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and Light

Effects on NADH-Dependent Hydroxypyruvate Reductase
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Robert Hill Institute and Department of Animal and Plant Sciences, University of Sheffield, Sheffield STO 2TN,
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Osnabriick, D-49069 Osnabriick, Germany (A.v.S.); and Institute of Environmental and Biological Sciences,
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The aim of this study was to investigate the interactions between
cytokinin, sugar repression, and light in the senescence-related
decline in photosynthetic enzymes of leaves. In transgenic tobacco
(Nicotiana tabacum) plants that induce the production of cytokinin
in senescing tissue, the age-dependent decline in NADH-dependent
hydroxypyruvate reductase (HPR), ribulose-1,5-bisphosphate car-
boxylase/oxygenase, and other enzymes involved in photosynthetic
metabolism was delayed but not prevented. Glucose (Glc) and
fructose contents increased with leaf age in wild-type tobacco and,
to a greater extent, in transgenic tobacco. To study whether sugar
accumulation in senescing leaves can counteract the effect of cy-
tokinin on senescence, discs of wild-type leaves were incubated
with Glc and cytokinin solutions. The photorespiratory enzyme HPR
declined rapidly in the presence of 20 mm Glc, especially at very
low photon flux density. Although HPR protein was increased in the
presence of cytokinin, cytokinin did not prevent the Glc-dependent
decline. Illumination at moderate photon flux density resulted in the
rapid synthesis of HPR and partially prevented the negative effect of
Glc. Similar results were obtained for the photosynthetic enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase. It is concluded
that sugars, cytokinin, and light interact during senescence by in-
fluencing the decline in proteins involved in photosynthetic metab-
olism.

During the process of leaf senescence, chlorophyll and
photosynthetic proteins are degraded (Humbeck et al,,
1996). There are several factors that can accelerate or delay
this breakdown of the photosynthetic apparatus.

Whereas the plant growth regulators ABA and ethylene
accelerate the symptoms of senescence (Smart, 1994), exog-
enous application of cytokinins inhibits the degradation of
chlorophyll and photosynthetic proteins (Richmond and
Lang, 1957; Badenoch-Jones et al., 1996). Senescence is also
delayed in transgenic plants producing cytokinin by ex-
pression of a bacterial gene encoding IPT, the enzyme
catalyzing the first step of cytokinin synthesis (Smart et al.,
1991; Gan and Amasino, 1995).

* Corresponding author; e-mail a.wingler@sheffield.ac.uk; fax
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Low light intensities or darkness results in the reduced
expression of light-dependent genes and the disappearance
of photosynthetic proteins and chlorophyll (Thomas, 1978).
Since phytochrome acts as the light receptor for the expres-
sion of many photosynthetic genes, a lower red/far-red
ratio reaching the lower leaves of a plant can also accelerate
the senescence of these leaves (Rousscaux et al., 1996).

In nonsenescent leaves sugar accumulation can lead to a
decline in chlorophyll and photosynthetic proteins (Stitt et
al., 1990; von Schaewen et al., 1990; Krapp et al., 1991;
Krapp and Stitt, 1994). Glc and Suc repress the transcrip-
tion of photosynthetic genes (Sheen, 1990), probably acting
via hexokinase as a sugar sensor (Jang and Sheen, 1994;
Jang et al., 1997). The involvement of sugar-mediated re-
pression of genes in the regulation of natural senescence is
less clear (Feller and Fischer, 1994). The concentration of
leaf sugars can increase during leaf senescence (Crafts-
Brandner et al., 1984), and accumulation of sugars, induced
by removal of sinks or phloem interruption, can both ac-
celerate and delay senescence (e.g. Crafts-Brandner et al.,
1984; Frohlich and Feller, 1991). The response of leaves to
the accumulation of sugars must therefore also depend on
other factors, such as the C:N status of the leaf (Paul and
Driscoll, 1997), light (Dijkwel et al., 1997) and plant growth
regulators (Koch, 1996). For example, it has been suggested
that cytokinin, in addition to delaying senescence, could
block some of the responses to sugars (Jang et al., 1997).

