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indicated that CA levels were similar to those of wild-type
cells. Unfortunately, these measurements were done with
DTT present in the extracts and had therefore seriously
underestimated CA activity. When the Type II mutant No.
68 was retested, it was found that CAq activity was indeed
extremely low, with activities of around 1.0 unit-mg Chl™
or lower (Table II), i.e. some 30-fold lower than in wild-type
cells grown under the same conditions. The result shown in
Table II was a typical result for this mutant. Similar results
have now been found for all three Type II mutants (30). High
Iso CA activity in mutant No. 68 was only slightly lower than
that in wild-type cells (2% CO, grown), whereas Rubisco
activity was charactistically 3 to 4 times higher than in wild
type. Mutant No. 68 typically had CA to Rubisco ratios of
around 0.05 in extracts and slightly lower in purified carbox-
ysomes (Table II). Through the calculation detailed above,
this mutant would still have sufficient low Is; CA activity to
speed the catalysis in the carboxysome volume by a factor of
about 240.

Protein Composition of Carboxysome Preparations

Proteins obtained from TP pellets and from EDTA-washed
carboxysome preparations isolated from cells grown at high
CO; and 20 ppm CO; in air were analyzed by SDS-gel
electrophoresis (Fig. 7). Apart from the prominent protein
bands for the large (52 kD) and small (13 kD) subunits of
Rubisco, a large number of other proteins are present in the
crude TP carboxysomal preparations (Fig. 7, lanes A and B).
Although bands in the 12- to 18-kD region are difficult to
resolve because of the abundance of the Rubisco small sub-
unit and lysozyme used in the preparation of the extracts, a
number of other major proteins are typically discernible. No
significant differences in the protein profiles were observed
between carboxysome preparations isolated from cells grown
at high or low CO, concentrations. Although CA activity
levels are higher in cells grown at low levels of CO,, it is
probable that the differences in activity generated by the
growth conditions are too small to be easily resolved at the
protein level. Treatment of the TP pellets with EDTA fol-
lowed by reprecipitation with excess MgSO, significantly
reduced the number of proteins in these preparations (Fig. 7,
lanes C and D). This may be the result of lysis of the
carboxysome and the subsequent release of Rubisco and other
soluble proteins. Polypetides precipitated by the addition of
MgSO,; may therefore be enriched in carboxysome shell
components.

Recently, Fukuzawa et al. (9) have identified an open
reading frame, icfA, from Synechococcus PCC7942 that codes
for a protein with a predicted size of 30.2 kD that shares
22% homology to spinach chloroplast CA. More recent evi-
dence indicates that icfA codes for CA.x (30). It is interesting
to note that an approximately 30-kD protein is always seen
in intact carboxysome preparations (Fig. 7) and may even
show minor enrichment under low C; conditions (results not
shown). No missing protein bands have yet been identified
in carboxysomes from the Type II mutant, No. 68 (results not
shown).
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Figure 7. Characterization of Synechococcus carboxysome pro-
teins. Polypeptides in the TP pellets (lanes A and B) and in EDTA-
washed pellets (lanes C and D) obtained from cells grown at 20
ppm CO; (lanes A and C) and 2% CO; (lanes B and D) were
seperated by SDS-PAGE (7-15% linear gradient) and stained for
protein with Coomassie brilliant blue. The positions of the molec-
ular mass markers, large subunit and small subunit of Rubisco (*),
and lysozyme (4) are indicated.

DISCUSSION

The development of a simple method for the isolation of
purified carboxysomes from Synechococcus PCC7942 has
made it possible to identify a specific and inducible intracel-
lular CA activity that is associated with carboxysomes. This
was shown, in part, through enzyme recovery experiments
(Table I) that indicated that a clear majority of an EZ-sensitive
(Iso = 4 um) CA activity copurifies with the majority of the
cell’s Rubisco activity as a purified pelletable fraction (i.e. TP
pellet). Through EM, this pelletable fraction can be shown to
contain intact carboxysomes (Fig. 1). The specific location of
this CAa, activity is further reinforced by the finding that
one of our previously isolated high O.-requiring mutants,
Type II/No. 68 (19), has very little low Is, CA activity
associated with purified carboxysomes or with crude extracts
(Table II). Other physiological evidence suggests that this
mutant has reduced CAcx (19; see below). From the available
evidence, it would now seem reasonable to designate low Iso
CA activity as a form that is specifically located inside (or on
the shell) of the carboxysome.

