluctuations of these metabolites
within the chloroplast (1, 14).
The cyanobacteria are procaryotic organisms

that resemble the chloroplasts ofphotosynthetic

eucaryotes in that they possess the capacity to
split water and thus evolve oxygen via photosys-
tem II-directed photosynthesis. Moreover, ki-
netic studies of "CO2 fixation and 32P incorpo-
ration into Aphanocapsa strains 6308 and 6714
(16, 17) showed a rapid increase in the concen-
tration of phosphogluconate and changes in the
concentrations of sugar mono- and diphosphates
when cells were transferred from the light to the
dark. This transition also caused an immediate
cessation of biosynthetic CO2 fixation. Thus,
since phosphogluconate was found to be a potent
competitive inhibitor for Rbu-P2 carboxylase
and since the levels increased so dramatically in
the dark, it was proposed that this metabolite
might be the physiological regulator preventing
CO2 fixation in the dark (21). Indeed, prelimi-
nary studies did indicate that the cyanobacterial
enzyme is inhibited by phosphogluconate at high
bicarbonate concentrations (21), a result re-
cently corroborated by Codd and Stewart (10).
However, Codd and Stewart found that the Aph-
anocapsa 6308 enzyme was not activated by
phosphogluconate at 1 mM HCO3 , suggesting
that the cyanobacterial enzyme might be unique
in its activation properties, despite the structural
resemblance of the Aphanocapsa enzyme to the

452



CYANOBACTERIAL Rbu-P2 CARBOXYLASE REGULATION 453

higher plant carboxylase (10). With these results
in mind, we sought in this study to investigate
further the regulatory properties of the cyano-
bacterial Rbu-P2 carboxylae. We examined the
properties of the enzyme within the cell, using a
recently devised whole-cell carboxylase assay
(20), as well as the properties of crude, partially
purified, and homogeneous carboxylases, to ex-
amine the possibility that the basic regulatory
properties of the enzyme might change upon
isolation or purification or both.

MATERIALS AND METHODS
Growth of organisms. Two unicellular organisms

and one filamentous cyanobacterium were used in the
present investigation. Agmenellum quadruplicatum
strain PR-6 (ATCC 27264), a marine coccoid organism,
and Aphanocapsa strain 6714 (ATCC 27178) were the
unicellular organisms employed; Anabaena strain CA
(ATCC 33047) is a filamentous organism capable of
high rates of growth and nitrogen fixation (19). Strain
PR-6 was grown in ASP-2 medium at 390C according
to the procedures described previously (26). Strain
6714 was grown in Cg-10 medium (28) at 30°C. Ana-
baena CA was cultured under nitrogen-fixing condi-
tions at 390C as reported previously (19). All cultures
were bubbled with 1% C02 in air for maximum and
reproducible growth rates, which were generation
times of 3.5 h for PR-6, 6 h for 6714, and 4.5 h for CA.
ALl cultures were illuminated by four F36T12/D/HO
fluorescent lights, two on each side of the culture bath,
15 cm from the lamp center to the growth tube center,
at an incident light intensity of approximately 15,500
ergs/cm2 x s.
Preparation of cells. Logarithmic-phase cells

were harvested by centrifugation, washed in a 10 mM
4-morpholinepropanesulfonic acid (MOPS)-KOH-1
mM EDTA buffer at pH 7.8, and suspended in 100
mM MOPS-KOH (pH 7.8) containing 10 mM EDTA.
Cells were usually concentrated from 5- to 10-fold over
the density of the original culture. The procedures for
toluene treatment and subsequent assay of whole cells
were exactly as previously described (20).

