Volume 183, number 2

FEBS 2477

April 1985

Light-driven uptake of pyruvate into mesophyll chloroplasts
from maize

Ulf Ingo Fliigge, Mark Stitt and Hans Walter Heldt

Institut fiir Biochemie der Pflanze, Universitit Gottingen, Untere Karspiile 2, 3400 Géttingen, FRG

Received 18 February 1985

(i) Photosynthesis in maize, a C, species, involves a movement of pyruvate from the bundle sheath to the
mesophyll, which has been suggested to occur by symplastic diffusion. (ii) Measurement of metabolite distri-
bution in maize leaves revealed that the bulk of the pyruvate in the mesophyll was not in diffusion equili-
brium with pyruvate in the bundle sheath, indicating that most of the mesophyll pyruvate was not located
in the cytosol but accummulated in a subcellular compartment. (iii) In concurrence with these results, trans-
port measurements revealed a light-dependent active transport of pyruvate into maize mesophyll chloro-
plasts, probably driven by a proton gradient. This active transport of pyruvate may be regarded as an im-
portant factor in driving a malate-pyruvate shuttle in C, photosynthesis.

Pyruvate transport

1. INTRODUCTION

C4 plants, such as maize or sugar cane, can grow
rapidly in high light by having a device for concen-
trating CO; at the site of photosynthetic CO; fixa-
tion. For this, the CO; from the air is trapped in
the mesophyll cells in contact with the air space by
the PEP carboxylase reaction yielding ox-
aloacetate. In maize, a malic enzyme type C4 plant,
this oxaloacetate is reduced in the maize mesophyll
chloroplasts to malate, which then passes to the
bundle sheath cells. There it is decarboxylated by
malic enzyme, providing CO, for the Calvin cycle
in the bundle sheath chloroplasts. Pyruvate, the
other decarboxylation product, passes back to the
mesophyll cells, where it is converted to PEP by
the pyruvate phosphate dikinase located in the
mesophyll chloroplasts (fig.1) [1]. Such an ac-
cumulation of CO, in the bundle sheath cells,
caused by different CO; equilibria of carboxyla-

Abbreviations: PEP, phosphoenolpyruvate; Pyr,
pyruvate; pCMS, p-chloromercuribenzenesulfonate;
CCCP, carbonyl cyanide m-chlorophenylhydrazone
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tion and decarboxylation reactions, requires that
these two processes are spatially separated to
minimize diffusion of the CO, back to the
mesophyll cells.

The flow of metabolites between the mesophyll
and bundle sheath cells has been postulated to oc-
cur via diffusion through plasmodesmata connec-
ting these cells [1,2]. Theoretical considerations
showed, that the necessary diffusion fluxes of
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Fig.1. Metabolic scheme of C,; metabolism in maize.
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malate and pyruvate across the distance between
the mesophyll and bundle sheath cells required a
concentration gradient of these substances in the
range 1073-10"2 M [2]. The recent development of
methods for assaying the distribution of
metabolites between mesophyll and bundle sheath
cells of maize leaves [3—5] opened the possibility of
investigating whether such concentration gradients
actually existed.

It will be shown here that in maize leaves a con-
centration gradient exists not only for malate but
also for pyruvate. In addition to this, an active
transport of pyruvate into the mesophyll
chloroplasts is involved in driving the flux of
pyruvate from the bundle sheath to the mesophyll
chloroplasts.

2. MATERIALS AND METHODS

Maize (Zea mays var. Vorlo) was grown in a
glasshouse (24°C day, 15°C night) with 14 h/day
supplemented lighting., Fully grown leaves were
taken from 4—6 week old plants and chloroplasts
were prepared as described in [6]. Transport of
pyruvate was measured by silicone oil filtering cen-
trifugation [7] in a medium containing 0.33 M sor-
bitol and 50 mM Hepes-KOH (pH 7.8).
Chloroplasts (0.05—0.15 mg Chl/ml) were in-
cubated for 8 min in the light before starting up-
take by addition of [!*C]pyruvate (Amersham
Buchler, Braunschweig, FRG; spec. act.,
1 Ci/mol). Transport was terminated by cen-
trifugation for 30 s in a Beckman Microfuge.