In this paper we have studied the interactions of cytoki-
nins, light, and sugars during senescence in transgenic
tobacco (Nicotiana tabacum L.) plants with autoregulated
synthesis of cytokinin (Gan and Amasino, 1995). The trans-
genic tobacco plants express the gene for IPT under control
of the senescence-specific SAG 12 promoter (Lohman et al.,
1994). This promoter is activated at the onset of senescence,
leading to the synthesis of cytokinin. Because of the inhi-
bition of senescence by cytokinin, the promoter is actively
attenuated. This results in an autoregulatory loop, prevent-
ing the overproduction of cytokinin and confining expres-

Abbreviations: HPR, hydroxypyruvate reductase; iPR, N°-[A*-
isopentenyl]adenosine; IPT, isopentenyl transferase; PFD, photon
flux density.
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sion solely to those tissues that have initiated senescence.
Apart from a delay in senescence, these plants therefore
develop normally (Gan and Amasino, 1995). To obtain
more detailed information on how sugars and cytokinin
interact, we incubated leaf discs of wild-type tobacco with
Glc and cytokinin solutions. We focused on the effect on
NADH-dependent HPR, an enzyme of the photorespira-
tory C cycle that catalyzes the reduction of hydroxypyru-
vate to glycerate. Because recycling of C in the photorespi-
ratory cycle is essential for photosynthetic metabolism,
photosynthesis depends on the activity of HPR (Murray et
al., 1989). In cotyledons of curcurbits the synthesis of HPR
is induced by cytokinin (Chen and Leisner, 1985; Andersen
et al., 1996) and light (Bertoni and Becker, 1993), and the
activity of HPR decreases during senescence (De Bellis and
Nishimura, 1991). In this study we show that HPR protein
declines during incubation with Glc and provide evidence
that this decline is modulated by cytokinin and light.

MATERIALS AND METHODS

Wild-type tobacco (Nicotiana tabacum L. cv Wisconsin)
and transgenic tobacco homozygous for the chimeric gene
Pgac1o-IPT (TTI) (Gan and Amasino, 1995) were grown in
high-nutrient compost (M3; Fisons, Ipswich, UK) in a
greenhouse in natural daylight supplemented with tung-
sten/halogen lamps (200 pumol m ™2 s~ ! PFD). The plants
were fertilized weekly with a Hoagland solution contain-
ing 12 mm nitrate. All experiments were carried out on
leaves taken from plants that had initiated flowering.

Gas Exchange

H,O and CO, were measured using an IR gas analyzer
(LCA3, Analytical Development Company, Ltd., Hoddes-
don, UK) equipped with a modified Parkinson leaf cham-
ber to allow temperature control and illumination. Gas
composition was controlled by mixing O,, N,, and air
containing 5% CO, (British Oxygen Company, Guildford,
UK), using mass flow controllers (Brooks Instruments B.V.,
Veenendaal, The Netherlands). Air humidity was con-
trolled using a temperature trap and was maintained at
70 = 5% RH within the leaf chamber. PFD was maintained
at 250 umol m~?s~ !, and leaf temperature was maintained
at 25 = 0.5°C.

Incubation of Leaf Discs

Leaf discs were floated in Petri dishes on solutions con-
taining Glc, sorbitol, iPR, or combinations thereof. All so-
lutions were adjusted to pH 7.0. The Petri dishes were kept
in controlled conditions at 23°C and cycles of 16 h of light
(20 or 250 wmol m~2 s~ ') and 8 h of darkness.

Quantification of Protein and Chlorophyll

Protein was extracted in 50 mm Hepes-KOH (pH 7.4), 5
mM MgCl,, 1 mm EDTA, 1 mm EGTA, 10% (v/v) glycerol,
0.1% (v/v) Triton X-100, and 5 mm DTT, and determined
with the Bio-Rad protein assay, according to Bradford
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(1976). Chlorophyll was extracted in 80% acetone and
quantified according to Lichtenthaler and Wellburn (1983).

Quantification of Sugars

Samples for sugar determinations were harvested in the
morning, between 3 and 4 h into the photoperiod. Sugars
were extracted in 80% ethanol and determined enzymati-
cally as described by Scholes et al. (1994).