Two theoretical models (23, 24) and one experimental
approach (18) have predicted that a low level of CA activity
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would need to be specifically associated within carboxysomes
to function in the localized elevation of CO, levels around
Rubisco. The models assumed that the carboxysomes would
need sufficient CA activity to speed the conversion of HCO;~
to CO, within the carboxysome volume and that a factor of
as little as 10- to 100-fold increase would satisfactorily de-
scribe known rates of photosynthesis (24). This type of mod-
eling also indicates that CAux activity of 100,000-fold or
greater would not lead to a deleterious leak rate for CO,
(M.R. Badger and G.D. Price, unpublished data). The CA
activity reported in the present article would be sufficient to
speed the conversion of HCO;™ to CO; in the carboxysome
volume by around 32,000-fold in high C; cells and around
150,000-fold in low C; cells, assuming that this CA activity
is partitioned within the interior of the carboxysome (Table
II). It is not yet possible, however, to say if CAx activity is
located inside the carboxysome or is attached or integrated
into the protein coat.

CA.x activity has at least three notable properties: (a) The
enzyme is easily inactivated by DTT (Fig. 2). Many CA
enzymes from other sources require thiol reagents for maxi-
mal activity. For example, the periplasmic CA from Chlam-
ydomonas, although being inactivated by high concentrations
of DTT, actually displays maximal activity with 0.1 mm DTT
present (11). CA.x differs in that a 45-min incubation (on
ice) with as little as 0.1 mM DTT inactivates most of the
enzyme’s activity (Fig. 2). The significance of this property is
enigmatic because in the light, in vivo, the enzyme would be
expected to be active in a generally reducing environment.
The carboxysome interior, however, may have properties that
differ from the general cytosol.

(b) CA.x requires 20 mm Mg?* (as MgSO,) for near maximal
activity (Fig. 3). Ca** and Mn** also stimulate CAqx activity,
but in the order Mg** > Ca®* >> Mn?*, suggesting that the
effect may be reasonably specific for Mg?*. Further work is
required before the nature of the stimulatory effect of Mg”*
(and other divalents ions) can be detemined. There appear to
be no reports of other CAs that have a strong requirement
for Mg?*, although it has been shown that spinach chloroplast
CA displays a small stimulation with 0.5 to 3 mm MgSO,
(21). The Mg?* requirement for CAa is analogous to that of
cyanobacterial Rubisco (1) and would suggest, if the cytosolic
level of free Mg?* in cyanobacteria undergoes similar changes
to that of the chloroplast stroma (22), that CA and Rubisco
would be regulated such that both would display a concom-
itant increase in activity with increasing Mg?* concentration.
Although posing significant technical problems, it may now
be necessary to determine if free cytosolic Mg>* levels do, in
fact, increase in cyanobacteria in the light.

(c) CAq is relatively sensitive to the CA inhibitor EZ. With
an Iso of around 4 um (Fig. 4), it is similar to chloroplast CAs
from higher plants (12), but not as sensitive to EZ as the
periplasmic CA from Chlamydomonas, which has an Is, of 6
nM (see ref. 11), or animal CAs, e.g. human CA II, which has
an Iso of 2 nM (26). The sensitivity of CAwx to EZ (Table II)
and the fact that a lesion in CA. appears to produce a high
CO,-requiring phenotype (19), suggests that EZ, which is
relatively lipid soluble, may have very poor access to the
cytosol in intact cells. This is indicated by the fact that short-
term contact (i.e. up to 10 min) of intact cells with up to 400

um EZ did not appear to effect the relationship between CO,
fixation rate and internal C; concentration (17). Furthermore,
it was found that the effects of human CA expressed in the
cytosol of Synechococcus PCC7942 could only be reversed by
the addition of 50 um EZ to intact cells (19), even though the
Iso of EZ against this enzyme is around 1 nm. Although short-
term contact with EZ does inhibit the C; pump and can be
reversed by washing (16), contact periods of longer than 1 h
(J.R. Coleman, G.D. Price, and M.R. Badger, unpublished
data) are not reversible, suggesting that EZ is capable of
eventually reaching the carboxysome in intact cells at suffi-
cient levels to inhibit CAx.