Preparation of cell extracts. Cells were har-
vested and washed once in distilled water. The cells
were suspended in 2 volumes of 20 mM Tris-SO4, (pH
8.0) containing 1 mM EDTA, 5 mM 2-mercaptoetha-
nol, 10 mM MgCl2.6H2O, and 50 mM NaHCO3
(TEMMB buffer) and passed twice through a chilled
French pressure cell at 20,000 lb/in2. The extract was
then centrifuged for 15 min at 27,000 x g, and the
pellet was discarded. The supernatant fluid was sub-
sequently centrifuged at 100,000 x g for 60 min, and
the resulting membrane fraction was discarded. The
100,000 x g supernatant fraction was the source of
crude Rbu-P2 carboxylase and was used in several
experiments after dialysis against a large excess of
TEMMB buffer. In some cases, the crude Rbu-P2
carboxylase was acid precipitated as described earlier
(25) to remove virtually all phycocyanin.

Purification ofRbu-P2 carboxylase. Rbu-P2 car-
boxylase was purified from extracts of Anabaena CA
by centrifuging dialyzed ammonium sulfate fractions

into a sucrose density gradient (0.2 to 0.8 M) (22, 25,
26). The enzyme was homogeneous by the criterion of
polyacrylamide disc gel electrophoresis and was found
to contain two subunits upon dissociation and subse-
quent electrophoresis in gels polymerized with sodium
dodecyl sulfate. This preparation ofhomogeneous car-
boxylase had a specific activity of 0.6 pmol ofCO2 fixed
per nin per mg of enzyme when fully activated and
assayed for 5 min at 30°C. The ratio of the absorbance
at 280 nm to the absorbance at 260 nm was about 1.9,
indicating the absence of nucleic acids or nucleotides.
Enzyme assay. The assay for Rbu-P2 carboxylase,

using either whole cells or crude, partially purified, or
homogeneous enzyme, was as described earlier (29).
Assays were performed in 64 mM MOPS-KOH, pH
7.6, after preincubation for 10 min at 30°C in the
presence of this buffer plus 10mM magnesium acetate,
1 mM EDTA, and, depending on the experiment,
either 1 or 20 mM NaHCO3. After the preincubation,
toluene-treated whole cells, crude enzyme, or purified
enzyme was assayed at either 1 or 20mM NaHCO3 by
initiating the reaction with 0.8 mM Rbu-P2. Effectors
at the indicated concentrations were present during
the preincubation and in the assay.
Recovery of reduced pyridine nucleotide. To

determine whether NADPH was oxidized during the
incubation with toluene-treated whole cells, the fol-
lowing experiment was performed. Test tube cultures
(30 ml each) of strains PR-6, 6714, and CA were grown
to absorbances at 650 nm of 0.9, 2.5, and 1.7, respec-
tively. The cells were washed, suspended, and treated
with toluene as previously described (20), and 180 gil
of these cells was added (to yield a total volume of
2.25 ml) to a solution containing 61.6 mM MOPS-
KOH (pH 7.6), 10 mM magnesium acetate, 20 mM
NaHCO3, 0.8 mM Rbu-P2, and 0.6 mM NADPH at
30°C. Another 180-pl batch of cells was added to the
same mixture in the absence of NADPH. At the de-
sired time intervals, 250 gil of the cell suspension was
removed from each incubation tube and immediately
chilled in an ice bath.These 250-pil samples were then
centrifuged in a Clay Adams Sero-Fuge (Parsippany,
N.J.) centrifuge to pellet the cells. The supernatant
was carefully removed, and 200 gil of it was added to
800 pl of 10mM MOPS-KOH buffer, pH 7.6. For each
time interval, the cell supernatant from cells incubated
in the absence of NADPH served as a blank for the
cell supernatant incubated in the presence ofNADPH.
The absorbance of the solution at 340 nm was used to
determine the extent of NADPH oxidation; the con-
centration of NADPH remaining was calculated from
the extinction coefficient, 6.22 cm2/4mol.