For measuring the conversion of pyruvate to
PEP by intact chloroplasts, 900 1 chloroplasts
(0.04 mg chl/ml) were incubated in a medium con-
taining 0.33 M sorbitol, 50 mM Hepes-KOH (pH
7.8) and 5 mM KH,PO,;, when indicated, for
8 min in the light or dark. The reaction was started
with pyruvate and stopped after 5, 10 and 15 s by
the addition of 15 #l1 70% HCIO4. Formation of
PEP was assayed as in [8,9].

The intracellular distribution of pyruvate in
maize leaves was measured as in [5]. Maize leaves
were detached, held in the dark for 2 h and il-
luminated for 25 min in air or CO;-free air provid-
ed by passage of air in a closed system through a
Ca(OH); column. Water-saturated air was used in
all cases. Material was subsequently quenched in li-
quid nitrogen, fractionated and assayed as in [S].
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3. RESULTS AND DISCUSSION

3.1. Intercellular distribution of malate and
pyruvate in illuminated maize leaves

For measuring the distribution of metabolites
between the mesophyll and bundle sheath cells,
maize leaves were partially homogenized under li-
quid nitrogen to produce particles which are
enriched in bundle sheath or mesophyll, and
separated by filtering them through a series of
nylon nets under liquid nitrogen [5]. From assay of
metabolites and marker enzymes in the separated
fractions, the metabolite content of mesophyll and
bundle sheath cells was calculated. Overall concen-
trations in the two cell types were estimated by
assuming that chlorophyll is equally distributed
between the mesophyll and bundle sheath cells,
and that the combined stroma and cytosol in each
cell type is 40 x1/mg chl. Although these values are
only approximations, they provide an estimate of
cellular concentrations in vivo.

The intercellular distribution of malate and
pyruvate in illuminated leaves under ambient CO;
(table 1) has been observed before [4,5]. Whereas
for malate an apparent concentration difference
between the mesophyll and bundle sheath cells of
18 mM is found, a corresponding gradient of
pyruvate into the opposite direction is not ob-
served, the pyruvate in the mesophyll being even
slightly higher than in the bundle sheath cells. The
existing concentration gradients of diffusing Ca
metabolites should collapse when the supply of
CO; is interrupted. In the absence of CO,, the con-
centration difference of malate between the
mesophyll and bundle sheath cells indeed de-

Table 1

Intercellular distribution of malate and pyruvate in
illuminated maize leaves in the presence and absence of
ambient CO;

Malate Pyruvate
Meso- Bundle Meso-  Bundle
phyll sheath phyll sheath
+ CO; 35 17 6 5
- CO; 17 12 3 0.5

For details see section 2 and text. Values are expressed
as mM
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creased to less than one third of the corresponding
value in ambient CO;. This result, and similar data
on the distribution of dihydroxyacetone phosphate
and 3-phosphoglycerate in the presence and
absence of CO, (submitted), may be regarded as
experimental verification of the earlier hypothesis
[1,2] that in Cs metabolism the corresponding
metabolite fluxes between the mesophyll and bun-
dle sheath cells occur by symplastic diffusion.
Since such symplastic diffusion pathways are not
supposed to be specific for small molecules,
pyruvate would be expected to follow this diffu-
sion pathway as well, and there should therefore be
a concentration gradient of pyruvate, too. Such a
gradient is not apparent, however, since in the
presence of CO, an almost equal distribution of
the pyruvate is observed. In the absence of CO,,
the pyruvate in the bundle sheath cells is drastically
reduced, as one might have expected, but the
pyruvate in the mesophyll remains high. Obvious-
ly, this pyruvate cannot be in diffusion equilibrium
with the pyruvate in the bundle sheath cells. These
results suggest that the bulk of the pyruvate in the
mesophyll cells is not located in the cytosol, but ac-
cumulated in a subcellular compartment by active
transport.

