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Mechanism of C; Photosynthesis

THE SIZE AND COMPOSITION OF THE INORGANIC CARBON POOL IN BUNDLE SHEATH CELLS
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ABSTRACT

We sought to characterize the inorganic carbon pool (CO; plus HCO;™)
formed in the leaves of C, plants when C, acids derived from CO,
assimilation in mesophyll cells are decarboxylated in bundle sheath cells.
The size and kinetics of labeling of this pool was determined in six species
representative of the three metabolic subgroups of C, plants. The kinetics
of labeling of the inorganic carbon pool of leaves photosynthesizing under
steady state conditions in “CO; closely paralleled those for the C-4
carboxyl of C, acids for all species tested. The inorganic carbon pool
size, determined from its '“C content at radioactivity saturation, ranged
between 15 and 97 nanomoles per milligram of leaf chlorophyll, giving
estimated concentrations in bundle sheath cells of between 160 and 990
micromolar. The size of the pool decreased, together with photosynthesis,
as light was reduced from 900 to 95 microeinsteins per square meter per
second or as external CO, was reduced from 400 to 98 microliters per
liter. A model is developed which suggests that the inorganic carbon pool
existing in the bundle sheath cells of C, plants during steady state
photosynthesis will comprise largely of CO,; that is, CO, will only
partially equlibrate with bicarbonate. This predominance of CO, is
believed to be vital for the proper functioning of the C, pathway.

There is now a great deal of indirect evidence to support the
original proposal (4, 9) that the primary function of the unique
reactions of the C, pathway is to concentrate CO, in bundle
sheath cells. A high CO, concentration in bundle sheath cell is
believed to be one of the critical factors accounting for the various
physiological features typical of C, plants such as their high light
saturated photosynthetic rates, high quantum yield, the absence
of effects of oxygen on photosynthesis, and their apparently
negligible photorespiration (6, 14). These features are assumed
to result from the combination of high PEP' carboxylase activity
in mesophyll cells, giving high rates of initial CO, assimilation
into C, acids, and of RuBP carboxylase operating in the bundle
sheath cells in an environment where the high CO, to O, ratio
gives maximum rates of assimilation with negligible oxygenase
activity. Although this CO, concentrating role is central to ex-
plaining the function of C, photosynthesis there is only one
report providing direct experimental evidence for the existence
of a large inorganic carbon pool in C, leaves during photosyn-
thesis (10). In that study the radioactive pool of CO, plus HCO;~
in leaves of Zea mays and Amaranthus edulis was measured
during assimilation of '*CO, under steady state conditions for
photosynthesis. The results supported the concept of a large CO,
pool with the labeling kinetics consistent with it being derived

! Abbreviations: PEP, phosphoenolpyruvate; RuBP, ribulose 1,5-bis-
phosphate; 3-PGA, 3-phosphoglycerate.

from the C-4 carboxyl of malate or asparate. Its size indicated a
bundle sheath CO, plus HCO;~ concentration of up to 1 mM.

The aim of the present study was to examine the characteristics
of the inorganic carbon pool developed in a wider variety of C,
plants. Species representing the three subtypes of C, plants (14)
were examined and the effect of varying light and external CO,
concentration of the size leaf CO, pool was also determined. A
model is developed which predicts the likely ratios of CO, to
HCO;™ existing in bundle sheath cells during steady state pho-
tosynthesis.

MATERIALS AND METHODS

Leaf Material. Plants were grown in soil in a naturally illu-
minated greenhouse maintained between 20 and 30°C. The
species examined were: Sorghum sudanense, Echinochloa crus-
galli; Eleusine indica; Panicum miliaceum, Urochloa panicoides,
Panicum maximum; Phalaris tuberosa. High specific activity Ba
14CO; (55 mCi mmol™') was obtained from Amersham (Aus-
tralia). Biochemicals and enzymes were obtained from Sigma
Chemical Co. or Boehringer-Mannheim (Australia).

Leaf CO, Labeling Experiments. Fully expanded leaves from
4- to 6-week old plants were removed and then recut under water
to give segments from the midportion about 15 cm long. Using
a similar procedure to that previously described (10, 15) six
leaves were placed in a 3 L perspex chamber (with their basal
end dipping in a trough of water) which was flushed with humid-
ified air (about 350 ul CO, L™') at a flow rate of about 10 L
min~'. The gas phase was stirred with two high speed fans fixed
into the end walls of the chamber (air temperature about 25°C).
Leaves were illuminated (900 xE m~2 s™' PAR unless otherwise
specified) with a 400 W Phillips HLGR lamp for about 30 min
to allow a steady rate of photosynthesis to develop. Experiments
were then commenced by sealing the chamber and injecting
about 0.75 mCi of '“CO, gas which elevated the CO, concentra-
tion from 350 ul L™! to about 400 ul L™!. At intervals, individual
leaves were withdrawn through a rubber gasket and immediately
killed in the light by plunging into 30 ml of 85% ethanol
containing 0.03% (w/v) 2,4 dinitrophenylhydrazine and 100 mm
trifluoroacetic acid in a large test tube kept at —80°C in a mixture
of ethanol and solid carbon dioxide. As previously described (10)
the tubes were immediately tightly sealed with special stoppers
(sealed channels for air inlet and outlet), stored for at least 24 h
at —20°C to allow complete penetration of the reagent mixture,
and then the “CO, gas present was trapped in 0.3 M hyamine
hydroxide in ethanol. Procedures used to extract leaves and to
separate the soluble, insoluble (starch), and hydrazone fractions,
and to measure the phaeophytin content of the leaf samples,
were as previously described (10). The radioactivity of the various
fractions was determined by liquid scintillation counting.

