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Leaf anatomy, chloroplast ultrastructure, and cellular localisation
of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBPCO)
and RuBPCO activase in Amaranthus tricolor L.

Fk KAk

J.HONG", D.-A. JIANG ™", X.-Y. WENG ™, W.-B. WANG", and D.-W. HU"
Institute of Biotechnology”, State Key Laboratory of Plant Physiology and Biochemistry™,
College of Life Sciences, Zhejiang University, Hangzhou 310029, China

Abstract

In Amaranthus tricolor the leaf structure included three layers of chlorenchyma on the vascular bundle periphery, name-
ly, mesophyll cells (MSCs) with few chloroplasts, outer larger round bundle sheath cells (BSCs) with many chloroplasts
in a centripetal position, and inner smaller BSCs with few chloroplasts around the vascular bundle cells. The ultra-thin
sections showed that BSCs had abundant organelles, namely many large and round mitochondria with well-developed
cristae in the cytoplasm. The chloroplasts in the BSCs were lens-like bodies, which seemed to be oval on cross sections.
Granal and intergranal thylakoids were usually distinguished. Grana were stacked in parallel with prevailing plane of
thylakoid lamellae. The chloroplasts in the MSCs appeared smaller than those in the BSCs and contained less stacked
thylakoids but abundant peripheral reticulum. The ultra-thin sections of immunogold-labelled anti-ribulose-1,5-bisphos-
phate carboxylase/oxygenase (anti-RuBPCO) exhibited high density of RuBPCO labelling in the stroma region of chlo-
roplasts of the BSCs. Some anti-RuBPCO immunogold particles were observed in the stromal region of MSCs chloro-
plasts. The anti-activase (A) immunogold-labelling indicated that RUBPCOA was mainly distributed in the stroma
region of both BSCs and MSCs chloroplasts. From the chloroplast ultrastructure and localisation of RuBPCO and
RuBPCOA we deduced that the photosynthetic carbon reduction cycle and the formation of assimilatory power function
in both MSC and BSC chloroplasts of A. tricolor.

Additional key words: grana; mitochondria; peripheral reticulum; thylakoids.

Introduction

C, plants exhibit specific anatomical, physiological, and
biochemical characteristics. One particular anatomical
feature of most C, leaves is presence of two kinds of dis-
tinct photosynthetic cells, mesophyll cells (MSCs) and
bundle sheath cells (BSCs). In C, leaves the vascular
bundles are close together. A tightly fitted BSCs con-
taining many chloroplasts surround each bundle. Between
the vascular bundles and adjacent to the air spaces of the
leaf are the more loosely arranged MSCs (Hopkins and
Huner 2004). This distinct structural feature, called Kranz
anatomy, plays a major role in C, plants. The key to the
C,4 cycle is phosphoenolpyruvate carboxylase (PEPC),
which catalyses the carboxylation of PEP by using the
bicarbonate ion HCO;™ to form a moderately unstable
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product oxaloacetate (OAA) which is quickly either re-
duced to malate or transaminated to aspartate, both of
which are more stable in MSC. Thereafter the more stable
product is transported out of MSC into an adjacent BSC.
Once in the BSC, the compound undergoes a de-
carboxylation with release of CO, that is re-fixed by
RuBPCO into 3-PGA and reduced to triose. On the other
hand, PEP regeneration occurs in MSCs. There are three
photosynthetic types in C4 plants depending on enzymes
for catalyzing decarboxylation of organic acids in BSCs:
NADP-malic enzyme (NADP-ME) type, in which OAA
is first converted to malate that is then transported to the
chloroplasts of BSC where it is decarboxylated to py-
ruvate and CO,. The other two types are the NAD-malic
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Abbreviations: BS — bundle sheath; BSC — bundle sheath cell; ddH,O — de-ionized distilled water; MS — mesophyll; MSC — meso-
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enzyme (NAD-ME) type and the PEP-carboxykinase
(PCK) type, in which OAA undergoes a transamination
reaction and the resulting aspartate is transported to the
BSCs (Salisbury and Ross 1992). Decarboxylation in the
PCK-type variant occurs also in the chloroplasts but in
the NAD-ME variant the decarboxylating malic enzyme
is located in the mitochondrion (Hopkins and Hiiner
2004).