RESULTS
The development of the whole-cell Rbu-P2

carboxylase assay (20) allows the measurement
of the activity and regulation of this key enzyme
within its native environment, that is, within the
cell, although it is undoubtedly true that some
metabolites leak out of the cell. Nevertheless, it
is obvious that macromolecular constituents re-
main associated with the cell (11, 13) and that
certain low-molecular-weight metabolites also
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are retained since there are some endogenous
whole-cell phosphoribulokinase and Rbu-P2 car-

boxylase activities in the absence of added sugar

phosphate (s2%) (20; unpublished observa-
tions). Thus, the whole-cell assay is the most
convenient and accurate method for measuring

activity in the absence of potential artifacts of
isolation. In all cases, the data discussed in this
investigation refer to Rbu-P2-dependent C02 fix-
ation.
With all three organisms studied, carboxylase

activity was obviously activated by many of the
phosphorylated intermediates at 1 mM bicar-
bonate (Table 1). In particular, phosphogluco-
nate and NADPH were the most effective reg-
ulator metabolites, with the Anabaena CA en-

zyme under the greatest metabolic control, i.e.,
approximnately four- and fivefold stimulation by
phosphogluconate and NADPH, respectively.
Other differences exist: 40 ,uM phosphogluconate
activated the Agmenellum and Anabaena en-

zymes more strongly than did the higher concen-
tration of 1 mM, whereas the opposite was true
for the Aphanocapsa enzyme; fructose bisphos-
phate had little effect on the Aphanocapsa en-

zyme; ATP, ADP, and AMP were all effective
regulators at 1 mM for the Anabaena carbox-
ylase, whereas for the other organisms, ADP at
1 mM was effective only for the Agmenellum
enzyme. NAD or NADH (data not shown) were

without significant effect.
When the enzyme was fully activated at 20

mM bicarbonate, the regulation by these metab-
olites markedly changed, consistent with results
previously obtained for the higher plant enzyme
(7). Phosphogluconate and NADPH inhibited,
as did fructose 1,6-bisphosphate and fructose-6-
phosphate. ATP at 1 mM inhibited the Agme-
nellum enzyme somewhat, activated the Ana-
baena enzyme, and had virtually no effect on

the Aphanocapsa enzyme. ADP and AMP were

slightly inhibitory for the Agmenellum and Aph-
anocapsa enzymes, whereas NAD had no effect
in all cases (Table 1).
The results in Table 1 show that NADPH and

phosphogluconate obviously are important reg-
ulator ligands. Thus, subsequent experiments
were directed at more closely defining the action
of these metabolites. Figure 1 depicts the con-

centration dependence of phosphogluconate on

TABLE 1. Regulation of whole-cell Rbu-P2 carboxylase activitya
Activity (%)M

Agmenellum strain Aphanocapsa strain
Effectorb Concn PR-6 6714 AnabaenastrainCA

20mM 1mM 20mM 1 mM 20mM 1 mM
HC03- HC03- HC03- HC03- HC03- HC03-

PGN 1 29 148 45 180 53 342
0.04 91 195 89 161 100 391

NADPH 1 60 196 77 206 79 532
0.04 85 116 99 101 117 223

NADP 1 85 161 109 110 100 190
0.04 95 116 100 103 100 90

FDP 1 72 162 89 129 73 196
0.04 109 131 90 113 105 122

F6P 1 65 121 74 112 66 148
0.04 95 105 86 110 103 101

ATP 1 73 116 108 106 131 167
0.04 90 108 91 107 138 100

ADP 1 83 151 83 104 100 238
0.04 89 103 97 93 115 105

AMP 1 79 113 90 106 100 219
0.04 84 113 100 102 123 105

NAD 1 90 103 97 103 100 95
0.04 94 103 97 114 108 100

a Cells were harvested, washed, and toluene-treated as described in the text. One hundred percent activity
represents control without effector.