Light was varied by altering the distance of the leaf chamber
from the light source specified above. Where the CO, concentra-
tion in the chamber was varied the mixtures containing lower
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CO, concentrations were generated by mixing normal air with
CO.-free air through flow meters. The CO, concentration in the
mixtures was monitored with an infrared CO, analyzer. For these
and other studies, the “C content of the chamber gas phase was
determined by removing a 2 ml sample with a syringe and
trapping the '“CO, by injecting the sample into a flask containing
10 ml of 0.3 M hyamine hydroxide in ethanol.

Determination of Radioactivity in Photosynthetic Intermedi-
ates and Products. After extracting phaeophytin and hydrazones,
the residual aqueous extract of leaves was evaporated to dryness
and then dissolved in about 1.5 ml of water and stored at —20°C.
Samples of this extract were chromatographed on Whatman
3MM paper using 2-butanol:formic acid:water, 6:1:2 (by volume)
as the developing solvent (adapted from Schiirmann [25]). The
proportions of total radioactivity in malate, alanine, glycerate 3-
phosphoglycerate, sucrose, and combined sugar phosphates were
determined from the peaks traced with a radiochromatogram
scanner. Radioactive malate eluted from these chromatograms
with water was used to determine the proportion of total *C in
the C-4 carboxyl group. The amino acid fraction of the soluble
extract was isolated by chromatography on a column of Bio-Rad
AG-50W-X8 as previously described (11). Proportions of the
total *C in individual amino acids was determined by chromat-
ographing samples of this fraction on Whatman 3MM paper
developed first for 6 h at 25°C with acetone:water:diethylamine,
80:15:5 (v/v) and, after drying, with pyridine:acetic acid:water,
50:35:15 (v/v) for 14 h at 25°C (18). This procedure separated
radioactive aspartate, glutamate, glycine, serine, and alanine.
The radioactive aspartate eluted from these chromatograms with
water was used to determine the proportion of total label in the
C-4 carboxyl (see below).

Radioactive malate was degraded with NADP malic enzyme
(11), and aspartate with aspartate decarboxylase (10) to deter-
mine the proportion of total radioactivity in the C-4 carboxyl
group.

Calculation of Photosynthetic Rates, Metabolite Pool Sizes,
and Cellular Concentrations. Photosynthetic rates were deter-
mined from the amount of *CO, of known specific activity
assimilated by leaves. The size of the pools of inorganic carbon
and C, acids was determined on the assumption that when the
labeling of a particular carbon reached a plateau level (the C-4
carboxyl in the case of C, acids) then the specific activity would
be equivalent to that of the supplied “CO..

Values used for estimating the inorganic carbon pool concen-
trations in Table I were derived as follows. An average value of
19% was used for the proportion of leaf volume occupied by
bundle sheath cells based on the proportion of leaf cross-sectional
area occupied by bundle sheath cells in light micrographs (aver-
age for six grass species, range 15-24%). The value of 50% for
the cytosolic component (including chloroplasts and mitochon-
dria) of cell volume was based on the average area occupied by
cytosol in electron micrographs of bundle sheath cells determined
for five grass species (S Craig, unpublished data, range 40-63%).
The value for stromal volume of 25 ul mg™' Chl was an average
of published values. The Chl content of 2 mg g~' fresh weight of
leaf was the average determined for three grass species (range
1.85-2.05 mg g~! fresh weight).

