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Inorganic Carbon Accumulation by Chlamydomonas reinhardtii*

NEW PROTEINS ARE MADE DURING ADAPTATION TO LOW CO,
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ABSTRACT

When the unicellular green alga Chlamydomonas reinhardtii is placed
under low CO; conditions it adapts by making an inorganic carbon
accumulating mechanism. Algal cells were labeled with SO, during
this adaptation period and labeled proteins specific for this low CO,
adaptation were identified. Four major proteins were preferentially syn-
thesized under low CO; conditions and had M, of 46, 44, 37, and 20
kilodaltons. The 37 kilodalton protein is most likely the periplasmic
carbonic anhydrase previously identified as being part of the inorganic
carbon accumulation mechanism of C. reinhardtii. The other three pro-
teins have not been identified. The 46 and the 44 kilodalton proteins were
not synthesized by a mutant algal strain, pmp-1, which cannot grow at
low CO; concentrations. This strain does make the 37 and 20 kilodalton
proteins, however. These data suggest that at least two or three proteins
in addition to the periplasmic carbonic anhydrase are part of the inorganic
carbon accumulation mechanism in C. reinhardtii.

The unicellular green alga Chlamydomonas reinhardtii can
grow photoautotrophically even when the external CO, concen-
tration is very low (2). This ability to grow with low CO;, lower
than higher plants that use the C; pathway can tolerate, has been
seen with a large number of algae across a wide phylogenic range
(1, 5). Berry et al. (4) postulated that C. reinhardtii has the ability
to accumulate inorganic carbon (C2) internally to much higher
levels than could be obtained by diffusion. Uptake studies using
gas exchange (26) or '*CO, and H“*COs™ (2, 16, 17, 24, 25) have
supported this hypothesis. The details of this C; accumulation
system are not well understood, however.

One component of the C; accumulation mechanism of C.
reinhardtii that has been identified is a carbonic anhydrase
located in the periplasmic space (6, 27, 30, 31). This carbonic
anhydrase is an oligomeric glycoprotein having a monomer M;
of 37 kD and is preferentially synthesized when C. reinhardtii is
grown photoautotrophically with low levels of CO,. When C.
reinhardtii is placed under low CO, conditions the periplasmic
carbonic anhydrase activity increases (8, 27) and the amount of
this protein increases (6, 8, 31). This increase in carbonic anhy-
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drase is likely to be under transcriptional control, as the levels of
the mRNA coding for this protein also increase under low CO,
conditions (8).

In this paper, we report on other proteins that are preferentially
synthesized under low CO, conditions. This was done by radio-
actively labeling cells during their adaptation to low CO, and
determining which proteins have increased synthesis. We present
evidence that the proteins identified by this method may be part
of the C; accumulation mechanism of C. reinhardltii.

MATERIALS AND METHODS

Algal Strains and Culture Conditions. The wild-type strain of
Chlamydomonas reinhardtii, 137 mt*, used in these experiments
has been maintained in Dr. R. K. Togasaki’s laboratory. The
high CO.-requiring strain, pmp-1, was a gift of Dr. M. H. Spalding
and the arginine-requiring strain, CC1685, was obtained from
the Duke University Chlamydomonas Culture Collection. Cul-
tures were maintained on yeast-acetate plates until a few weeks
before use. In liquid culture, the strains were routinely grown on
minimal media (28) or in the case of CC1685, minimal media
supplemented with 50 mg/L arginine. The liquid flasks were
aerated with 5% CO, in air and illuminated with 300 uE m™2s™!
of white light. For 3°SO,~2 labeling studies, wild-type or pmp-I
cells were switched to minimal media with about one-fifth (140
versus 510 uM) the normal amount of sulfur between 24 and 48
h prior to the experiment. This media had one-tenth the normal
MgSO, (40 versus 400 uM) and was supplemented with MgCl, to
maintain the normal Mg?* concentration present in minimal
media. For experiments using ['*C]arginine the sulfur concentra-
tion was normal, but the CC1685 cells were kept in minimal
media supplemented with arginine.