bEffector ligands were incubated with the toluene-treated cells for 10 min at 30°C at the appropriate
concentration of bicarbonate in the presence of 20 mM magnesium acetate. Carboxylase activity was initiated
with 0.8 mM Rbu-P2, and the reaction was terminated after 5 min. PGN, 6-Phospho-D-gluconate; FDP, fructose
1,6-bisphosphate; F6P, fructose-6-phosphate.
'The control activities are as follows: for strain PR-6, 0.25 and 4.9 nmol of CO2 fixed per assay at 1 and 20

mM HCO3 , respectively; for strain 6714, 0.125 and 1.28 nmol of CO2 fixed per assay at 1 and 20 mM HCO3 ,
respectively; and for strain CA, 5.85 and 0.42 nmol of CO2 fixed per assay at 20 and 1 mM HCO3 , respectively.
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FIG. 1. Regulation ofRbu-P2 carboxylase byphos-

phogluconate in permeabilized cyanobacteria at 1

and 20 mM HCO3-. One hundred percent activities
are as follows: for strain PR-6, 3.8 and 0.20 nmol of
CO2 fixed per assay at 20 and 1 mM HCO3 , respec-
tively; for strain 6714, 1.64 and 0.4 nmol of CO2 fixed
per assay at 20 and I mM HCO3 , respectively; and
for strain CA, 2.9 and 0.14 rnol of CO2 fixed per
assay at 20 and 1 mM HCO3 , respectively.

whole-cell Rbu-P2 carboxylase from the three
organisms at both 1 and 20 mM bicarbonate. In
agreement with the results of Table 1, the An-
abaena CA carboxylase was more effectively
activated at 1 mM bicarbonate than were the
enzymes from Agmenellum and Aphanocapsa;
we observed that the maximum extent of acti-

vation for the Anabaena enzyme at 80 ,uM phos-
phogluconate was 4.5-fold, whereas the Apha-
nocapsa and Agmenellum enzymes were acti-
vated approximately 2-fold. Moreover, the Aph-
anocapsa enzyme was maximally activated over
a range of phosphogluconate concentrations (0.2
to 0.6 mM), whereas both the Anabaena and
Agmenellum enzymes showed rather sharp
peaks of activation at about 0.08 to 0.12 mM
(Fig. 1). Again, in agreement with earlier findings
(10, 21) and the results shown in Table 1, the
whole-cell activities of all three enzymes were
inhibited by phosphogluconate when the en-
zyme was fully activated, that is, when it was
preincubated and assayed in the presence of 20
mM bicarbonate (Fig. 1).
The concentration dependence of NADPH

regulation on whole-cell carboxylase activity is
shown in Fig. 2. With all three organisms, the
activation at 1 mM bicarbonate showed a satu-
ration effect, with maximum activity at about 1
mM NADPH. Again, the whole-cell activity of
Anabaena CA was the most strongly regulated,
reaching over a fivefold stimulation as compared
with about a twofold activation of the Agmenel-
lum and Aphanocapsa whole-cell carboxylase
activities. That NADPH was probably the ac-
tual pyridine nucleotide responsible for the reg-
ulatory effects noted in Table 1 and Fig. 2 was
shown by a recovery experiment in which tolu-
ene-treated cyanobacteria failed to metabolize
or otherwise oxidize this nucleotide. Moreover,
when NADP and NADPH were tested over a
wide range of equimolar concentrations, the An-
abaena CA carboxylase was clearly preferen-
tially activated by the reduced pyridine nucleo-
tide. In addition, experiments performed in ab-
solute darkness gave the same results as assays
performed under normal laboratory lighting con-
ditions.
Regulation of crude, partially purified,

and homogeneous Rbu-P2 carboxylases. To
supplement the whole-cell regulatory studies, we
performed experiments first with crude 100,000
x g supernatant fractions and second with en-
zyme that had been partially purified through
the acid precipitation step. Apparently, acidifi-
cation causes an alteration in the quaternary
structure ofthe Aphanocapsa 6308 enzyme (10).
However, NADPH and phosphogluconate had
identical effects upon crude or partially purified
carboxylases from each organism. Corroborating
the whole-cell data, NADPH and phosphoglu-
conate significantly activated the enzymes, par-
ticularly the Anabaena CA enzyme, at 1 mM
bicarbonate (Table 2). Interestingly, the magni-
tude of the activation observed in this experi-
ment was considerably less than that obtained