RESULTS

Kinetics of **CO,-Labeling of Photosynthetic Intermediates.
The kinetics of labeling of the leaf CO, plus HCO;~ pool and
other intermediates from *CO, was determined for two species
from each of the three C, plant subgroups: NADP-malic enzyme-
type (S. vulgare and E. crusgalli), NAD-malic enzyme-type (E.
indica and P. milaceum) and PEP carboxykinase-type (U. pani-
coides and P. maximum) (13). All species are grasses (family
Gramineae). In all cases the label in the CO, plus HCOs™ pool
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increased over a period of between 30 and 60 s and then reached
a relatively constant value. Figure 1 shows examples of this
labeling pattern for one species from each of the C, subgroups.
The kinetics for labeling of the leaf CO, pools were very similar
to those found for the C-4 of the C, acids malate plus aspartate.
They contrasted with the kinetics of labeling seen for labeling of
3-PGA, the phosphorylated sugars pool, and the end products
sucrose and starch which showed substantial lag phases and were
generally not saturated with *C by 120 s. Qualitatively similar
kinetic data were obtained for the other three C, species exam-
ined in the present study. The photosynthesis rate for the six
species, determined from '*CO, assimilation, ranged between 3.8
and 7.0 umol min~' mg™~' Chl with an average of about 6 umol
min~' mg~' Chl.

Included for comparison are the data for the labeling of the
CO, plus HCO;™ pool in the C; grass Phalaris tuberosa during
steady state photosynthesis (Fig. 2). As expected, labeling of the
end products sucrose and starch was preceded by rapid labeling
of 3-PGA and phosphorylated sugars. Labeling of the total
inorganic carbon pool appeared to be biphasic; about half the
total label present at 120 s appeared in less than 15 s. There
followed a slower phase of labeling which may not have plateaued
even by 120 s. However, as we show later (Table I), the CO, pool

E. crusgalli
NADP-ME-TYPE  Sucregg * Starch
50 «3-PGA
A
40 o ‘Sugar—P
A C-4 of
. 30f / /e Sa acids
3 Ay
< °r /27 /% €0, pool (60X)
3 /4 =}
> 10
£ ;’é;/
g &) 1 1 I
] E. indica
e NAD-ME-TYPE
' 20} o/
£ o o mmk =(30%)
- - =/
IE N 3/,/ / 2/ “
10t o'/ o
(2]
S
o 5 A%
s 8 7
Z 0 W‘? 1 L 1
> ..
s U. panicoides
g PCK-TYPE A//
° 20 fo_d o<
2 /g, .{ .: (25X)
15 07 °
/4
101 0// A
/, A /.,
/P
s mA /
0 {A‘O 1 1 1
0O 30 60 90 120
Time (s)

Fig. 1. Time-course of '*CO, assimilation into the leaf CO, pool and
other intermediates during steady state photosynthesis. The light intensity
was 900 yE m™ s' and the CO, concentration about 400 ul L'
Radioactivity is expressed as liquid scintillation counts (about 80%
efficiency). It should be noted that counts in the CO, pool have been
multiplied by the factor indicated on the figures. Sugar-P represents the
combined '“C of mono- and bisphosphates of hexose and pentose sugars.
Other details are provided in the “Materials and Methods” section. In all
cases the symbols denote the compounds indicated in the top figure.
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FIG. 2. Time-course of '“CO, assimilation into photosynthetic inter-
mediates and the internal CO, plus HCO;™ pool in the C; plant P.
tuberosa. It should be noted that the counts in the CO, pool have been
multiplied by 200. Other conditions were as described in Figure 1 or in
“Materials and Methods”.

detected in P. tuberosa is small compared with the pools deter-
mined in the C, plants.

CO; Pools: Definition and Controls. The total CO, plus HCOs~
present in leaves in the dark or light will include pools in various
leaf compartments derived by diffusion equilibration with CO,
in air. An estimate of the size of this diffusion pool can be made
as follows. Assuming that leaves contain 2 mg Chl g~' fresh
weight, and the total cytosol, of average pH 7.2, occupies about
20% of the leaf volume (based on our estimates of the average
area occupied by cytosol in electron micrographs of five C,
leaves) it can be calculated that the total CO, plus HCO;™ content
at diffusion equilibrium with 350 ul L™! CO, in air (and ther-
modynamic equilibrium between CO, and HCO;™ at pH 7.2)
will be about 13 nmol mg™"' Chl. Such a value would be expected
in darkened leaves where no CO, is being assimilated. The
substomatal concentration of CO, will be lower than external
levels in leaves assimilating CO, in the light (for example, about
30% of air levels in several C, species at high rates of photosyn-
thesis; see Wong et al. [28]) and the mesophyll cell concentration
of CO, would be further reduced. It follows that the steady state
pool of CO; plus HCO;~ due to diffusion of CO, from air in the
light will be reduced to about 4 nmol mg~' Chl or less.

One of the controls we routinely employed in the present study
(and in the earlier one [10]) was to measure the steady state pool
of CO, plus HCO;™ present in darkened leaves. In the dark, the
leaf CO, plus bicarbonate pool equilibrated with the external
14CO; pool in less than 20 s and the label in it remained constant
for at least 2 min (results not shown). An additional control was
provided by determining the size of the CO, and HCO;~ pool
developed during photosynthesis of the C; grass Phalaris tuber-
osa. The values obtained for these controls are presented (Table
I) and discussed in the following section.