Labeling Cells with 3SO,~2. For these experiments, cells that
had been growing on minimal media with one-fifth sulfur and
aerated with 5% CO, were harvested by centrifugation at 3000
rpm in a JA-14 rotor for 5 min. The pellet was resuspended in
minimal media lacking sulfate (Min-S) and centrifuged again.
The pellet was again resuspended in Min-S media and the Chl
concentration determined. The cells were then adjusted to 10 ug
Chl/mL and divided into 100 mL flasks. These flasks were then
bubbled with either air or air supplemented with 5% CQO,. To
label the cultures, 5 to 10 uCi of carrier-free 3SO4~2 (1000 Ci/
mmol) was added to the cultures at the times indicated in the
figure legends.

After incubating the cells for the appropriate time with the
label, the cells were harvested by centrifugation at 3,000 rpm for
5 min at 0 to 4°C. The cells were then washed twice with 50 ml
of ice-cold 50 mM Tris-HCI (pH 7.4) and collected again by
centrifugation. The cells were then extracted with 20 mL of
chloroform:methanol (1:1) by mixing vigorously at room tem-
perature. After mixing for 1 min, the extracted cells were pelleted
by centrifugation at 5,000 rpm (JA-20 rotor) for 10 min. The
green supernatant was discarded and the white precipitate resus-
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pended in 15 ml of 0.5% (w/v) TCA. The sample was then
centrifuged at 5,000 rpm (JA-20 rotor) and the supernatant
discarded. The pellet was then dried under N, and resuspended
in between 0.5 and 1.5 ml of 0.083 M NaCO;, 0.083 M DTT,
1.0% (w/v) SDS, and 5% sucrose, a buffer suitable for SDS
polyacrylamide gel electrophoresis. To compare different treat-
ments, samples were loaded to equal counts, usually between
50,000 and 100,000 CPM per lane.

Labeling of Cells with [**C]Arginine. The procedures used here
were essentially the same as described for the **SO,~2 labeling
except that the cells were resuspended in minimal media prior
to the addition of [**Clarginine (55 mCi/mmol) instead of
3380472 The harvesting of the cells was the same as described in
the last section.

Other Methods. SDS polyacrylamide gel electrophoresis was
performed as previously described (13) with a 12% (w/v) acryl-
amide concentration unless otherwise noted. Autoradiography
was performed using Kodak X-OMAT film. Chl was determined
spectrophotometrically. The amounts of radioactivity incorpo-
rated into the algal cells was determined by taking aliquots of
the extracted cells in buffer and counting the sample using a
Beckman LS 1801 liquid scintillation counter.

Materials. ['*C]Arginine and H,**SO, were purchased from
ICN.

RESULTS

Chlamydomonas reinhardtii, when grown photoautotrophi-
cally with elevated levels of CO,, has a low affinity for C; and
has low levels of carbonic anhydrase. However, when a high
CO,-grown culture is switched to low CO, levels (air levels of
CO,) some of the alga’s photosynthetic properties rapidly change.
The cells’ affinity for C; increases and the levels of carbonic
anhydrase dramatically increase (6, 8, 31). In addition, C. rein-
hardtii gains the ability to accumulate C; to levels higher than
can be obtained by diffusion (2, 16, 24). This adaptation to low
CO, conditions is complete between 4 and 6 h after transferring
the culture to air levels of CO; (6).

If cultures are labeled with 3°SO,~2 during this adaptation to
low CO., some proteins can be seen that are not labeled if the
culture has remained growing at high CO, levels. Figure 1 is an
autoradiogram of proteins labeled between 1 and 4 h after
switching a culture to low CO, and of proteins labeled from a
culture that had been left on high CO,. Four proteins appear to
be specifically labeled when C. reinhardtii cultures are switched
to low CO,. These proteins have apparent M, of 46, 44, 37, and
20 kD (Fig. 1). The most likely identity of the 37 kD protein is
the periplasmic carbonic anhydrase. This protein has a monomer
mol wt of 37 kD and has been previously shown to be labeled
under air adapting conditions similar to those described here (6,
8, 31). The identity of the other three proteins is unknown. In
addition to these proteins whose synthesis appear to increase
upon switching to low CO, conditions, the synthesis of other
proteins appears to decrease. The most notable of these proteins
are the large and small subunits of rubisco with M, of 53 and 14
kD. The decrease in the synthesis of the rubisco subunits upon
transfer to low CO, was previously seen by Coleman and Gross-
man (7). Other proteins which consistently have decreased syn-
thesis on low CO; have apparent M; of 38 and 25 kD.

