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Table IV. Comparison of CO, and HCO,~ Uptake Rates Before and After Induction at 30 ppm CO,

Total C; uptake was measured by silicone oil centrifugation with uptake being terminated 10 s after
the addition of either 1 um *CO, or 10 uM H'CO;". Cells were grown either at 1% CO. or grown at
1% CO. and then transferred to 30 ppm CO, for 24 h (24 h induction).

HCO;~/CO,
Total C; Transport Uptake Ratio
Cell Type CO, Uptake HCO;™ Uptake
Before After
Before After Before After
nmol-m™2.s™"

Wild type 70 144 13 100 0.18 0.69
Wild type (+ pL-glyceraldehyde) 104 40 0.35
Mutant No. 1 63 95 10 34 0.16 0.37
Mutant No. 77 64 139 8 54 0.12 0.39
Mutant No. 80 48 132 12 45 0.24 0.34
Mutant No. 56 74 116 24 43 0.32 0.37
Mutant No. 68 60 118 19 44 0.31 0.37
Mutant No. 97 35 104 8 59 0.23 0.57

Table V. Cytoplasmic pH Determinations in the Light

Cytoplasmic pH (pH.) determinations were calculated from '“C-
DMO distributions in cells grown at 3% CO,. Conditions: Light
intensity = 250 uE-m~2.s7"; 1 mm C;; 25 um “C-DMO; external pH
(pHo) = 8.0 or 7.5; Chl density = 20 to 25 ug-mi™".

pHc pH.

Cell Type @tpH,=80)  (atpHo=75)
Wild type 8.10 7.94
Mutant No. 77 (type ) 8.30 8.10
Mutant No. 68 (type Il) 8.18 7.96

stage, the number of carboxysomes per longitudinal cell sec-
tion was markedly increased (Fig. 6¢). Under these conditions
carboxysomes often appeared to completely fill the nucleo-
plasm (Fig. 6¢). This latter result in 1% grown cells is in close
accord with the observation that carboxylase activity was also
increased under these conditions (Table III).

A marked alteration in carboxysome structure was found
in all three of the type I mutants (Fig. 6d). These carboxy-
somes were rod-like in appearance, having a diameter of
approximately 200 nm and often running the complete length
of the cell. Apart from carboxysome alterations no other
ultrastructural variations were found in the two mutant
phenotypes.

Complementation of Type | and Type Il Mutants

Results for a complementation experiment on a type I
(mutant No. 77) and a type II (mutant No. 68) mutant are
shown on Figure 7. BamHI restricted DNA with a size range
of 11 to 12 kb was most effective in complementing the type
I mutant back to the WT phenotype, whereas a 3.5 kb fraction
was most effective with the type II mutant. Similar results
were obtained in another experiment with mutant No. 1 (type
I) and mutant No. 56 (type II; results not shown). An inter-
esting difference in the complementation of the two mutant
types was that the complementation efficiency in the type I
mutant was about 40 times greater than for the type II mutant
(Fig. 7). The reason for this is unknown but it may be related

Figure 6. Electron micrographs of representative mutant and WT
cells of Synechococcus PCC7942. a, A type Il mutant (mutant No.
56) grown at 3% CO, showing increased numbers of carboxysomes
(arrow heads) compared to WT cells; b, WT cells grown at 3% CO;
c, a type Il mutant (mutant No. 68) grown at 1% CO,; note the
abundance of carboxysomes in the centre of the cell; d, a type |
mutant (mutant No. 80) grown at 3% CO;; note the presence of two
long, rod-shaped carboxysomes in the center of the cell.

to the higher CO, requirement of type II mutants and thus a
result of lower cell viability at low CO, levels. Alternatively,
the WT allele may be situated toward the end of a small 3.5
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Figure 7. Complementation analysis of a type | mutant (No. 77) and
a type Il mutant (No. 68) with size fractionated WT DNA (see “Mate-
rials and Methods”). Complementation is expressed as number of
revertants per 10° mutant cells. Note that the results for the two
mutants are represented on different scales.
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Figure 8. Photosynthetic response to C; in mutant No. 77 cells (type
1) containing the human CA Il (HCAII) expressing plasmid, pCA. Cells
(pCA/No. 77) were induced for HCAIl expression for 24 h (at 3%
CO,). O evolution was measured in the presence or absence of 50
uM EZ. Maximum rate of photosynthesis was 91 umol-mg Chi~".h™",

kb fragment causing some interference in the efficiency of
homologous crossover.