The possible influence of the pool of CO, bound as carbamate
to a regulatory site on RuBP carboxylase (1) was also considered.
It can be deduced from the data in Ashton (2) and Ku et al. (23)
that the active site concentration for RuBP carboxylase is about
90 nmol mg™~" Chl for C; plants and that the value for C4 plants
would be about 22 nmol mg™' Chl. This value falls just outside
the lower end of the range of CO, pool sizes we observed for C,
leaves in the light. The possible influence of this pool will be
considered further in the “Discussion” section.

Post-killing decarboxylation of labeled oxaloacetate (12) could
generate an artifactual *CO, pool. Such decarboxylation would
have to be substantial to affect our data since the oxaloaectate
pool is only 3 to 4% of the total C, acid pool (11, 15); that is, a
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pool size comparable to the CO, pools recorded in the present
study. To prevent this problem oxaloacetate was trapped as the
stable hydrazone by killing leaves in 2,4 dinitrophenylhydrazine
(also used in earlier studies [11, 15]). The efficiency of this
procedure was checked by determining the percentage of added
[4-'*C] oxaloacetate, prepared as described by Hatch and Heldt
(12), that was decarboxylated during a simulated killing and
extraction procedure. Less than 1% of radioactivity was re-
covered in the CO, fraction.

For the purposes of the present paper we will use the following
terms to describe the various pools of CO, plus HCO;~ that
might exist in leaves. The pool developed by diffusion equilibra-
tion with atmospheric CO, will be termed the diffusion CO,
pool. The total CO, plus HCO;~ pool observed in leaves, which
will include the diffusion CO; pool, will be termed the leaf CO,
pool. For C, plants the leaf CO, pool measured in the light and
corrected for the diffusion CO, pool will be taken to be the pool
in bundle sheath cells; it will be termed the bundle sheath CO,
pool. It should be noted that while the term “‘CO, pool’ is used it
is accepted that the pool will, in fact, comprise of CO, plus
HCOs".

Size and Concentration of Leaf CO, Pools. Table I provides
data on the various CO, pools in leaves of the six C, species we
examined. Calculations assume that when the radioactivity in
particular carbons reaches a plateau then the specific activity of
these carbons will be equal to that of the external *CO,. Esti-
mates of the dark diffusion CO, pool ranged from 7 to 21 nmol
mg~' Chl in the different species. This compares with a theoret-
ical value of about 13 nmol mg™' Chl calculated above. The
diffusion CO, pools in the light (calculated as described above
from the dark CO; diffusion pool) ranged from 2 to 6 nmol mg™'
Chl.

The total leaf CO, pools ranged from 18 to 103 nmol mg™'
Chl and, after subtracting the estimated diffusion CO, pool in
the light, the range was 15 to 97 nmol mg™' Chl (Table I). In
accordance with the definitions described above these values will
be regarded as a measure of the bundle sheath CO, pool. Notably,
the total C, acid pool involved in photosynthesis (malate plus
aspartate measured from the saturating level of '“C in the C-4
carboxyl) was between 20 and 50 times larger than the leaf CO,
pool (Table I). Assuming a photosynthesis rate of 6 umol CO,
min~' mg™' Chl the turnover times for these C, acids pools would
range between 8 and 25 s.

As a control we also determined the leaf CO, pool in the C;
grass Phalaris tuberosa in the light (Table I). As shown in Figure
2 this pool may consist of two distinct components, one saturat-
ing in less than 15 s and a second not saturated by 120 s. The
rapidly equilibrating component comprised about half the total
pool (about 3.8 nmol mg™"' Chl) and was probably the diffusion
CO; pool in the light. Possible origins of the slower saturating
pool will be discussed later. Notably, the size of the rapidly
saturating component of the CO; pool in the light in the C; plant
was similar to the theoretical value calculated for photosynthe-
sizing leaves (see above) and within the range of values estimated
for the diffusion CO, pool for the leaves of C, species in the light
(average 3.7 nmol mg™' Chl; Table I). The leaf CO, pool in C,
plants measured in the light averaged more than 15 times this
value.

From the values for the CO, pool size and estimates of the
volumes of bundle sheath cells, cytosol and chloroplasts on a
Chl basis (see “Materials and Methods” and footnote to Table
I), we could arrive at approximations of the likely concentration
of CO, plus HCO;™ in the various bundle sheath cell compart-
ments. The concentrations ranged from 0.15 to 0.97 mM for the
whole cell and 0.3 to 1.9 mMm if this pool is assumed to be
confined to the cytosol. For NADP-malic enzyme-type species
values are also given for the chloroplast volume since CO, is
initially released in the chloroplast in that particular group.
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Table 1. Inorganic Carbon (CO, + HCO5~) Pools in Leaves of C, Plants
For determining pool size it was assumed that at labeling saturation carbons will have the specific activity of the supplied '*CO,.