The different photosynthetic types are also distin-
guished by the even arrangement of chloroplasts in BSC.
In the NADP-ME types and most of PCK types, the arr-
angement of chloroplasts in the BSC is centrifugal, while
it is centripetal in the NAD-ME types. Lin et al. (1990)
pointed out that the even arrangement of chloroplasts in
BSCs may be an evolutional intermediate from centri-
petal (NAD-ME type) to centrifugal (NADP-ME and
most PCK types) types.

Ribulose-1,5-bisphosphate carboxylase (RUBPCO) is
photosynthetic key enzyme not only for C; plants but also
for C, plants and its activation in vivo largely depends on
RuBPCO activase (RUBPCOA) (Portis 1992, 1995, Portis
and Salvucci 2002, Spreitzer and Salvucci 2002).
Therefore RuUBPCO and RuBPCOA localisations have
been used to identify whether the PCR cycle functions in
different green cells. RuBPCO is located in chloroplast

Materials and methods

Plants: Amaranthus tricolor L. was cultured in the green-
house at the Huajiachi Campus of Zhejiang University.
The plants used in experiments contained about ten
leaves. The well-developed leaves were sampled, which
were the 4™ or 5" leaf counted from top to bottom of the
plant.

Light microscopy: Leaf segments (1x3 mm) were fixed
for 2 h at 4 °C in 0.1 M phosphate buffer (pH 7.2) con-
taining 2.5 % (v/v) glutaraldehyde. They were post-fixed
for 1 h at room temperature in the same buffer containing
1 % (m/v) osmium tetroxide, dehydrated through a gra-
dient of ethanol series, and finally embedded in Spurr’ re-
sin. After polymerization the blocks were cut into 1 um
semi-thin sections with an ultramicrotome (Reichert-Jung
Ultracut E). The semi-thin sections were smoothed out a
slide and stained with 0.5 % toluidine blue solution. The
leaf in cross section was observed and photographed
under a microscope (BH-2, Olympus).

Electron microscopy: The same blocks were cut into
70 nm ultra-thin sections with the ultramicrotome. After
staining the sections with uranyl acetate and lead citrate,
cell ultrastructure was observed and photographed with
an electron microscope (JEM-1200EX, JEOL).

Subcellular localisation of RUBPCO and RuBPCOA:

Based on the method of Wang et al. (2003), the leaf blade
was cut into pieces and fixed in 0.1 M phosphate buffer
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pyrenoid of lower plants (Lacoste-Royal and Gibbs 1987,
Osafune and Gibbs 1987, McKay and Gibbs 1991, Rawat
et al. 1996, Borkhsenious et al. 1998) and in chloroplast
stroma and/or thylakoid membrane regions of higher
plants (Catherine et al. 1984, Caers et al. 1987, Shojima
et al. 1987, Anderson et al. 1996, Nishioka et al. 1996,
Miyake et al. 2001). In all C, types RuBPCO is located in
BSC chloroplasts (Matsuoka et al. 2001). Recently, we
have also reported the sub-cellular localisation of
RuBPCO and RuBPCOA in rice (Wang et al. 2003), and
barley and maize (Hong et al. 2004).

Amaranthus tricolor L., a vegetable widely cultivated
in China, belongs to the NAD-ME photosynthetic sub-
pathway of C,dicotyledons. Its quantum yield is 0.053 si-
milar to 0.052+0.001 of C; species, but lower than
0.061+0.001 of the NADP-ME photosynthetic sub-path-
way of C, species under normal atmospheric conditions
and at leaf temperature of 30 °C (Ehleringger and Pearcy
1983). Its inner photosynthetic characteristic in different
cell types is little known. The objective of our studies
was to uncover those characteristics by observation of
leaf anatomical structure, chloroplast ultrastructure, and
RuBPCO and RuBPCOA localisation in the different cell

types.