Western Blotting

Proteins were extracted in 200 mm Bicine-KOH (pH 9.0),
4.5 mm DTT, and 1% (w/v) SDS. Extracts were boiled for
90 s with equal volumes of solubilization buffer (62.5 mm
Tris, 20% [v/v] glycerol, 2.5% [w/v] SDS, and 5% [v/V]
2-mercaptoethanol, pH 6.8). For SDS-PAGE, equal leaf ar-
eas (3.3 mm?) were loaded and separated onto gels con-
taining 10% acrylamide. Proteins were transferred onto a
PVDF membrane (Immobilon-P, Millipore) and probed
with antisera raised to NADH-dependent HPR of spinach
(Spinacia oleracea L.) (Kleczkowski et al., 1990), Rubisco of
pea (Pisum sativum L.), plastidic Fru-1,6-bisphosphatase of
spinach, NADP-dependent glyceraldehyde-3-phosphate
dehydrogenase of spinach, NADP-dependent malate-
dehydrogenase of pea, and aldolase. A peroxidase-
conjugated secondary antibody was used, and immunore-
active bands were visualized with an enhanced
chemoluminescence kit (Amersham). For quantification of
proteins, the peak volumes of bands were determined by
video imaging.

RESULTS

Effects of Endogenous Production of Cytokinin on the
Senescence-Related Decline in Enzymes Involved in
Photosynthetic Metabolism

The effect of cytokinin on the senescence-related decline
in photosynthetic enzymes was studied with transgenic
tobacco (TTI) expressing a bacterial gene encoding IPT
under control of the senescence-specific SAG12 promoter
(Gan and Amasino, 1995). As reported previously, the
transgenic plants developed normally until the early stages
of flowering; at this point the wild-type plants showed
senescence-related yellowing of the lower leaves, whereas
these leaves remained largely green in the transgenic
plants. These differences were reflected in chlorophyll and
protein contents. In the wild type, chlorophyll and protein
decreased strongly as the leaves aged (Table I). In trans-
genic tobacco plants this decrease was delayed consider-
ably, although chlorophyll and protein still declined in
older leaves. Rates of photosynthetic CO, assimilation
were similar in young leaves of the wild type and of the
transgenic tobacco plants (Fig. 1). In mature leaves (leaves
four to eight from the bottom), however, the transgenic
tobacco plants maintained considerably higher rates of
photosynthesis than the wild type.

Whereas HPR and Rubisco proteins in the wild type
declined drastically with leaf age, transgenic tobacco plants
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Table 1. Contents of chlorophyll and protein in leaves of different
age from wild-type tobacco (WT) and tobacco with autoregulated
production of cytokinin (TTI)

Data are means =* s of three to four samples.

Leaf Position Chlorophyll Protein
from Bottom WT TTI wWT T7I
mg m—? gm?
11 (Young) 314 =17 3359 3.16 20.08 3.66 = 0.21
6 (Mature) 227 =8 253 *13 1.35*=0.08 1.61 *=0.06
2 (Senescing) 70 £5 177 6  0.50 £0.02 1.13 = 0.05

maintained higher contents of these enzymes (Fig. 2, A and
B). For Rubisco, the effect of the autoregulated production
of cytokinin was most apparent in mature leaves taken
from the middle of the plant. HPR protein almost disap-
peared in the lower leaves of the wild type, but not in the
transgenic tobacco plants. Other enzymes involved in pho-
tosynthesis (plastidic Fru-1,6-bisphosphatase, plastidic al-
dolase, NADP-dependent glyceraldehyde-3-phosphate
dehydrogenase, and NADP-dependent malate dehydroge-
nase) showed effects similar to HPR (Fig. 2A).

As a senescence-related loss of chlorophyll or protein can
be induced by increased sugar contents, soluble sugars
were measured in the leaves of wild-type and transgenic
tobacco plants. Leaf contents of Glc and Fru increased with
leaf age (Fig. 3), and this increase was accompanied by
lower starch contents in old leaves (data not shown). Both
hexoses accumulated to a higher extent in the transgenic
tobacco than in the wild-type plants. Suc, on the other
hand, was not affected by the autoregulated synthesis of
cytokinin and was lower in mature leaves than in young
and senescing leaves. We tested the hypothesis that the
accumulation of hexoses in old leaves caused the repres-
sion of photosynthetic genes, and that cytokinin and sugars
interact in the regulation of senescence.