CO, + HCO,~ Pool Estimated Concentration in Bundle

Sheath Cells
Species Diffusion pool® Pool in light® Whol C;,OAglld
ole
Observed ~ Estimated .~ Corrected cell Cytosol  Chloroplast
in dark in light value
o nmol-mg™!
nmol-mg™" Chl mMm° Chi*

NADP-ME-type

E. crusgalli 19 5.7 41 35 0.37 0.74 1.45 1800

S. vulgare 9 2.7 18 15 0.16 0.34 0.63 810
NAD-ME-type

E. indica 7 2.1 75 73 0.77 1.45 2300

P. miliaceum 10 3.0 39 36 0.35 0.69 1100
PCK-Type

U. panicoides 21 6.3 103 97 0.99 20 2500

P. maximum 8.5 2.5 82 79 0.83 1.65 1100
C; SPECIES

P. tuberosa 7.1 (3.8)°

* Steady state CO, + HCO;™ pool in equilibrium with CO, in air (determined as described in “Materials and Methods”). The pool in the light was
estimated from the ‘dark’ value assuming that substomatal CO, in photosynthesizing C, leaves is about 30% of the external CO, concentration (28)
and that liquid phase CO, + HCOs™ in the light will be reduced by at least this much. ® Determined from the CO, pool developed in leaves
during steady state photosynthesis (Fig. 1; “Materials and Methods™) and corrected by subtracting the estimated diffusion CO, pool present in the
light. ¢ Calculated from pool sizes assuming that bundle sheath cell volume is 19% of leaf volume, cytosol is 50% of cell volume, chloroplast
stromal volume is 25 ul mg™' Chl and that 1 g fresh weight of leaf tissues contain 2 mg Chl (see “Materials and Methods” for further details). ¢The
CO, + HCOs™ pool in the C; plant P. tuberosa is measured by '“C incorporation after 120 s photosynthesis in '*CO, (Fig. 2). Kinetics of labeling of
this pool showed a rapidly labeled component (shown in brackets, possibly the pool of CO, + HCO;™ in diffusion equilibrium with CO; in air) and

a more slowly saturating pool (considered further in the “Discussion” section).

!4C in the C-4 carboxyl when this carbon was saturated with label.

Effect of Varying Light on the CO; Pool. The CO; pool was
measured during photosynthesis of U. panicoides in light varying
between 900 uE m™2 s™! (nearly half of full sunlight) and 95 xE
m~' s7'. In this range there was a near linear response for
photosynthesis and a similar response for the leaf CO, pool (Fig.
3). The leaf CO, pool of 22 nmol mg™! Chl at 95 uE m™' s~! was
equivalent to a bundle sheath cell concentration of about 0.2
mM (based on the assumptions outlined in Table I) and still
about 4 times the estimated value for the CO, diffusion pool in
the light (Table I).

Effect of Varying External CO; on the Leaf CO, Pool. Radio-
activity incorporated into the leaf CO, pool was measured fol-
lowing the equilibration of U. panicoides leaves in air containing
various concentrations of CO,. With an initial CO, concentration
similar to that in air (400 ul L' CO,) labeling of the leaf CO,
pool plateaued at about 60 s (Fig. 4A). This pattern was similar
to that shown for leaves of U. panicoides and other species in
Figure 1. However, interpretation of the results obtained when
lower external CO, concentrations were used was complicated
by substantial proportions of the chamber CO, being used during
the period that labeling of the leaf CO, pool was followed (Fig.
4, B and C). Significantly, in these treatments the '*C in the leaf
CO; pool peaked and then declined rather than showing a
plateauing of label. Since the specific activity of the CO, in the
chamber should not decline as the concentration is reduced by
assimilation, we take this to mean that the leaf CO, pool must
decline in size as the external CO, concentration declines. In
fact, if we assume this to be so, and adjust the observed radio-
activity in the leaf CO, pool accordingly then the values obtained
approach a plateau. We took this plateau value as a measure of
the leaf pool size corresponding to the initial external CO,
concentration. These values were plotted together with the initial
photosynthetic rate, against the varying initial concentration of
external CO, (Fig. 5). There was an almost linear relationship

¢ Size of the pool of malate plus aspartate determined from the
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FiG. 3. Effect of varying irradiance on the photosynthesis rate and

leaf CO, pool of U. panicoides leaves. The CO, concentration was 400
ul L', For other details see “Materials and Methods.”

for both the leaf CO, pool and the photosynthesis rate as a
function of varying external CO,. At the lowest external CO,
concentration of 98 ul L' the leaf pool of about 14 nmol mg™"
Chl was equivalent to a bundle sheath cell concentration of
approximately 0.14 mM based on the assumptions used in
Table 1.