3.2. Transport of pyruvate into isolated maize
mesophyll chloroplasts

It was therefore necessary to identify the in-
tracellular compartment that accumulates
pyruvate. Chloroplasts were a likely candidate, as
the pyruvate phosphate dikinase is chloroplastic.
Huber and Edwards [10] had shown earlier, that
mesophyll chloroplasts from the Cy4 plant Digitaria
sanguinalis contained a pyruvate carrier, but they
studied this transport only in the dark, where the
concentrations of pyruvate in the chloroplasts were
always much less than in the medium. We
therefore measured the uptake of ['*C]pyruvate in-
to isolated maize mesophyll chloroplasts by
silicone layer filtering centrifugation, to see
whether these chloroplasts were capable of active
transport of pyruvate, and how this was energized.

To measure the uptake of [“Clpyruvate into
mesophyll chloroplasts, it had to be ensured that
the accumulation of the ¥C radioactivity in the
chloroplasts represented an accumulation of the
pyruvate, and not of conversion products from it.
The first conversion product of pyruvate formed
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within the chloroplasts is PEP, catalyzed by the ac-
tion of pyruvate phosphate dikinase. To measure
this conversion, we added pyruvate to intact
mesophyll chloroplasts under different conditions
and assayed the initial rates of PEP formation as
described in section 2. The rate of pyruvate conver-
sion to PEP in the absence of P; at 4°C was negligi-
ble in comparison to the measured rate of
[**C]pyruvate uptake into the chloroplasts, and
even at 20°C was relatively low (table 2). Thus, in
the absence of P; and especially at low
temperature, the accumulation of the label from
[**C)pyruvate in the sorbitol-impermeable space of
maize mesophyll chloroplasts does indeed repre-
sent an accumulation of pyruvate in the stroma.

Table 2

Rates of the uptake of ['*C]pyruvate into maize
mesophyll chloroplasts, and of the conversion of
pyruvate into PEP

Conditions [“C]Pyr PEP formation
uptake ————————
4°C) 4°C  20°C

Dark,

1 mM Pyr 1.4 0 0.07
1 mM Pyr + 5 mM P; 0.45 1.1

Light,

1 mM Pyr 9.6 0.05 0.7
1 mM Pyr + 5mM P; 2.5 58.6

Values are expressed as #mol/mg chl per h
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Fig.2. Transport of [“*C]pyruvate (0.2 mM) into the
sorbitol-impermeable space of maize mesophyll
chloroplasts. Temp. 4°C.
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The kinetics of the uptake of pyruvate into
mesophyll chloroplasts are shown in fig.2. In the
light, pyruvate was taken up so rapidly that the
kinetics could only be resolved at 4°C, and after
1 min the concentration of pyruvate inside exceed-
ed the external concentration (0.2 mM) by a factor
of about 5. In the dark, however, the rate of
transport was much lower than in the light, and the
internal concentration reached a concentration
equivalent to that of the surrounding medium. The
protonophore CCCP, known to abolish the light-
dependent proton gradient across the chloroplast
envelope [11], had similar effects as darkness. In
concurrence with the results of Huber and Ed-
wards [10], we found an inhibition of pyruvate
transport by the sulfhydryl reagent pCMS (fig.3).

To characterize the effect of light on the
pyruvate transport, we measured the concentration
dependence of this transport in the dark and in the
light. A double reciprocal plot of the data revealed
that light did not affect the apparent affinity of the
pyruvate transport towards its substrate. The ap-
parent Ky, value (0.8—0.9 mM) was rather similar
to the corresponding value (0.6—-1.0 mM) observed
by Huber and Edwards [10] in mesophyll
chloroplasts from D. sanguinalis. The Vnax for
pyruvate transport in the light (35 xmol/mg chl per
h (4°C)) was more than 7 times higher than in the
dark (4.5 gmol/mg chl per h (4°C)), showing that
the stimulation of pyruvate transport in the light
was due to an increase of Vpmax. Note that in
chloroplasts from the C; plant spinach, the
transport of pyruvate is not observed [10].