It is apparent that both low Is; CA activity (CAqx ) and
high Isy CA activity are induced by growth under low C;
conditions (Table II; Fig. 6). This is consistent with both CA
activities being components of the CCM. CAx would be an
essential part of a functional carboxysome and may be re-
quired at relatively higher levels in low C; cells. This is
indicated by the fact that the CA to Rubisco ratio increases
over 4-fold in low C; cells (Table II) and further indicates that
the relative expression of Rubisco and CAux can be altered
under low C; conditions. However, a more thorough analysis
of CAuy induction, both at the transcript and enzyme level,
still needs to be performed before the significance of elevated
levels of CAqx in low C;-adapted cells can be assessed. High
Iso CA activity, from its insensitivity to DTT and its Is, for EZ
of around 150 to 160 uM, is clearly the same as the intracel-
lular CA activity previously identified (4). The function of
this CA activity is not known, but since its EZ sensitivity is
similar to that of the C; pump (16, 17) and the activity is
pelletable under conditions that aggregate membranes (4), it
would be reasonable to suggest that this activity is associated
with the C; pump. It has been proposed that the C; pump
has a CA-like reaction associated with the transport step such
that the preferred substrate, CO., can be delivered to the
cytosol as HCO;™ (17, 18, 28). Clearly, if this is the case, then
high Isp CA activity would be expected to be induced under
the same conditions that lead to induction of the C; pump,
i.e. low C; conditions. We are currently developing new
membrane isolation procedures to test if EZ-insensitive CA
activity is associated with the plasma membrane.

SDS-PAGE analysis of proteins found in TP pellets clearly
shows the enrichment in the Rubisco level that is achieved
by the Percoll-Mg?* precipitation method (Fig. 7). Although
it is difficult to evaluate how many of the other polypeptides
are components of the cyanobacterial carboxysome, com-
parison with proteinaceous components from Thiobacillus
neapolitanus carboxysomes (6, 10) reveals some similarities.
In this prokaryote, proteins (excluding Rubisco) of 120, 85 to
89, 72, 67, 36, 32, 15, and 10 kD in size were found to be
associated with purified carboxysomes. Most of these bands
are also found in the protein profiles of the TP pellet and the
EDTA-washed pellet of Synechococcus carboxysomes (Fig. 7).
Lysis of the Thiobacillus carboxysome and release of Rubisco
into the supernatant fraction has allowed the identification
of a 54-kD glycoprotein that is not a Rubisco large subunit,
but is thought to be a component of the carboxysome shell
(10). It is not yet known if a similar band observed in the
cyanobacterial EDTA-washed pellet (Fig. 7) is also a shell
protein or whether it is simply a reduced amount of Rubisco
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large subunit. This question can be resolved by immunolog-
ical characterization. In addition to the studies on Thiobacillus
carboxysomes, an earlier study of the protein components of
a carboxysomes from the cyanobacterium Chlorogloeopsis frit-
schii (13) identified a number of polypeptides, many of which
are similar in molecular mass to those found in the Synecho-
coccus preparations. Also of note is the fact that Synechococcus
carboxysome preparations (TP pellet) contain a protein of
approximately the same size as that predicted for the icfA
open reading frame identified by Fukuzawa et al. (9), i.e.
about 30 kD. Recent evidence indicates that icfA codes for
CAax (30).

The detection of CAwyx, a form of CA that can now be
shown to be easily inactivated by DTT, was missed in pre-
vious work (4, 14) because of the almost universal tendency
to routinely add DTT (or mercaptoethanol) to enzyme extrac-
tion buffers. Although not clearly stated, some of the CA
activities in extracts reported by Badger and Price (4) con-
tained DTT (e.g. Fig. 3). Thus, only the data in tables I and
II (and some of the sucrose gradient data) from the report by
Badger and Price (4) are comparable with data in the present
article.