DISCUSSION

In leaves of C, plants the kinetics of labeling of the leaf CO,
pool from external '“CO, was consistent with the major compo-
nent being derived from the C-4 carboxyl group of C, acids.
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These kinetics are very similar to those recorded earlier for the
leaf CO; pool of the C, species Zea mays and Amaranthus edulis
(10). The observed close relationship between the labeling of
these two pools would be expected if the relatively small CO,
pool is derived from the much larger C,; acid pool (about 20
times higher with turnover times ranging between 8 and 25 s).
For all species tested, the leaf CO, pool and the C-4 of C, acids
saturated with '“C between 30 and 60 s, presumably reflecting
the similar size of the C, acid pools and the similar photosynthesis
rates of these species.

Our estimates of the bundle sheath CO, pool in C, plants were
derived after correcting for a CO, pool we attributed to diffusion
equilibration with CO; in air. As briefly mentioned in the “Re-
sults” section, the values for this diffusion pool in the light,
equivalent to 30% of the dark pool, may be even less in the likely
event that the mesophyll cell CO, pool is substantially less than
the substomatal CO, levels (Table I, “Results”). However, a
counteracting effect might be the increased pH of the chloroplast
stroma in the light which would result in higher steady levels of
HCO;™ in that particular component of the leaf liquid phase.
Our calculations indicate that this pH shift would not have a
major quantitative influence on total leaf CO,, and this view is
supported by the low level of labeling of the CO, pool observed
in the leaves of the C; plant P. tuberosa in the light.

The results obtained with P. tuberosa leaves also make it
unlikely that the CO, bound as carbamate to a regulatory site on
RuBP carboxylase was a significant interfering factor in our
measurements. The calculations in the “Results” section shows
that, even if all the regulatory sites on RuBP carboxylase were
carbamylated, this would represent a pool smaller than the CO,
pool observed in most C, plants in the light. In any case, there
is evidence from studies with isolated chloroplasts (3) that the
turnover of this pool is slow compared with the time scale of our
experiments. Furthermore, the higher RuBP levels anticipated
to prevail in intact leaves during steady state photosynthesis
would be likely to further reduce the turnover of this bound CO,
(19, 20). It is possible that the component of the CO, pool that
slowly saturated with *C in the illuminated leaves of the C; plant
P. tuberosa represented the regulatory CO, on RuBP carboxylase.

Estimates of the concentration of the CO, plus HCO;™ pool in
bundle sheath cells varied depending on species and the assump-
tions made about compartmentation of this pool. With higher
light and external CO, close to that normally in air, the estimates
ranged from more than 1 mm to about 0.15 mMm (Table I). The
leaf CO, pool, and hence the concentration, was reduced together
with photosynthesis as either light or the external CO, concen-
tration was reduced. It is generally accepted that by concentrating
CO, in bundle sheath cells the C, pathway serves to suppress the
oxygenase activity of RuBP carboxylase and hence photorespi-
ration (14, 24). The critical factor for this effect is the high ratio
of CO, to O, in bundle sheath cells where RuBP carboxylase is
exclusively located. It is therefore important to know the concen-
tration of CO,, as such, in bundle sheath cells rather than the
total CO, plus HCOs~. Of course, as indicated earlier, our method
for leaf CO, pool analysis does not distinguish between these two
forms of inorganic carbon. In the following section this problem
is considered. A model is developed which supports the view that
CO, as such would be the major inorganic carbon species in
bundle sheath cells during steady state photosynthesis.

RuBP carboxylase uses CO, and not HCOs™ as a substrate for
carboxylation (5). There are conflicting reports in the literature
about the form of inorganic carbon released by the three C, acid
decarboxylases involved in C; photosynthesis; these reports are
discussed in the preceding paper which also presents clear evi-
dence that CO,, as such, is the product for all three enzymes
(17). The question then arises as to what extent a bicarbonate
pool develops in this system. Most green cells contain high levels
of carbonic anhydrase and the CO, and HCO;~ components of
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the inorganic carbon pool would usually be assumed to be in
thermodynamic equilibrium. However, bundle sheath cells of C,
plants apparently contain little or no carbonic anhydrase (22).
Our recent unpublished studies (JN Burnell, MD Hatch) support
this conclusion; the low levels of carbonic anhydrase recorded in
bundle sheath cell extracts from six C, species could be entirely
accounted for by trace contamination by mesophyll cells. Thus,
equilibration between CO, and HCO;™ in bundle sheath cells
might proceed only at the noncatalyzed rate, or a rate of this
order.