Expression of Human CA Il in a Type | Mutant

The fast release of C; in type I mutants (Table I) and altered
carboxysome structure (Fig. 6D) suggested the possibility that
the carboxysomes in the mutants might be leaky to CO,. This
notion was checked by expressing Human CA II in mutant
No. 77. In this situation, with internal and external pH at
around pH 8, high levels of CA activity inside the cell should
allow the internal CO, concentration to be equivalent to the
exogenous level. If the carboxysomes have an increased con-
ductance to CO; (leaky) then the photosynthetic affinity of
intact cells to C; should tend toward K., (CO.) of Rubisco,
namely 150 to 200 uM CO, or about 10 mm C; at pH 8 (1, 2).
Clearly this did not happen. Expression of HCAII inside the
cell increased the Ky 5 (C;) from around 30 mM in the normal
mutant (see Fig. 1) to over 61 mM in the 20 h induced state
(Fig. 8). The addition of 50 uM ethoxyzolamide to the 20 h
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induced cells reduced the Ko 5 (C;) back to about 33 mwm (Fig.
8). The addition of the CA inhibitor, ethoxyzolamide, to cells
induced for HCAII expression causes HCAII to be inhibited
and the cells to return to a state where internal C; can be
accumulated and the rate of CO, supply in the cytoplasm is
once again dependent on the non-catalytic rate (18).

DISCUSSION

In this study the recovery and partial characterization of 24
high-CO; requiring mutants is reported. These mutants clearly
contain representatives of two extreme phenotypes with a
number of mutants that fall into an intermediate class which
might even form a third mutant phenotype. Nevertheless,
most of the characterization of these mutants has concen-
trated on the two extreme phenotypes and the basic features
of these phenotypes are summarized in Table VI

The simple fact that all mutants are able to actively accu-
mulate C; in a manner similar to the wild type, but require
high CO, to support photosynthesis, indicates that the cells
are not able to use this internal C; pool to elevate CO, at the
site of Rubisco. The possible reasons for this can be sought
only by considering the current models of the CO, concen-
trating mechanism in cyanobacteria and the role of intracel-
lular interconversion of inorganic carbon species. The most
valuable model for these purposes is that originally proposed
by Reinhold et al. (19), which has recently been substantiated
by Price and Badger (18) with strong evidence indicating that
the carboxysome acts as the site for internal CO, elevation.
This carboxysomal model requires that carbonic anhydrase is
located within the carboxysome, rather than the cytosol, and
that the resistance barrier to the diffusion of CO, out of the
cell is at the carboxysome coat, rather than the plasma mem-
brane/cell wall. The role of carbonic anhydrase in the model
is to rapidly convert the HCO;™, which is transported into the
cell by the C; pump, into CO, within the carboxysome. When
this is combined with the carboxysome coat barrier to CO,

Table VI. Summary of Characteristics of Type | and Type Il Mutants

Type | Phenotype Type Il Phenotype
(5 mutants recovered) (4 mutants recovered)

Normal pump activity Normal pump activity

Normal C; pools (31-38 mm) Large C; pools (62-73 mm)

Requires 1% CO; for growth in  Requires 3% CO, for growth
liquid in liquid

Normal CA levels Normal CA levels

Fast release of CO, (5.4-6.4 x Slow release of CO, (1.2-1.6

107% cm/s) x 107% cm/s)
Photosynthesis saturated at 100 Photosynthesis saturated
mm C; (pH 8) above 100 mm C;
Ci transport adapts to low C; lev- C; transport adapts to low C,
els levels

Reduced '®0 exchange: efflux of Normal '®0 exchange
mass 47

Carboxylase activity slightly low- High carboxylase activity
ered

Long rod-like carboxysomes Normal carboxysomes; in-
creased in number

Complements with a 3.5 kb

BamHI DNA fraction

Complements with a 11-12 kb
BamHI DNA fraction
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diffusion, an elevation in CO, concentration at the site of
Rubisco is the result. Thus, the simplest way to explain the
phenotype of the mutants is to postulate a change either in
the activity or location of carbonic anhydrase within the cell.
If we deal with the two mutant phenotypes which have been
characterized in this paper then it is possible to assess how
well their phenotypes can be explained by reference to this
model.