(pH 7.2) containing 3 % (v/v) paraformaldehyde and 1 %
(v/v) glutaraldehyde for 2 h at 4 °C. After rinsing them in
the same buffer (3—4 times, 15 min each), the pieces were
dehydrated in an ethanol series and embedded in
Lowicryl K4;M according to the following protocol: 100 %
ethanol/resin (1:1, v/v) for1h, 100 % ethanol/resin
(1: 2, viv) for 1 h, pure resin for 12 h at —20 °C. The em-
bedded pieces were transferred to 0.5 cm?® tubes filled
with resin and polymerized completely under UV-
radiation (A =360 nm) at —20 °C for 72 h, then at room
temperature for 24 h. They were sectioned with an ultra-
microtome. Ultra-thin sections were smoothly placed on
the nickel grids. The grids were floated with section-side
down toward the drops of de-ionised distilled water
(ddH,0) for 5 min, and then toward blocking liquid (BL;
0.05M PBS with 1% bovine serum albumin, 0.02 %
PEG20000, 0.1 M NaCl, 1 % NaN3;) for 30 min at room
temperature. Then they were transferred to the drops of
BL containing antibody to RuBPCO (1 : 800 dilution) or
RuBPCOA (1:200 dilution) according to Wang et al.
(2003), and incubated for 1 h. For control sections, anti-
serum was replaced with ddH,O. The sections were
washed in the drops of ddH,O twice, 5 min for each, and
incubated in BL containing protein A (secondary anti-
body)-15 nm colloidal gold particles for 1 h, and then in
ddH,O 3 times, 5 min each. The sections were sub-
sequently stained with uranyl acetate and lead citrate, ob-
served and photographed with an electron microscope
(JEM-1200EX, JEOL) at 60 kV. The images were sam-
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pled by CIA-I cell images analysis system. Area determi-
nations and gold particle counts were made using Cell
Analysis version 1.0 software to quantify RuBPCO and
RuBPCOA (Wang et al. 2003). T-test was used to evalu-

Results

Leaf anatomy: Transverse (Fig. 1A) and longitudinal
(Fig. 1B) section of A. tricolor leaf showed BSC (pointed
by arrows) around vascular bundle and BSC chloroplasts
in centripetal arrangement. There was no obvious mor-
phological difference in the mesophyll parenchyma cells
between the upper and the lower epidermis (Fig. 1A,B).
There were three layers of chlorenchyma on the vascular
bundle periphery—one layer of mesophyll parenchyma
cells and two layers of BSCs with chloroplasts (Fig. 1C).
The outer layer of larger round BSCs had many chloro-
plasts arranged centripetally and the inner layer of
smaller BSCs had few chloroplasts and/or mitochondria
around the vascular bundle cells (Figs. 1C and 2A). Many
mitochondria of a centripetal arrangement could be seen
in the outer round BSCs (Fig. 1C) and they were close to
chloroplasts. Many plasmodesmata (arrow in Fig. 1E) oc-
curred in cell wall between BSCs and MSCs, implying
extensive exchange of assimilates between the two cell

types.

Ultrastructure of chloroplasts and mitochondria: The
ultra-thin sections showed that the outer BSCs had
abundant organelles (Figs. 1C and 2A). The cytoplasm
was mainly distributed on the side near to vascular bundle
and a large vacuole was located on the other cell side.
There were many large and round mitochondria with
well-developed cristae in the cytoplasm of BSCs
(Fig. 1D). The chloroplasts in both outer and inner BSCs
were lens-like bodies, except for smaller chloroplasts in
the inner BSCs, which seemed to be oval on cross

ate the differences in numbers of grana and immunogold
labelling of RUBPCO and RuBPCOA in chloroplasts
between the two cell types.

sections (Fig. 2A). Granal and intergranal thylakoids of
the chloroplasts were usually distinguished. Grana were
stacked in parallel with the prevailing plane of thylakoid
lamellae (Fig. 2B,C). The MSC chloroplasts had less
granal thylakoids but more peripheral reticulum
(Fig. 2D). More-developed grana with an average of 4.87
thylakoids were found in the BSC chloroplasts and less-
developed grana with an average of 3.13 thylakoids in the
MSC chloroplasts (Table 1).