Effects of Exogenous Supply of Cytokinin and Glc on HPR

The effects of cytokinin and Glc were studied by incu-
bating leaf discs of wild-type tobacco with the cytokinin
iPR and Glec. The discs were routinely illuminated for 16 h
per day at a very low PFD (20 umol m™~? s~ !). At this PFD,
sugar repression by internally accumulating sugars that
could occur at higher PFDs can be prevented (Krapp et al.,
1991). Complete darkness, on the other hand, would have
caused starvation of the tissue. After 10 d of incubation
with 50 mM Glc, discs from mature and senescing leaves
showed a strong loss of chlorophyll (Table II), whereas
discs from young leaves were affected to a lesser extent.
Incubation with sorbitol as a control did not result in
significantly decreased chlorophyll contents in discs from
young and mature leaves. However, sorbitol did induce the
death of discs from senescing leaves. All further experi-
ments were performed with mature (fully expanded)
leaves.

Incubation of leaf discs with 50 mwm Glc, but not with 50
mM sorbitol (data not shown), caused a strong reduction in
HPR protein compared with the water control (Fig. 4). We

tested whether this decline could be overcome by the in-
clusion of cytokinin in the incubation medium. Figure 4
shows that the content of HPR protein increased with
concentrations of iPR between 10”7 and 10> m, but de-
creased when the concentration was as high as 107* m.
Despite the positive effect of iPR on HPR protein, iPR did
not prevent the Glc-dependent (20 or 50 mm Glc) decline in
HPR. Similar results were obtained with the cytokinins
N°-[A%]isopentenyladenine and zeatin riboside (data not
shown). Although cytokinin clearly did not affect the final
content of HPR in the presence of Glc, we tested whether it
may have altered the time course of the Glc-dependent
decrease. Leaf discs were harvested over a period of 10 d.
In the very low PFD necessary for this experiment, the
content of HPR protein decreased even in the absence of
Glc (Fig. 5); however, incubation with 50 mm Glc clearly
accelerated the drop in HPR, which occurred before a
visible loss of chlorophyll. In the absence of Glc, iPR de-
layed the decline in HPR and even caused a slight increase
in HPR between d 2 and 4, but it did not delay the Glec-
dependent drop in HPR.

The expression of the HPR gene is known to be regulated
by light (Bertoni and Becker, 1993). Therefore, we also
employed a higher PFD to test whether sugar repression of
HPR also occurs when the gene is induced by light. In
moderate PFD, approximately the PFD at which the plants
were grown (250 umol m s~ '), HPR declined in water or
in Glc solution. iPR prevented this loss of HPR when it was
included in water, but not when Glc was present (Fig. 6A).
All four treatments led to a visible loss of chlorophyll (data
not shown) and the accumulation of sugars (Fig. 6B). Com-
pared with d 0, the Glc content rose 78-fold during 6 d in
water. After incubation with Glc all sugar contents were
approximately twice as high as after incubation without
Glc. Apart from a slightly lower Suc content, the presence
of iPR had no effect on the accumulation of sugars. To
determine if the reduction in HPR in water was due to

W r—T—TT 7T 1T 1T T T T T T

[eo]
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!

CO, assimilation (umol-m?.s™)
i
T
|
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1211109 8 7 6 5 4 3 2 1

Leaf (from bottom)

Figure 1. Rates of photosynthesis in leaves of different age from wild-
type tobacco plants (O) and tobacco plants with autoregulated pro-
duction of cytokinin (@). Data are means = st of three measurements.
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Figure 2. A, Western blots for NADH-dependent HPR, the large subunit of Rubisco, plastidic Fru-1,6-bisphosphatase,
plastidic aldolase, NADP-dependent glyceraldehyde-3-phosphate dehydrogenase, and NADP-dependent malate dehydro-
genase in leaves of different age from wild-type tobacco plants (WT) and tobacco plants with autoregulated production of
cytokinin (TTI). B, Relative content of HPR and Rubisco as determined from western blots. Data are means * st of three

samples.