100
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residual activity (%)

01 02
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Fig.3. Inhibition of the transport of (**C]pyruvate

(0.2 mM) into maize mesophyll chloroplasts in the light

by pCMS. The uninhibited rate was 5.6 umol/mg chl per
h. Temp. 4°C.
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Fig.4. Concentration dependence of the transport of
[**C]pyruvate into maize mesophyll chloroplasts. Temp.
4°C,

As mentioned before, pyruvate transport into
maize mesophyll chloroplasts at 20°C is too fast to
be resolved by silicone layer filtration experiments.
To obtain a minimal estimate of the transport rate
at 20°C, we measured the conversion of pyruvate
to PEP by intact chloroplasts with added P; in the
light, and in this way obtained a Vpax of
95 gmol/mg chl per h, which is of the same order
of magnitude as the carbon flux in C,4
photosynthesis.

4. CONCLUSION

Our results have demonstrated that maize
mesophyll chloroplasts possess a pyruvate
translocator, which by light-dependent active
transport, probably driven by a proton gradient
across the envelope, enables the accumulation of
pyruvate in the chloroplast stroma. This finding
offers an explanation for the earlier notion (table
1) that the bulk of the pyruvate in the mesophyll
cells is accumulated in a subcellular compartment
apart from the cytosol. The chloroplasts show this
ability to accumulate pyruvate. The properties of
pyruvate transport into chloroplasts are such, that
in illuminated leaves the cytosolic pyruvate con-
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centrations in the mesophyll are expected to be
very low. Thus it appears most likely that a con-
centration gradient for pyruvate between the bun-
dle sheath and the mesophyll cytosol also exists,
supporting the earlier hypothesis {1] that pyruvate
traverses the distance between the bundle sheath
and mesophyll cytosol by diffusion. The light-
driven pumping of pyruvate into the maize
mesophyll chloroplasts may be regarded as an ad-
ditional factor in driving the malate-pyruvate shut-
tle of C4 photosynthesis.

ACKNOWLEDGEMENTS

We are grateful to Dr M.D. Hatch (Canberra)
for showing us how to prepare mesophyll
chloroplasts from maize and stimulating our in-
terest in C4 metabolism and to Dr R.McC, Lilley
(Wollongong) for reading the manuscript. This
work was supported by a grant from the Deutsche
Forschungsgemeinschaft.

FEBS LETTERS

April 1985

REFERENCES

[1) Hatch, M. and Osmond, C.B. (1976) in:
Encyclopedia of Plant Physiology (Stocking, C.R.
and Heber, U. eds) vol.3, pp.144—184, Springer
Verlag, Berlin.

[2] Osmond, C.B. (1971) Aust. J. Plant Physiol. 24,
159~163.

[3) Leegood, R.L. (1983) in: Proceedings of the VIth
International Congress on  Photosynthesis
(Syberma, C. ed.) vol.3, pp.441-444, Nijhoff-
Junk, The Hague.

[4] Leegood, R.L. (1985) Planta, in press.

[5] Stitt, M. and Heldt, H.W. (1985) Planta, in press.

[6] Jenkins, C.L.D. and Russ, V.J. (1984) Plant Sci.
Lett. 35, 19-24.

[7] Heldt, H.W. (1980) Methods Enzymol. 69,
604-613.

[8] Wong, K.F. and Davies, D.D. (1973) Biochem. J.
131, 451-458.

[9] Stitt, M., Bulpin, B.V. and Ap Rees, T. (1978) Bio-
chim. Biophys. Acta 544, 200-214.

[10] Huber, S.C. and Edwards, G.E. (1977) Biochim.
Biophys. Acta 462, 603—612.

[11] Heldt, H.W., Werdan, K., Milovancev, M. and
Geller, G. (1973) Biochim. Biophys. Acta 314,
224-241.

339