Type I mutants have a number of distinct properties which
may give a clue to the nature of their lesion. Both their relative
leakiness to the loss of CO, (Figs. 2 and 5; Table I) and the
alteration in their carboxysome structure (Fig. 6) indicate that
an alteration in the diffusion properties of the carboxysome
coat may be responsible for the lesion. However, two consid-
erations would seem to rule this out. First, evidence from the
experiment where human CA was expressed in the cytosol of
mutant No. 77 (Fig. 8) shows that expression of CA in the
cytosol actually increased the requirement for external C;
rather than decreasing it, as might have been predicted if CA
were initially absent and the carboxysome is ‘leaky’ to CO..
This would suggest that the carboxysome is still acting as a
barrier to CO, diffusion in this type I mutant. Second, when
an increase in the conductance of the carboxysome coat to
CO, is theoretically modeled in Figure 9 the results show that
increasing conductance would be expected to significantly
decrease the intracellular C; pool when compared to WT. This
is not observed in these mutants. Although it is initially
tempting to conclude that the appearance of rod-like carbox-
ysomes in type I mutants is directly associated with the
production of this phenotype, similar structures have been
found in WT cells of old cultures (3 weeks) which had been
grown at 0.5% CO, in phosphate buffered media (10). It is
possible then that rod-like carboxysomes are a pleiotropic
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Figure 9. Theoretical effect of increasing the conductance of the
carboxysomal coat to CO, diffusion. Other parameters of the model
were kept constant (see “Materials and Methods”) while the CO,
conductance of the coat was varied from 1075 to 10~' cm.s™". The
responses of both photosynthesis (A) and cytosolic C; (B) to external
Ci are shown.

effect which is perhaps related to an alteration in cytosolic
CO; levels (high CO; in the cytosol?).

If carboxysomes in type I mutants are functionally intact,
then the nature of the ‘leakiness’ may be due to the presence
of CA in the cytosol. In fact the best explanation that fits this
phenotype is a situation where the small amount of CA
activity which is normally inserted into the carboxysome is
located in the cytosol. Theoretical modeling of this scenario
in Figure 10 predicts that: (a) the cell would still accumulate
normal levels of C;, (b) no significant rate of CO, fixation
would occur, and (c) the rate of CO, leakage out of the cell
would be measurably increased in a manner similar to but of
a lower magnitude than that found when human CA is
expressed in the cytosol (18). The relatively small loss of CO,
from the cell via leakage would not reduce the internal C;
pool because CO; fixation, which is normally a large sink for
CO,, would be inoperative and this would compensate for
any leakage. This situation would result in no significant
change in the measured size of the internal C; pool.

Type I mutants appear to be similar to the E; (13) and RK,
(15) mutants that have already been isolated, but in both
these cases the type of data that we have collected is generally
unavailable. For instance, it is not known if E, and RK, are
fast release mutants or whether they have altered carboxysome
structure.