Immunolocalisation of RuBPCO in leaf cells: The anti-
RuBPCO immunogold-labelled ultra-thin sections were
observed by a transmission electron microscope. There
were many gold particles (average density of 459 pm?) in
the stromal region and only a few gold particles (average
density of 46 pm™) in the granal region of BSC chloro-
plasts (Fig. 3A,B). Fig. 3C shows a large RuBPCO locali-
sation in BSCs as well. Surprisingly some anti-RuBPCO
immunogold particles were also observed in the stromal
region of MSC chloroplasts although the average density
of 166 pm™ was not as high as that in the BSC chloro-
plast (Fig. 3D,E, Table 1). Few gold particles (average of
29 pm™) were found also in other organelles, including
vacuole, nucleus, and mitochondria, and even in cell wall,
but there was no difference in the density between the
ultra-thin section regardless of treatment with or without
RuBPCO antibody. Therefore the labelling of these
regions might be non-specifically conjugated (Catherine
et al. 1984, Borkhsenious et al. 1998, Miyake et al. 2001,
Wang et al. 2003).

Table 1. Numbers of grana and immunogold labelling of RUBPCO and RuBPCOA in chloroplasts of two cell types of leaf in
Amaranthus tricolor. “Anti-RuBPCO background value was 28.67+5.26, “anti-RUBPCOA background 17.20+4.72. ““Different
letters show significant difference (p<0.01) between MSC and BSC. 30 chloroplasts forming 5-6 sections were observed randomly

for every value.

BSC MSC

No. of thylakoids per granum
No. of gold particles per stromal area [um?] Anti-RuBPCO
Anti-RUBPCOA™

459.17+41.48 A
215.83+34.42 A

487+1.11 A™ 3.13+0.86 B
165.75+22.71 B

180.83+36.37 B

Immunolocalisation of RUBPCOA in leaf cells: The
anti-RUBPCOA immunogold-labelling of ultra-thin sec-
tions under a transmission electron microscope illustrated
chief distribution of gold particles in the stromal region of
BSC (Fig. 4A,B) and MSC (Fig. 4D,E) chloroplasts of
A. tricolor. The average density in BSC was 216 pm™ and
in MSC 180 um™. Compared to the density in the granal

region, the density in the stromal region was higher in
both BSC and MSC chloroplasts (Table 1). The back-
ground in the other region of cell was only 17 um?® and
the labelled particles were hardly observed in the ultra-
thin sections without RUBPCOA antibody treatment. Fig.
4C indicates that RUBPCOA distribution in BSCi was
significant.
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Fig. 1. Structure of leaf (A, B), vascular bundle (C), mitochondria (D), and plasmodesmata (E) in A. tricolor. Transverse (A) and
longitudinal (B) sections show bundle sheath cells, BSCs (arrows) around vascular bundle and BSC chloroplasts in centripetal ar-
rangement. C: Ultra-thin section of vascular bundle peripherals shows two layers of BSC, outer larger BSC with centripetally arran-
ged chloroplasts and mitochondria, and inner smaller bundle sheath cell (BSCi) with a small number of chloroplasts. D: There are
many well-developed mitochondria (M) in BSC. E: Many plasmodesmata (pointed by an arrow) exist in cell wall between BSC and
mesophyll cell (MSC). Bars indicate 50 um in A and B, 5 um in C, and 500 nm in D and E. CW — cell wall, V - vacuole, UE — upper
epidermis, LE — lower epidermis.
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Fig. 2. The ultrastructure of chloroplasts in the BSC, the BSCi, and MSC (for abbreviations see Fig. 1). A: There are many larger chlo-
roplasts in the BSC and some smaller chloroplasts in the BSCi (pointed by an arrow). B: Well-stacked grana chloroplasts exist in the
BSCi. C: BSC chloroplasts have well-developed grana. D: MSC chloroplasts have less-stacked grana and some peripheral reticulum
(arrow). Bars indicate 500 nm.
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A