VOL. 140, 1979



456 TABITA AND COLLETTI

500 mM HC0j--

400

Anaboeno CA

300

200

,_ ~~~~20mM HCOj'
100

1 200
> ~~~~~~mMHCO3> 3

< 160 _

Aphanocapso 6714

Z 120 -

Q- 80

.I , . ..I
200 I ~~mM HCO3

160
Agmene//lum PR-6

120

80 ~> _20mM HC03-
80~~~~~~~~~~~

40 . . .
0 0.2 0.4 0.6 0.8 1.0

[NADPH] (mM)
FIG. 2. Regulation of Rbu-P2 carboxylase by

NADPH in permeabilized cyanobacteria at 1 and 20
mM HC03-. One hundred percent activities are as

follows: for strain CA, 7.6 and 0.38 nmol ofCO2 fixed
per assay at 20 and I mM HCO3 , respectively; for
strain 6714, 6.0 and 0.41 nmol of CO2 fixed per assay

at 20 and 1 mM HCO3, respectively; and for strain
PR-6, 2.72 and 0.35 nmrol ofC02 fixedper assay at 20
and 1 mM HCO3 , respectively.

with permeabilized Anabaena CA cells (Table
1 and Fig. 1 and 2). Low concentrations (80 tLM)
of phosphogluconate were slightly inhibitory to
the Agmenellum and Anabaena CA crude and
partially purified enzymes when assayed at 20
mM HCO3 . To further corroborate the regula-
tory effects noted with permeabilized cells and
cell extracts, the homogeneous Rbu-P2 carbox-

ylase from Anabaena CA was activated by both
phosphogluconate and NADPH at 1 mM bicar-
bonate, whereas only phosphogluconate concen-
trations above 0.6mM were inhibitory at 20mM
bicarbonate (Fig. 3). NADPH had no effect
when assayed in the presence of 20 mM bicar-
bonate. Again, the extent of activation seen at 1
mM bicarbonate did not approach that obtained
with toluene-treated whole cells.

DISCUSSION
The regulation of Rbu-P2 carboxylase activity

has provoked considerable interest since it is the
first enzyme in the competing pathways of pho-
tosynthetic carbon dioxide assimilation and pho-
torespiratory carbon dioxide dissipation. The
higher plant enzyme has been shown to be mod-
ulated by several metabolites common to inter-
mediary metabolism, metabolites which either
activate or inhibit activity, depending on
whether the enzyme is in a conformationally
active or inactive state (7). Both the activation
and inhibition sites are localized on the large
subunits, since the Rhodospirillum rubrum
Rbu-P2 carboxylase, a dimeric protein devoid of
small subunits, is similar to the structurally com-
plex plant enzyme in its regulatory response,
with the exception of a lack of inhibition by up
to 1 mM phosphogluconate at 20 mM bicarbon-
ate (6, 23; W. B. Whitman, M. N. Martin, and F.
R. Tabita, J. Biol. Chem., in press). Recently, it
was shown that several cyanobacterial carboxy-
lases structurally resemble the plant enzyme and
are comprised of both large and small subunits
(10, 27). It was also reported that the acid pre-
cipitation step previously used in the purifica-
tion of the cyanobacterial enzyme is responsible
for the lack of small subunits previously noted
(10). Certainly, the nonessentiality of small sub-
units in catalysis is thus confirmed (23; Whitman
et al., in press).