If proteins from air-adapted cultures of C. reinhardtii are
compared to those from high-CO, grown cells by Coomassie
blue staining, there are few obvious differences (Fig. 2). No
apparent staining differences can be seen in the regions where
there are labeling differences between samples from air-adapted
cultures and high-CO, grown cultures (Fig. 2). Since these are
gels of crude homogenates, this only implies that none of these
proteins are extremely abundant.

A time course of the labeling of these proteins is shown in
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FIG. 1. Autoradiogram showing newly synthesized polypeptides from
C. reinhardtii grown with 5% CO, or adapting to low CO.. Five percent
CO.-grown cells were harvested as described in “Materials and Methods.”
One aliquot of the cells was bubbled with 5% CO. and one aliquot
bubbled with air. The cells were bubbled for 1 h and then labeled with
380,72 for 3 h while the bubbling continued. The cells were then
harvested and subjected to SDS-polyacrylamide gel electrophoresis and
autoradiography. Lane 1, air-adapting cells; lane 2, CO,-grown cells. Mol
wt markers as indicated to the left in the figure are phosphorylase B
(95,500), glutamate dehydrogenase (55,000), ovalbumin (43,000), lactate
dehydrogenase (36,000), bovine erythrocyte carbonic anhydrase (29,000),
lactoglobulin (18,400), Cyt ¢ (12,400).

Figure 3. Within 2 h after switching to low CO, from high CO,
the rates of synthesis of all four proteins is maximal. The rates
of synthesis of the 20, 37, and 46 kD proteins as exhibited by
the incorporation of 3°S, then decreases as the cells adapt to low
CO,, but does not decrease to zero (Fig. 3). After 6 to 8 h the
rates of synthesis of these three proteins remains at this lower
level as long as the culture remains on low CO, (Fig. 3, lane 7,
Fig. 4, lane 3). The 44 kD protein does not follow this pattern.
The 44 kD protein appears shortly after the cells are switched to
low CO, and synthesis of this protein apparently decreases dra-
matically after 4 h (Fig. 3). The low CO; requirement for the
synthesis of these polypeptides was also seen when air-grown
cultures were placed on high CO,. When a culture growing on
air levels of CO, is switched back to high CO,, the labeling of
these proteins ceases. The labeling of the 46, 44, and 20 kD
protein stops within 3 h while the labeling of the 37 kD decreases
more slowly (Fig. 4).

To get optimal labeling of newly made proteins, the C. rein-
hardtii cultures were first starved for sulfur by growing them on
low S-containing media for 1 or 2 d. To determine whether the
labeled proteins observed were really due to the low CO, condi-
tions and not an artifact of the low sulfur growth, adapting
cultures were labeled with **S in media containing normal levels
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FIG. 2. Coomassie blue stained gels of proteins from air-grown or 5%
COz-grown C. reinhardtii cells. Cells were harvested and subjected to
SDS polyacrylamide gel electrophoresis as described in “Materials and
Methods;” 20 ug of protein were loaded in each case. Lane 1, air-grown
cells; lane 2, 5% CO,-grown cells.

of sulfate. When these cultures were placed on low CO, and
subsequently labeled with **SO42, the same preferentially labeled
proteins are observed (Fig. 5). While the overall labeling pattern
is somewhat different from the low *S labeling experiment, the
same proteins are specifically labeled only in the low-CO, grown
cells using **SO,~? when the sulfate concentration is high or low.
This experiment argues that these proteins are not associated
with the low sulfur growth conditions but are likely to be proteins
specifically made under low CO,. In addition, an arginine-
requiring strain CC1685 was labeled with ['*Clarginine under
both high and low CO, conditions in media containing normal
sulfate levels. The 44, 37, and 20 kD were labeled more strongly
under air conditions. The 46 kD protein, however, was obscured
by a strongly labeled protein that also migrated at this position
(data not shown). This experiment further supports the argument
that the 44, 37, and 20 kD polypeptides are not related to
sulfur metabolism but does not argue for or against the 46 kD
polypeptide.