To predict the ratio of CO, to HCOs™ in bundle sheath cells
we developed a model based on the scheme shown in Figure 6.
For this model we assume a steady state situation such that for
the CO, in bundle sheath cells

d [CO

%=V1—V2—V3‘V4=0
where v, is the rate of C, acid decarboxylation, v, is the rate of
CO, assimilation, and v; and v, are the diffusion efflux velocities
of CO, and HCO;™ from the bundle sheath cells. It should be
noted that at the steady state v, will equal the rate of CO,
hydration to HCO;™ minus the rate of the reverse reaction. Using
the assumptions listed in the legend we arrived at the values for
pool sizes and reaction rates indicated on the scheme by an
empirical procedure involving repetitive trials. Briefly, the ratio
of CO, to HCO;™ in the bundle sheath cell inorganic carbon pool
is altered until the calculated rate of CO, hydration to give

AIR | MESOPHYLL BUNDLE SHEATH
(25nmol)
[560uMm] RuBP
C, acids C, acids ——— CO, e
[4uM]
co. 0.
2 cuz 07 0.003({ 0.059
HCO, — HCO; (25nmol)
33uM ier ml [110sM
[33uM] | [Gradient 77uM] [(Snmol)] VACUOLE

FiG. 6. Model for predicting the ratio of CO, to HCO;™ in bundle
sheath cells during steady state photosynthesis. Assumptions for the
calculation shown are: photosynthesis rate of 6.4 umol min~' mg™' Chl
and a bundle sheath CO, pool of 55 nmol mg~' Chl (average for the six
species examined in the present study); bundle sheath cells occupy 18%
of the leaf volume, the cytosol (includes chloroplasts and mitochondria)
occupies 50% of the bundle sheath cell volume (i.e. vacuole occupies
remaining 50%), and leaves contain 2 mg Chl per g fresh weight (see
“Materials and Methods” for further details about these assumptions);
the resistance to symplastic diffusion across the mesophyll-bundle sheath
interface (via plasmodesmata) is such that with a diffusion coefficient of
0.8 X 107 cm™2 s™! a gradient of 1.9 mM will generate a flux of 1 umol
min~2 mg™! Chl (14); rate constant for CO, — HCO;™ is 3.8 X 102 s™!
and for HCO;~ — CO, is 1.1 x 1072 s™" at pH 7 (7); diffusion coefficient
for CO, and HCOs™ from Kigoshi and Hashitani (21) and for C, acids
from Weast (27). For the values shown in the scheme we also assumed
that the bundle sheath cells contained no carbonic anhydrase, that the
mesophyll CO, concentration would be 4 uM (C; approximately 30% of
C. [28]) giving HCO;~ concentration of about 33 uM at pH 7.2, that CO,
would efflux by the same plasmodesmatal path as HCO;™ and C, acids
(14), and that cytosolic CO, would equilibrate with the vacuolar space
but that there would be no HCO;™ in the vacuole due to the low pH.
The velocities shown in bold numbers are expressed as umol min~' mg™'
Chl. Pool sizes in nmol mg™' Chl are shown in curved brackets and
concentrations of pools in square brackets.
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HCOs™ is equal to the rate of HCO;™ efflux plus the rate of
conversion of HCO;™ back to CO,; that is, the condition giving
a steady state with respect to the inorganic carbon pools. With
the particular set of assumptions used for Figure 6 the velocities
balanced with CO, comprising about 90% of the total inorganic
carbon pool of the cell (equivalent to cytosolic CO, comprising
about 83% of the total cytosolic inorganic carbon pool). By
contrast, if CO, and HCOs™ reached thermodynamic equilibrium
at either pH 7.2 or at pH 8.0 the proportion of inorganic carbon
as CO, in the cytosol would be only about 11 and 2%, respectively
(calculated from data in Ref. 26).

One of the most critical features of the C, pathway besides the
concentration of CO; in the bundle sheath cells is the extent to
which CO; released in bundle sheath cells leaks back to mesophyll
cells (14). Among other things, this leak will determine how
efficiently the C, pathway operates in an energetic sense and, in
particular, it will directly affect the quantum yield. With the
assumptions outlined in the legend of Figure 6 the calculated
leak rates of CO, plus HCO;~ from bundle sheath cells repre-
sented about 11% of the CO, originally released in the bundle
sheath cells. Of course this requires that the C, acid cycle must
turn over about 11% faster than RuBP carboxylase and the
subsequent steps of the Photosynthetic Carbon Reduction cycle.
This value is similar to the one calculated by Hatch and Osmond
(14) for the so-called back-flux of CO, plus HCO;~ based on
earlier data (10) but less than other models predict (7).