Despite the structural similarity of the Aph-
anocapsa carboxylase to the enzyme from leaf
tissue of higher plants, Codd and Stewart (10)
were unable to demonstrate activation by phos-
phogluconate when the enzyme was in its inac-
tive state, i.e., when incubated and assayed in
the presence of 1 mM bicarbonate. They were
able, however, to demonstrate phosphogluco-
nate inhibition at a high concentration (20 mM)
of bicarbonate. Indeed, inhibition was enhanced
at 1 mM bicarbonate after up,to 5 min of prein-
cubation in the presence of phosphogluconate
(10). Thus, the enzyme from Aphanocapsa 6308
appeared anomalous in its response to at least
one effector at a low concentration of bicarbon-
ate, but responded similarly to other cyanobac-
terial (21), plant (3, 5, 7), and bacterial (12, 18,
21, 24) carboxylases at a high concentration of
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TABLE 2. Regulation of crude andpartially purified cyanobacterial Rbu-P2 carboxylasea

Activity (%)C

Effectorb Agmenellum PR-6 Aphanocapsa 6714 Anabaena CA

20mM 1mM 20 mM 1 mM 20 mM 1 mM
HC03- HC03- HC03- HCO3 HCO3- HC03-

NADPH NDd 165 99 167 112 374
NADP 97 109 107 116 102 169
Phosphogluconate 73 157 104 141 90 333

a Experiments with strain PR-6 are the average of duplicate assays performed with five different crude
extracts; for strain 6714, duplicate assays were performed with five different crude extracts and four distinct
preparations purified through the acid precipitation step (25); experiments with strain CA are the average of
duplicate assays performed with six different crude extracts and six distinct preparations partially purified
through the acid precipitation step (25).

b NADPH and NADP are at 1 mM, and phosphogluconate is at 80 ,IM.
'The control activities are as follows: for strain PR-6, 0.28 and 1.62 nmol of CO2 fixed per assay at 1 and 20

mM HCO3 , respectively; for strain 6714, 2.5 and 19.3 nmol of CO2 fixed per assay at 1 and 20 mM HCO3,
respectively; and for strain CA, 0.19 and 7.0 runmol of CO2 fixed per assay 1 and 20 mM, respectively.

ND, Not determined.
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FIG. 3. Regulation ofhomogeneous Anabaena CA

Rbu-P2 carboxylase by NADPH and phosphogluco-
nate at 1 and 20 mM HCO3-. One hundred percent
activities are 6.08 and 0.56 nmol of C02 fixed per

assay at 20 and 1 mM HC'W,-, respectively.

bicarbonate. Unless the carboxylases from Aph-
anocapsa strains 6308 and 6714 are not compa-
rable, the low specific activity of the Aphano-
capsa preparation (10) (0.04,umol of C02 fixed
per min per mg when calculated from the activ-
ity shown for homogeneous fractions of the su-

crose gradient, assuming that an optical density
at 280 nm of 1 is about 1 mg of protein per ml)
may be responsible for this unusual behavior.

Previous studies have shown that permeabil-
ized whole cells of a variety of photosynthetic
species catalyze a stoichiometric conversion of
Rbu-P2 to phosphoglyceric acid, and the total
activity measured with these cells closely ap-
proximates the activity obtained with crude ex-

tracts (20). Thus, this mode of assay allows the
investigator to measure carboxylase activity in
situ. Interestingly, in this study, we clearly show
that the in situ Anabaena CA Rbu-P2 carbox-
ylase activity is significantly more sensitive to
carboxylase effectors than is the homogeneous
or freshly prepared crude enzyme. This in-
creased sensitivity to phosphogluconate and
NADPH is not an artifact of the assay system,
but may reflect the microenvironment of the
enzyme in situ. Thus, the regulatory response
with permeabilized Anabaena CA cells resem-

bles the enhanced allosteric regulation of both
threonine deaminase and acetohydroxy acid
synthase obtained with permeabilized Escheri-
cha coli K-12 (2). The basis for the apparent
enhanced regulation of in situ Anabaena CA
Rbu-P2 carboxylase activity is under investiga-
tion. Certainly, it is clear that fluctuations in the
cellular level of key metabolites such as phos-
phogluconate and NADPH may exert a fine
control over C02 assimilation in the cyanobac-
teria.
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