Fig. 3. Immunogold labelling of RuBPCO in the BS chloroplasts of Amaranthus tricolor leaf (for abbreviations see Fig. 1).
A: Immunogold labelling is seen mainly in the BSC chloroplast. B: Immunogold particles of RuBPCO are localized to the stroma of
the BSC chloroplast (arrow). C: Immunogold particles of RuBPCO are localized to the stroma of the BSCi chloroplast. D: Lower im-
munogold labeling density of RuBPCO exists in the MSC chloroplast. E: Less RuBPCO is localized to the stroma of the MSC chloro-
plast. Bars indicate 500 nm.
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Fig. 4. Immunogold labeling of RUBPCOA in the BSC chloroplasts of Amaranthus tricolor leaf (for abbreviations see Fig. 1). A: Im-
munogold labelling of RUBPCOA exists in the BS chloroplast. B: Immunogold particles of RUBPCOA are localized to the stroma
(longer arrow) and thylakoid membrane region (shorter arrow) of the BSC chloroplast. C: Immunogold particles of RuBPCOA are
seen in BSCi chloroplast. D: Immunogold labelling of RuBPCOA exists in the MSC chloroplast. E: Immunogold particles of

RuBPCO are localized to the stroma (longer arrow) and thylakoid membrane region (shorter arrow) of the MSC chloroplast. Bars
indicate 500 nm.

525



J. HONG et al.

Discussion

Since 1970s, many reports on C, leaf anatomy appeared
(Olesen 1974, Sinha and Kellogg 1996, Fisher et al.
1997, P’yankov et al. 1997, Soros and Dengler 1998,
Slaton and Smith 2002). Ultrastructure of maize chloro-
plast types has often been studied with regard to main
photosynthetic activities (Pechovd et al. 2003, Kutik
et al. 2004); we reported the differences in chloroplast
ultrastucture of barley and maize (Hong et al. 2004). In
the present work, we found as a special feature of leaf
anatomy in A. tricolor that individual BS consists of two
layers of BSCs called the outer and inner BSCs, and one
layer of MSCs in contact with the outer BSC (Fig. 1A,B).
The outer BSCs looked larger, filled with organelles, and
had much more chloroplasts and mitochondria in centri-
petal position, while the inner BSCs appeared more slen-
der, with smaller and less abundant chloroplasts and
mitochondria. We consider that the outer BSC is the do-
minant part for photosynthesis. In comparison with those
in the MSC, chloroplasts in the Amaranthus BSC had
more developed grana than in maize, an NADP-ME sub-
type, where the grana were hardly found in BSC chlo-
roplasts (Hong et al. 2004). This might be explained by
Osmond (1974) report that NAD-ME C, plants have both
photosystems in the BSCs because these chloroplasts
have well-developed grana (cf. Fig. 2A-D and Table 1).
Our result that many mitochondria were close to chloro-
plasts in the BSC in A. tricolor (Fig. 1D) is in accordance
with the finding that in the NAD-ME subtype the de-
carboxylating malic enzyme is located in the mitochon-
drion (Hopkins and Hiner 2004).

Several reports demonstrated that RuBPCO is domi-
nantly distributed in plant organelles, which could parti-
cipate in PCR, for instance, the pyrenoid of lower alga
(McKay and Gibbs 1991, Borkhsenious et al. 1998). In a
RuBPCO-deficient mutant of Chlamydomonas reinhard-
tii the existence of pyrenoid in cell could not be detected
(Rawat et al. 1996). RuBPCO is located largely in chlo-
roplasts of higher plants (Catherine et al. 1984, Caers
et al. 1987, Shojima et al. 1987, Anderson et al. 1996,
Nishioka et al. 1996, Miyake et al. 2001). It is widely ac-
cepted that RuBPCO and most other PCR cycle enzymes
exist only in BSCs in C, plants and thus a complete PCR
cycle occurs only in BSCs (Salisbury and Ross 1992,
Matsuoka et al. 2001). Our results indicate that RuBPCO
is localized in the stromal region of both MSC and BSC
chloroplasts (Fig. 3A-E), implying that PCR cycle in
A. tricolor is located in the MSCs.