As a result of our new assay procedures for CAu,, it is
now apparent that the Type II mutant, No. 68 (19), displays
a 30-fold reduction in CAx (Table II). This makes it possible
to reconcile a lesion in CAx with a number of the previously
identified characteristics of this mutant. Compared to wild-
type cells, Type Il mutants were shown to have the following
attributes: a 2-fold greater internal C; pool size, a slower C;
efflux rate after a light — dark transition, a 3% CO; require-
ment for growth in liquid media, evidence of incomplete *O
exchange after a light — dark transition, increased Rubisco
activity, increased carboxysome numbers, and normal '*O
exchange in the light (see ref. 19). The first five attributes fit
well with modeling that assumes a lesion in CAux (19),
although a complete absence of CAx might be expected to
produce a mutant with a 10% CO, (or greater) requirement
for growth (5). The increase in Rubisco levels and carboxy-
some numbers was assumed to be a pleiotropic effect related
to the presence of nonfunctional carboxysomes. This is still
the most likely cause.

The final attribute, namely, normal '*O exchange in the
light, is not consistent with a lesion in CA.y. Such a lesion
would be expected to reduce the loss of *O from doubly
labeled *C'*0O, within the cell. It should be noted, however,
that CAy activity is not completely absent in mutant No. 68
(Table II). In fact, it is possible to calculate that there is
sufficient CAy to speed the conversion of HCO;™ to CO; by
a factor of 240 times, assuming that this activity is all parti-
tioned within the carboxysome volume. If a reduction in
CA.x activity from 30,000 to 240 times the uncatalyzed rate
is sufficient to produce a high CO,-requiring phenotype,
then, clearly, quantitative aspects of present carboxysome
models will require further refinement. This will be necessary
because current carboxysome models indicate that a catalysis
factor of as low as 10 to 100 times the uncatalyzed rate would
produce a functional carboxysome (24). Notwithstanding, the
low level of CA activity present in this mutant may be
sufficient to explain at least some of the relatively high 0
exchange in the light. Alternatively, the C; pump may effi-
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ciently recycle any CO, that leaks from a Type Il mutant (19).
If this is the case, then the C; pump, due to its ability to
hydrate CO,, might function to exchange '*O label out of
doubly labeled CO..

Recent evidence indicates that the gene for CA.x has now
been identified (9, 30). Because this DNA region complements
Type II mutants (30), it is now reasonable to designate the
Type II mutant phenotype as a lesion in the CAqx gene. It is
probable, however, that the lesion in the Type II mutants
(and C3P-O) may still allow a full-length CA protein to be
expressed, albeit one that is partially inactive. This would be
consistent with finding that the mutant No. 68 has a low
level of CAux activity (Table II) and with the fact that this
mutant will grow normally at 3% CO, in liquid (19). A mutant
with a complete lesion in CA.x would be expected to require
around 10% CO,, mainly as a result of the perceived need
for direct diffusion of CO, through the diffusion barrier
associated with the carboxysome (5).

Despite the overwhelming evidence that carboxysomes are
an essential part of the CCM in cyanobacteria, it has still not
been possible to demonstrate, even with more highly purified
carboxysomes that retain CAw activity, any differences in
the in vitro kinetics of Rubisco, which would be consistent
with the role of carboxysomes in the CCM (G.D. Price and
M.K. Morell, unpublished data). However, the necessary
conditions for demonstrating carboxysome function in vitro
may still need defining. For example, it is possible that
carboxysomes possess a very specific organization of Rubisco
and CA (23) that is easily perturbed during isolation. Also, it
is known that C; species in the cytosol are maintained at a
steady-state disequilibrium with a probable CO, to HCO;~
ratio of less than 0.001 (5, 18). It is not possible, in vitro and
at physiological pH, to replicate a steady state with such a
low CO; to HCO;™ ratio, meaning that direct diffusion of
CO; into the carboxysome will tend to confound the kinetics
of carboxysomal Rubisco.
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