sugar accumulation or general aging of the tissue, leaf discs
were transferred for 2 d into continuous, moderate light,
after they had been incubated for 6 d in the low-light
conditions described earlier. In this experiment the transfer
into a higher PFD resulted in a rapid accumulation of HPR
in the absence of Glc (Fig. 7, A and B). This indicates that
the leaf discs were still capable of de novo protein synthesis
after 6 d of incubation, and that the decline in HPR ob-
served in water (Fig. 6) was not due to aging of the tissue
but to accumulation of sugars. Even in the presence of Glc,
HPR increased slightly (1.5-fold) after the transfer into
moderate PFD, whereas longer incubation in low light led
to a further decline in HPR. The large subunit of Rubisco
showed a similar response to HPR (Fig. 7A). In both low
and moderate PFD, iPR had a positive effect on the content
of Rubisco protein in the absence of Glc, but incubation
with Glc resulted in a decline in Rubisco that was not
prevented by iPR.

DISCUSSION

Inhibition of the Decline in HPR and Other Enzymes by
Autoregulated Production of Cytokinin

Senescence can be retarded considerably by the auto-
regulated production of cytokinin in tobacco leaves, result-
ing in a prolonged photosynthetic life span (Gan and Ama-

sino, 1995). The basis for the maintained photosynthetic
activity in old leaves (Fig. 1) is the delayed decline in
chlorophyll and in enzymes involved in photosynthetic
metabolism (Fig. 2). The production of cytokinin in these
leaves could directly influence the amount of the enzymes
by a variety of mechanisms that influence the rate of pro-
tein synthesis or degradation. It has, for example, been
demonstrated that cytokinin treatment can increase the
activities of Rubisco, Fru-1,6-bisphosphatase, NADP-
dependent glyceraldehyde-3-phosphate dehydrogenase,
NADP-dependent malate dehydrogenase (Harvey et al.,
1974; Feierabend and de Boer, 1978), and HPR (Chen and
Leisner, 1985). Although cytokinin accumulates in old
leaves of TTI (W. Jordi, personal communication), the
senescence-related decline in these proteins could not be
prevented completely by the autoregulated production of
cytokinin. This could be due to the fact that cytokinin is
only produced in TTI when the process of senescence has
already started, or to the fact that other factors in addition
to cytokinin regulate senescence. For example, the high
hexose contents in the old leaves of TTI (Fig. 3) could have
counteracted the effect of cytokinin by repressing the genes
for photosynthetic enzymes, such as Rubisco, Fru-1,6-
bisphosphatase, and NADP-dependent glyceraldehyde-3-
phosphate dehydrogenase (Stitt et al., 1990; Krapp et al,,
1991).
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Figure 3. Sugar contents in leaves of different age from wild-type
tobacco (WT, ) and tobacco with autoregulated production of
cytokinin (TTI, A). Data are means * st of three samples.

Involvement of Cytokinin, Sugar Repression, and Light in
the Regulation of HPR

The possibility that an accumulation of sugars can over-
ride the positive effect of cytokinin on photosynthetic pro-
teins such as HPR, was further investigated by studying
the interactions of sugars and cytokinin in vitro.

Table Il. Contents of chlorophyll in leaf discs from wild-type
leaves of different age

The discs were incubated for 10 d at very low PFD (20 umol m~
s ") with water, 50 mm Glc, or 50 mm sorbitol. Data are means * St
of three to four samples. The relative contents compared with the
water controls are given in parentheses.

2

Leaf Position Chlorophyll
from Bottom Water Glc Sorbitol
mg m~?
11 (Young) 3239 220 = 2 (68%) 296 £ 8 (92%)
6 (Mature) 165 = 1 94 = 3 (57%) 151 £ 8 (92%)
2 (Senescing) 38 +5 21 =1 (55%) n.d.?

2 n.d., Not determined.
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Figure 4. Relative content of NADH-dependent HPR in leaf discs of
wild-type tobacco plants after incubation for 10 d at very low PFD
(20 wmol m~2 s~ ') with different concentrations of Glc and iPR.