Though RuBPCOA is an important enzyme activating
RuBPCO in vivo, depending on the hydrolysis of ATP
(Portis 1992, 1995, Salvucci and Ogren 1996) and
perhaps playing other functions (Spreitzer and Salvucci
2002, Portis 2003), the reports on the cellular localisation
of RUBPCOA are scarce. Anderson et al. (1996) found
that RUBPCOA mostly exists in the stroma of chloroplast
in pea, while Rokka et al. (2001) reported that the
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enzyme was largely distributed in the thylakoid mem-
brane region and only scarcely in stroma. We also show-
ed that RUBPCOA dominantly existed in chloroplasts and
mitochondria of rice (Wang et al. 2003), and only in
chloroplasts of barley and maize (Hong et al. 2004). The
present experiment showed that RuBPCOA was localised
in A. tricolor in both stromal and photosynthetic
membrane regions of the BSC and MSC chloroplasts
(Fig. 4A-E). But it was more distributed in the BSC chlo-
roplasts than in the MSC chloroplasts and more in the
stromal region than in the laminar region. The subcellular
distribution of RuBPCOA is the same as that of
RuBPCO, indicating the function of RUBPCOA to acti-
vate RuBPCO in vivo. Besides this function, RuUBPCOA
might play an important role in avoiding heat (Crafts-
Brandner 1997, Crafts-Brandner and Law 2000) or other
stresses (Pelloux et al. 2001), function as actin or chape-
ronin (Lilley and Portis 1997, Portis and Salvucci 2002,
Spreitzer and Salvucci 2002, Portis 2003), and as the GA
signal transduction component (Sharma and Komatsu
2002). Rokka et al. (2001) found that most of RUBPCOA
was sequestered to the thylakoid membrane, particular-
ly to the stroma-exposed regions during the first 10 min
of heat treatment at 42 °C, and the association of
RuBPCOA with the thylakoid membrane occurred more
slowly at lower temperatures (38-40 °C). The tempera-
ture-dependent association of RUBPCOA with the thyla-
koid membrane was due to a conformational change in
the RUBPCOA itself, not due to heat-induced alterations
in the thylakoid membrane. Association of the 41 kDa
isoform of RUBPCOA occurred first, followed by the
binding of the 45 kDa isoform to the thylakoid mem-
brane. It is still unclear whether RUBPCOA in the thyla-
koid membrane bears a specific function or just results
from high temperature stress in the greenhouse where
A. tricolor is planted.

Dimorphic chloroplasts exist in many C, plants, one
type being MSC chloroplast with normal well stacked
grana and few RuBPCO, and the other (BSC chloro-
plasts) with mostly unstacked thylakoids and low photo-
system 2 and oxygen evolution activities, but normal
RuBPCO content (Hong et al. 2004). Dimorphic chloro-
plasts imply the formation of most assimilatory power
(ATP and NADPH) in the MSC chloroplasts and reaction
of PCR cycle in the BSC chloroplasts. A part of 3-PGA
must be transferred from the BSC chloroplasts to the
MSC chloroplasts where it is reduced to glyceraldehyde-
3-phosphate, which then returns to the BSC chloroplasts
for regeneration of RuBP or accumulation of sugar.
Therefore, the chloroplasts in BSC appear in centrifugal
position and are close to those in the MSC in order to fa-
cilitate exchange of 3-PGA and glyceraldehyde-3-phos-
phate between the BSCs and MSCs. In our experiment,
however, the chloroplasts in BSCs were arranged centri-
petally and were far away from the chloroplasts in MSCs
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(Fig. 1A,B) which was more difficult for exchange of pro-
ducts between the BSCs and MSCs. The ultrastructure
and RuBPCO and RuBPCOA localisation patterns are
very similar in both cell types, and the NAD-ME sub-
type appears primary in evolution (Gutierrez et al. 1974,
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