The mutant cell line pmp-1 was also labeled while adapting to
low CO,. This mutant cannot grow under low CO, and cannot
accumulate C; (25, 26). However, pmp-1 does synthesize the
periplasmic carbonic anhydrase when placed at low CO, (18,
26). When pmp-1 cells are labeled while adapting to low CO,,
the 37 kD and the 20 kD proteins are labeled but the 46 and the
44 kD proteins are absent (Fig. 6). These results suggest that the
inability of the pmp-1 cells to accumulate C; and adapt to low
CO; conditions may be due to their inability to synthesize the
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FiG. 3. Autoradiogram of time course showing the synthesis of poly-
peptides in C. reinhardtii after transfer of cells from high CO, levels to
air. Lanes 1, 3, 5, and 7 were labeled while bubbling with air levels of
CO.. Lanes 2, 4, 6, and 8 were labeled while bubbling with air supple-
mented with 5% CO,. The samples in lanes 1 and 2 were labeled from 0
time to 2 h, those in lanes 3 and 4 from 1.5 to 3.5 h, those in lanes 5
and 6 from 3 to 5 h, and those in lanes 7 and 8 from 4.5 to 6.5 h. Cells
were labeled with 3*SO, during growth in minimal-S media. The
cultures were harvested as described in text and the fractions obtained,
subjected to SDS-PAGE and autoradiography. Numbers to the left
indicate the position of the mol wt markers as described in the legend to
Figure 1.

46 and the 44 kD proteins, and that these proteins may be
important to the functioning of the C; accumulation mechanism.

DISCUSSION

Chlamydomonas reinhardtii, when grown with high levels of
CO,, exhibits many of the same photosynthetic gas exchange
characteristics of C; plants, including a low affinity for CO, and
high rates of photorespiration (2, 16, 20, 25, 26). However, C.
reinhardtii, like many other unicellular algae, can also adapt to
low CO; conditions (1, 5, 15). When grown with low levels of
CO, the same as those in ambient air, the alga exhibits a high
affinity for CO, and apparently low rates of photorespiration
(20). Researchers have hypothesized that this ability to efficiently
use CO; is due to the ability of these air adapted C. reinhardtii
cells to accumulate C; internally (2); however, the mechanism of
this C; accumulation is not clear.

Previously, the only protein identified with the C; accumula-
tion mechanism in C. reinhardtii was carbonic anhydrase. In the
case of C. reinhardtii, a 37 kD carbonic anhydrase is made when
cells are placed under low CO; conditions (6, 8, 31). This protein
is located in the periplasmic space of C. reinhardtii (11, 27, 30).
There is considerable evidence, however, that this carbonic an-
hydrase is not the only protein associated with the ability of C.
reinhardtii to accumulate C;. Perhaps the strongest evidence
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FI1G. 4. Autoradiograms of newly synthesized polypeptides from air
grown cells and air grown cells placed on high levels of CO.. A C.
reinhardtii culture maintained on 5% CO, was divided into two flasks
containing low S (140 uM SO,~2) minimal media. One was maintained
on high CO; and one placed on air. These cultures were grown in the
light on these gas regimes for 26 h prior to the experiment. At that time
both cultures were harvested as described in “Materials and Methods”
and both were split into two parts, one bubbled with air and the other
bubbled with air supplemented with 5% CO,. These cultures were labeled
with S 1 h after harvest and labeled for a 2 h period. Lane 1, 5% CO,-
grown culture maintained on 5% CO,; lane 2, 5% CO,-grown culture
switched to air levels of CO,; lane 3, air-grown culture maintained on
air; lane 4, an air-grown culture switched on 5% CO,. The mol wt
markers to the left of the figure are the same used in Figure 1.

comes from the identification of mutants of C. reinhardtii that
cannot grow on low levels of CO, but can grow photoautotroph-
ically with elevated CO. concentrations (18, 24-26). These mu-
tants, of which pmp-1 is one example, (26) have aberrant C;
accumulation characteristics but make normal amounts of
the external carbonic anhydrase. These mutants indicate that
other proteins are necessary for a functional C; accumulation
mechanism.