Type II mutants are distinguished by a phenotype which
indicates that the leakage of CO, from the internal C; pool is
slowed down and that this is in some way related to a
reduction in the carboxysomal CO, concentration. The slow
CO efflux in type II mutants suggests that the rate of exchange
of C; species inside the cell is reduced. However, under steady
state conditions there appears to be rapid interconversion of
C; species as evidenced by the fact that there is no detectable
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Figure 10. Theoretical effect of moving CA activity from the carbox-
ysome to the cytosol in type | mutants (cytosolic CA). Also shown is
the theoretical effect of the total removal of cellular CA (no CA). The
model used to calculate these results is described in “Materials and
Methods”. The responses of both photosynthesis (A) and cytosolic
C, (B) to external C; are shown.
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efflux of singly '®O-labeled CO, (mass 47) (Fig. 5). During C;
efflux in the dark, however, there is evidence of some efflux
of mass 47 which points to there being slower exchange inside
the cells (Fig. 5). Thus, the exact nature of C; exchange
processes in the cell is ambiguous but, clearly, CO; efflux in
the dark is much slower than in WT cells. It is possible that
the leakage of CO, out of the cell is so slow that the C; pump
can recycle most of the leaked CO.. In this case the C; pump,
which binds CO, and releases it internally as HCO;™ (16, 17,
23), would itself be responsible for exchanging '*0 out of
CO,. However, this would not appear to be a reasonable
explanation since there is clearly efflux of unlabeled CO; in
the light (Fig. 5).

Another feature of type II mutants is that they have high
levels of carboxylase activity (Table II) and this is especially
so when cells are grown to high Chl density under suboptimal
CO, conditions (i.e. 1% CQ,) (Table III). These mutants, have
correspondingly increased numbers of carboxysomes, espe-
cially when grown at 1% CO, (Fig. 6). It is known that the
‘low C;’ state in WT cells is accompanied by an increase in
carboxysome numbers (22). Thus, it is likely that increased
carboxylase activity and carboxysome numbers are a pleio-
tropic effect related to low CO, levels within the carboxysome
because the increase in carboxylase activity is exacerbated
when cells are grown at 1% CO, rather than 3% CO, (Fig. 6).

The type of scenario that comes closest to explaining the
type II phenotype is one where carboxysomal CA is postulated
to be totally absent from the cell. Modeling this situation in
Figure 10 predicts that the cells would: (a) accumulate higher
than normal levels of C;, (b) have a slow leak rate, and (c)
require extremely high levels of CO, to overcome the low
conductance barrier of the carboxysome shell in order to
saturate photosynthesis. However, this explanation does not
fit well because normal levels of CA activity can be assayed
in extracts from type II mutants (Table II) and there is
evidence from '80 exchange studies that indicates there may
be rapid interchange of C; species inside the cell (Fig. 5).

An alternative proposal for the type II mutants is a situation
where a lesion in active proton import (Na*/H* antiport)
would limit photosynthesis by slowing the rate of CO, gener-
ation within the carboxysome. This situation should be equiv-
alent to a scenario postulating the total removal of CA from
the cell (see above). This suggestion would depend on whether
the stoichiometric H* efflux during C; accumulation (14) is
tightly coupled to CO, uptake and whether it remains that
way during steady state photosynthesis. If H* efflux and CO,
uptake are tightly coupled, then there would be a need to
import H* at the same rate as CO, fixation. Intuitively, a
lesion in the capacity for H* import might cause cytoplasmic
pH (pH.) to become excessively high, but this might not be
obligatory. Unfortunately, it is not yet possible to model pH.
changes associated with the CO, concentrating mechanism in
cyanobacteria. Measurements of pH. in type II mutants (and
type I) indicates that pH. values under standard conditions
(light on; 1 mM C)), although slightly high, are not significantly
higher than in WT cells (Table V). Clearly there are still
problems in trying to understand the type II phenotype and
work in this direction is still continuing.

The type II mutant phenotype appears to be a new mutant

Plant Physiol. Vol. 91, 1989

class that is quite distinct from the E; and RK;, mutants
(13, 15).

CONCLUSION

We have partially characterized two types of high CO,-
requiring-mutants of the cyanobacterium, Synechococcus
PCC7942. Both phenotypes accumulate C; to levels at or
above that of WT cells but appear to be incapable of gener-
ating CO, within the carboxysome. Further studies are still
required to pinpoint the molecular basis for each mutant type
reported here. It is interesting that out of 24 isolates no
mutants defective in the ability to accumulate C; were isolated.
This may indicate one of the following: (a) that a ‘pumpless’
mutant is lethal, (b) that our current mutant screening ap-
proach (1% CQ,) is inappropriate, or (c) that the gene(s) for
the C; pump may be members of multigene groups.
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