HPR has not previously been reported to be affected by
sugars. Our results clearly show that the presence of Glc
accelerated the decline in HPR when the PFD was very low
(Figs. 4 and 5). Since the expression of HPR is induced by
light (Bertoni and Becker, 1993), it was important to inves-
tigate if sugars could also repress light induction, as shown
for genes encoding plastocyanin and chlorophyll a/b-
binding protein (Dijkwel et al., 1997). In our experiments
we observed that the light-induced increase in HPR was
lower in the presence than in the absence of Glc (Fig. 7),
and that the accumulation of endogenous sugars in mod-
erate light resulted in a decrease in HPR protein (Fig. 6).
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Figure 5. Time course of the relative content of NADH-dependent
HPR in leaf discs of wild-type tobacco plants after incubation at very
low PFD (20 umol m™2 s~ ") = 50 mm Glc and = 30 um iPR. Data are
means * st of three samples. O, H,O; [, iPR; ®, Glc; and B, Glc
plus iPR.
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The positive effect of cytokinin on HPR was independent
of light (Figs. 4, 5, and 7). Cytokinin can regulate the
expression of HPR by acting at the level of transcription
and perhaps posttranscriptionally (Andersen et al., 1996).
In very low light Glc clearly counteracted the positive
effect of cytokinin on HPR. However, when the PFD was
increased, cytokinin could prevent the decline in HPR ob-
served in water controls. This decline was probably
brought about by the internal accumulation of sugars that
occurred in high-light conditions (Fig. 6B). Only when the
sugar contents increased drastically in the presence of ex-
ogenously supplied sugars did cytokinin have no effect.

Light is a major factor in the regulation of HPR synthesis.
It has a stronger effect than cytokinin and can partially
prevent the decline in HPR induced by sugars. Conse-
quently, in the light-induced state, sugars do not com-
pletely counteract the positive effect of cytokinin. Identifi-
cation of the level (transcription, mRNA stability, protein

Plant Physiol. Vol. 116, 1998

synthesis or breakdown) at which sugars act in the reduc-
tion in the HPR protein requires further investigation.

Interaction of Cytokinin, Sugar Repression, and Light
with Senescence

Leaf senescence requires dismantling of the photosyn-
thetic apparatus and mobilization of the N contained in
photosynthetic proteins. Our results show that this process
can be regulated by sugars, cytokinin, and light, and that
these factors interact. A scheme summarizing these inter-
actions is shown in Figure 8. Cytokinin production slows
down the process of senescence. However, accumulation of
sugars during senescence, due to the breakdown of accu-
mulated starch or the preferential export of N, from the
leaf, can block the effect of cytokinin, especially in low
light. Light also interacts with sugars by partially reducing
the effect of sugar repression. The genetic control of
senescence-related processes will clearly require modifica-

A
6dLL 6dLL+2dML
NAD-HPR | - — Pl e
RUDISCO | v e s e e gy s st
b [&] - [&]
SECcEgEGE
g 3 2 5
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350
300 B l —
& 50| |
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S 200} I R
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Q =
2 100} - L =
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2 sof :
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water PR Glc Glc+iPR
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Figure 7. Contents of NADH-dependent HPR and the large subunit
of Rubisco in leaf discs of wild-type tobacco plants after transfer from
very low PFD (20 umol m~2 s~ ") into moderate PFD (250 wmol m™2
s~ ). A, Western blots for discs incubated for 6 d at very low PFD (LL)
or for 6 d at very low PFD plus 2 d at continuous, moderate PFD (ML)
+ 50 mm Glc and = 30 um iPR. B, Relative content of HPR as
determined from western blots after incubation for 6 d at very low
PFD (@) for 8 d at very low PFD (M), and for 6 d at very low PFD plus
2 d in continuous moderate PFD ([J). Data are means * st of three
samples.
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Light

Decline in photosynthetic
proteins / Senescence

Sugars Cytokinin

Figure 8. Interaction of cytokinin, sugar repression, and light in the
regulation of senescence. ©), Inhibition of senescence; (&), acceler-
ation of senescence; —H—, block of the effect of cytokinin; and __,
partial block of the effect of sugars. :

tion of several regulatory mechanisms if functional stay-
green leaves are to be achieved.
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