The in vivo labeling data presented here further support the
hypothesis that proteins other than the external carbonic anhy-
drase are involved in C; accumulation of C. reinhardtii. The
proteins most strongly labeled under low CO, growth conditions
have apparent M, of 46, 44, 37, and 20 kD. These polypeptides
were also noted by Coleman and Grossman (7) when they placed
C. reinhardtii on low CO,. These proteins are labeled specifically
when CO, conditions are low and 3*SO,~2 is added to the cells.
Low sulfur conditions can induce the synthesis of proteins not
involved in carbon metabolism particularly those required for
sulfur uptake in C. reinhardtii (9), but it is unlikely that the four
proteins seen under our growth conditions are related to sulfur
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FIG. 5. Autoradiogram of C. reinhardtii showing polypeptide synthe-
sis on normal sulfur levels. Cells were grown in minimal media and
bubbled with 5% CO,. Cells were then harvested, and one aliquot
illuminated in the presence of air and another illuminated in the presence
of air with 5% CO,. The cultures were incubated for 1 h in minimum
media prior to the addition of label. After including SO, the cultures
were labeled for 3 h. Harvesting of cultures was as described in “Materials
and Methods.” The fractions obtained were subjected to SDS-PAGE and
autoradiography. Lane 1, cells switched to air; lane 2, cells on 5% COs..
Numbers to the left indicate the positions of the mol wt markers which
were described in the legend to Figure 1.

metabolism for three reasons. (a) The first reason is that we never
see these four labeled proteins in the high-CO, control cells.
These high-CO- grown cells have had the same low sulfur growth
conditions as the cells placed on low CO,. (b) The second reason
is that the proteins of sulfur metabolism made under low sulfur
conditions have different M; than the proteins reported here. For
example, de Hostos et al. (9) have identified a 72 kD periplasmic
arylsulfatase that is synthesized by C. reinhardtii under low sulfur
conditions. The polypeptides we see do not correspond to pro-
teins known to be preferentially synthesized by C. reinhardtii
under low sulfur conditions (9). (c) Finally, the labeling studies
done at high sulfate conditions using either 3°SO,~2 or ['*C]
arginine would argue that these proteins are unrelated to sulfur
transport and metabolism. The sulfur content of the growth
media was maintained at the normal level during these experi-
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FIG. 6. Autoradiogram showing polypeptide synthesis in wild type C.
reinhardtii and the high CO, requiring mutant pmp-1. Wild type and
pmp-1 cultures were grown on low S minimal media and bubbled with
air supplemented with 5% CO,. Prior to being labeled with SO, the
cultures were bubbled for 1 h. After labeling, the cultures were incubated
for 3 h and harvested as described in the text. Fractions obtained were
subjected to SDS polyacrylamide gel electrophoresis on a 10% gel. Mol
wt markers as indicated to the left in the figure are described in the
legend to Figure 1. Lane 1, wild-type cells switched to air; lane 2, wild-
type cells on high CO,; lane 3, pmp-1 cells switched to air; lane 4, pmp-
1 cells on high CO,.

ments. A possible exception in the arginine labeling experiment
was the 20 kD protein. This protein was not as strongly labeled
when ["“ClJarginine was used although it did label more strongly
when the cells were placed on air. It may have a high percentage
of sulfur containing amino acids or may be regulated by the
combination of carbon and sulfur availability. The 20 kD protein
also showed the most variability during the 3°S experiments. It
was always labeled under low CO; condition and never on high
CO, but the intensity of labeling varied between experiments
(see Fig. 1 versus Fig. 4).