We also assessed the effects of varying the critical assumptions
in Figure 6 on the steady state ratios of CO, to HCO;™ and the
inorganic carbon leak rates (percent of CO, released in bundle
sheath cells that leaks back to mesophyll cells). The results are
summarized in Table II. The CO, component of the total inor-
ganic carbon pool was calculated to be as high as 99% (assuming
vacuole 90% of cell volume) but, notably, was never lower than
55%. The latter value was obtained when the rate constant for
conversion of CO, to HCO;~ was assumed to be 10 times the
uncatalyzed rate (through catalysis by carbonic anhydrase). Cal-
culated CO, leak rates were most affected by the assumption
made about the resistance to diffusion between bundle sheath
and mesophyll cells. If values for resistance of half or double that
assumed for the calculations in Figure 6 were taken then the leak
rates for CO, either increased to 19% or decreased to 5%,
respectively. These analyses clearly support the view that the

Table II. Effects of Varying the Assumptions Made in Figure 6 on
Estimates of the Proportion of CO, in Inorganic Carbon Pools and the
CO; Leak Rate from Bundle Sheath Cells

% of Inorganic

. Carbon as Leakage
Assumptions CO, of CO,
Cell Cytosol
% a
As in Figure 6 91 83 11
CO, = HCO;™ rate constants
for pH 8° 90 81 11
CO, = HCO;™ rate constants
10 times higher 55 38 12
Photosynthesis rate 1/10 81 66 17
No vacuole 74 74 10
Vacuole 90% of cell volume 99 93 12
Half-diffusion resistance® 93 88 19
Twice diffusion resistance® 86 75 6

* Proportion of CO, released in bundle sheath cells that diffuses back
to mesophyll as CO, or HCO;™. At pH 8 4.5 x 10~2s™! for CO, —
HCO;™ and 1.2 x 107 s™' for HCOs~ — CO, (see legend of Fig.
6). ¢ Refers to diffusion resistance between mesophyll and bundle
sheath cells (see legend of Table I).
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CO, concentration in bundle sheath cells of C, plants during
steady state photosynthesis is likely to remain much higher than
expected if thermodynamic equilibrium with HCO;™ is ap-
proached. For the considerations in the following discussion it
might be conservatively assumed that the CO, component of our
measured leaf inorganic carbon pools would be at least half of
the total pool.

Taking an atmospheric CO, concentration of 350 ul L' and
the substomatal CO, concentration during steady state photosyn-
thesis for C, and C; species as 30 and 66%, respectively, of the
atmospheric concentration (28), the liquid phase CO, concentra-
tions in equilibrium with these substomatal concentrations
would be about 3 uM for C, leaves and 6.6 uM for C; leaves at
25°C. During the present study we estimated concentrations of
the bundle sheath inorganic carbon pool in the range between
1.5 and 0.15 mM depending on species and factors such as light
or CO,. If such a pool comprised of CO, and HCOs™ in ther-
modynamic equilibrium at pH 8.2 (likely stromal pH in the light
[16], and maximum value obtained for C, mesophyll chloroplasts
in the light [S Boag, MD Hatch, unpublished data]) then the
concentration of the CO, component would range between 15
and 1.5 uM (i.e. about 1% of the total [26]). Such CO, concen-
trations are of the same order as those prevailing in the mesophyll
cells of C; plants during photosynthesis and should allow sub-
stantial O, effects on photosynthesis and also readily observed
photorespiration. On the other hand, if more than half these
inorganic carbon pools are comprised of CO,, as our calculations
suggest, then the CO, concentration will range between 750 and
75 uM at a minimum; these concentrations are between 10 and
100 times those prevailing in mesophyll cells of C; plants. Such
concentrations give ratios of CO, to O, of at least 10 times those
in C; plants and should effectively eliminate the oxygen-induced
effects on photosynthesis typical of C; plants (1). This conclusion
is supported by a wide variety of observations indicating negli-
gible photorespiration and related oxygen effects on photosyn-
thesis in C, plants (6, 8, 14, 24).

It has been suspected that the high resistance to gas diffusion
between mesophyll and bundle sheath cells which allows the
concentrating of CO, may result in elevated concentrations of
O, in bundle sheath cells during photosynthesis (7). The excep-
tionally high leaf CO, pools we recorded for some species may,
in part, be necessary to counteract these high oxygen concentra-
tions. It is notable in this regard that NADP-malic enzyme type
C, plants contain little PSII activity in bundle sheath cells and
hence would generate little O,. This may explain why we found
the CO, pools in the species from this group to be among the
lowest in the range of values recorded.

With respect to the factors controlling photosynthesis we as-
sume that where photosynthesis is limited by CO, PEP carbox-
ylase activity is a major limiting step. However, it should be
noted that as external CO; is reduced the leaf CO, pool declines
together with photosynthesis such that at 98 ul L™' external CO,
the total inorganic carbon pool in U. panicoides was only about
140 uM (Fig. 5). The CO, component of this pool may only be
about half of the total (or possibly less at low rates of photosyn-
thesis; see above and Table II). This brings the CO, concentration
in the same range as the published K,, CO, values for RuBP
carboxylase from C, species (29) and apparent K, value would
be increased further in the presence of high concentrations of
oxygen. Thus, it is possible that RuBP carboxylase contributes
to the limitation of photosynthesis in these leaves. Alternatively,
turnover through this enzyme may simply be coordinated with
the prevailing PEP carboxylase activity by the changing CO.
pool size in bundle sheath cells.

FURBANK AND HATCH
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