The protein having a M; of 37 kD is likely to be the periplasmic
carbonic anhydrase. This protein has already been shown to be
preferentially synthesized when the CO, concentration is low (6,
8) and has a monomer M, of 37 kD. In addition, antibodies
raised against the periplasmic carbonic anhydrase will immuno-
precipitate a protein having the same M, as the labeled band at
37 kD reported here (31).

The functions of the 46, 44, and 20 kD proteins are not known
at present. The 44 kD polypeptide may be related to the peri-
plasmic carbonic anhydrase since this carbonic anhydrase has
been reported to be made as a precursor of either 42 (8) or 44
kD (29). We do not consider this to be a likely possibility because
the 44 kD polypeptide identified here is more heavily labeled

495

than the 37 kD protein even during 2 to 3 h labeling experiments.
Toguri et al. (29) demonstrated that the labeled precursor chased
into the mature protein within 10 min. In addition, the pmp-1
strain failed to make significant amounts of either the 44 or the
46 kD polypeptides but does make the 37 kD protein and has
normal amounts of the periplasmic carbonic anhydrase.

The only other protein associated with a C; accumulation
mechanism that has been identified is a 42 kD protein reported
in Anacystis nidulans (22). This protein has been located on the
cytoplasmic membrane of this cyanobacteria and appears to be
related to HCOs™ transport. In addition Ogawa et al. (21) and
Omata et al. (23) have reported on mutants of A. nidulans that
cannot grow in low CO, concentrations and have altered poly-
peptide compositions of their cytoplasmic membranes. In C.
reinhardtii, the pmp-1 mutant apparently cannot synthesize the
46 and 44 kD proteins (Fig. 6). This mutant originally described
by Spalding ez al. (25) is unable to grow under low CO; conditions
and does not accumulate C; to the high levels observed in wild-
type cells (25, 26). Spalding et al. (25) speculated that the pmp-1
mutant was defective in a C; transport protein leading to the
inability of this strain to accumulate C, While we have no
evidence that identifies the function of the 46 and 44 kD proteins,
the fact that these two polypeptides are missing in the pmp-1
mutant supports the contention that these proteins are involved
in the C; accumulation mechanism.

While a number of investigators agree that a C; transport
protein must be involved in some way in the accumulation
mechanism (14, 19, 26), the location of this transport protein
and the G; species transported is debated (14, 19). Two possible
locations for the transport protein include the plasma membrane
(14) and the chloroplast envelope (3, 19). In addition, both CO,
and a HCOs™ may be the carbon species transported. In cyano-
bacteria, Kaplan (10) has proposed a carbonic anhydrase-like
transport protein. We are presently determining if the labeled
proteins reported here are membrane bound and, if so, to which
membrane they are associated.

Finally, it is possible that some of these labeled proteins are
carbonic anhydrase isozymes, or are at least similar to carbonic
anhydrase. Besides the carbonic anhydrase-like transport protein
proposed by Kaplan, other models propose a chloroplastidic
carbonic anhydrase (15 19) and possibly one located in the
cytoplasm (17) in addition to the one located in the periplasmic
space. Kitayama e al. (12) recently identified some proteins that
were weakly immunoreactive with antibodies made to spinach
chloroplast carbonic anhydrase. Two of these polypeptides have
M, close to 45 kD. Further experiments will be done to see if
this immunoreactive protein is the same as one of the labeled
proteins reported here.

In summary, we conclude that at least two, and possibly three
proteins, in addition to the periplasmic carbonic anhydrase are
important for the C; accumulation mechanism in C. reinhardtii.
Since these labeling studies were done to crude cell homogenates
it is very possible that additional proteins will be identified in
the future. With the possible exception of the 20 kD protein
which was somewhat variable in our hands, these are not partic-
ularly abundant proteins, but they are strongly labeled when C.
reinhardtii cells are transferred to low CO,. In addition, two of
these proteins are not made by the high-CO,-requiring mutant
pmp-1, pointing to a possible physiological role for these proteins.
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