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Abstract. Our objective was to determine the coordina- 
tion of transcript and/or  protein abundances of stromal 
enzymes during leaf senescence. First trifolioliate leaves of 
PhaseoIus vulgaris L. plants were sampled beginning at 
the time of full leaf expansion; at this same time, half of 
the plants were switched to a nutrient solution lacking N. 
Total RNA and soluble protein abundances decreased 
after full leaf expansion whereas chlorophyll abundance 
remained constant; N stress enhanced the decline in 
these traits. Abundances of ribulose-l,5-bisposphate 
carboxylase/oxygenase (Rubisco; EC 4.1.1.39), Rubisco 
activase and phosphoribulokinase (Ru5P kinase; EC 
2.7.1.19) decreased after full leaf expansion in a coor- 
dinated manner for both treatments. In contrast, aden- 
osine diphosphate glucose (ADPGlc) pyrophosphorylase 
(EC 2.7.7.27) abundance was relatively constant during 
natural senescence but did decline similar to the other 
enzymes under N stress. Northern analyses indicated that 
transcript abundances for all enzymes declined markedly 
on a fresh-weight basis just after full leaf expansion. This 
rapid decline was particularly strong for the Rubisco 
small subunit (rbcS) transcript. The decline was enhanced 
by N stress for rbcS and Rubisco activase (rca), but not for 
Ru5P kinase (prk) and ADPGlc pyrophosphorylase (aqp). 
Transcripts of the Clp protease subunits clpC and clpP 
declined in abundance just after full leaf expansion, similar 
to the other mRNA species. When Northern blots were 
analyzed using equal RNA loads, rbcS transcripts still 
declined markedly just after full leaf expansion whereas 
rca and clpC transcripts increased over time. The results 
indicated that senescence was initiated near the time of full 
leaf expansion, was accelerated by N stress, and was 
characterized by large decline in transcripts of stromal 

Abbreviations: ADPGlc = adenosine diphosphate glucose; agp, 
prk, rbcS, rca = genes encoding the large subunit of ADPGIc pyro- 
phosphorylase, Ru5P kinase, the small subunit of Rubisco and 
Rubisco activase, respectively; Ru5P kinase =phosphoribulo- 
kinase; Rubisco = ribulose-l,5-bisphosphate carboxylase/oxygenase 
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enzymes. The decreased mRNA abundances were in gen- 
eral associated with steadily declining stromal protein 
abundances, with ADPGlc pyrophosphorylase being the 
notable exception. Transcript analyses for the Clp 
subunits supported a recent report (Shanklin et al., 1995, 
Plant Cell 7:1713 1722) indicating that the Clp protease 
subunits were constitutive throughout development and 
suggested that ClpC and ClpP do not ffmction as a senes- 
cence-specific proteolytic system in Phaseolus. 

Key words: Clp (protease) Gene expression - Leaf sen- 
escence-  Phaseolus (senescence) Stromal enzymes 

Introduction 

Leaf senescence is a complex developmental process char- 
acterized most prominently by a decline in the photosyn- 
thetic competence of the leaf (Feller and Fischer 1994; 
Smart 1994). Distinctive changes in gene expression dur- 
ing senescence have established that the process is under 
genetic control (Hensel et al. 1993; Gan and Amasino 
1995). It has been well documented that the decline in 
CO2 fixation during senescence is closely associated with 
declining activity and levels of ribulose-l,5-bisphosphate 
carboxylase/oxygenase (Rubisco; Makino et al. 1985; 
Jiang et al. 1993). Other thylakoid and stromal proteins 
have also been shown to decrease in abundance during 
senescence (Roberts et al. 1987; Bate et al. 1991; Crafts- 
Brandner et al. 1990; Kamachi et al. 1992). Declining 
abundances of chloroplast enzymes have generally, but 
not always, been associated with decreased abundances of 
specific transcripts (Bate et al. 1991; Kamachi et al. 1992). 

Because of its importance in catalyzing CO2 fixation 
and in providing an abundant N source for developing 
sinks, Rubisco has been the focus of many senescence 
studies. With few exceptions most of the information 
pertaining to senescence-related changes in other soluble 
enzymes of carbon metabolism is based on enzyme activ- 
ity data. We have previously shown that phospho- 
ribulokinase (Ru5P kinase) and Rubisco abundances 
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decline in a coordina ted  m a n n e r  dur ing  soybean senes- 
cence (Craf ts-Brandner  et al. 1990) and  that  ADP-glucose  
(ADPGlc)  pyrophosphorylase  activity does no t  decline as 
extensively as Rubisco activity dur ing  soybean and  to- 
bacco leaf senescence (Craf ts-Brandner  1992). It has also 
been reported that  the activities of several Calvin cycle 
enzymes coordinately  decline dur ing  senescence (Makino  
et al. 1983). Unde r s t and ing  how protein  and  t ranscr ipt  
abundances  of enzymes of photosynthet ic  ca rbon  meta-  
bol ism are coordinated  with each other dur ing  senescence 
may provide insights into the mechanism of degradat ion  
of s t romal enzymes. 

Recent reports have indicated that  degradat ion  of 
s t romal  enzymes can occur in intact- isolated-chloroplasts  
(Mitsuhashi  and  Feller 1992). However,  there are only a 
few reports of chloroplast  proteolytic activities that  may 
use soluble proteins as substrates (Bushnell et al. 1993) 
and  no informat ion  describing how the proteases recog- 
nize the target substrates. Recently a chloroplast- localized 
proteolytic system analogous  to the Clp system of 
Escherichia coli (Maurizi  1992) has been shown to be 
const i tut ive in several p lant  species (Shankl in et al. 1995). 
This protease is composed of at least two subunits ,  ClpP 
which is the proteolytic subuni t  and  is chloroplast-  
encoded, and  ClpC (analogous to ClpA in E. coli) which is 
a nuclear-encoded ATPase.  The funct ion of this protease 
in plants  is unknown .  

In  this study we have determined the coord ina t ion  of 
the abundances  of several key stromal enzymes involved 
in photosynthet ic  carbon  metabol i sm dur ing  development  
of a leaf beginning  at the time of m a x i m u m  leaf area 
formation.  Addit ionally,  we determined how transcript  
abundances  were related to changes in protein  abund-  
ances and  we provide the first in format ion  on t ranscript  
abundances  of two subuni ts  of the Clp protease system 
th roughout  na tura l  and  N-stress- induced senescence. 

Materials and methods 

Plant culture. Seeds of Phaseolus vulgaris L. cv. Saxa were ger- 
minated on paper towels and planted in quartz gravel. After 7 d the 
seedlings were transplanted into 1-L containers (four plants per 
container), and grown hydroponically in aerated half-strength com- 
plete nutrient solution (Hildbrand et al. 1994). At 14 d after germina- 
tion the growth medium was changed to a full-strength complete 
nutrient solution. Nutrient solutions were changed every 5 d. Plants 
were grown using a 14-h photoperiod with a photon fluence rate of 
130 pmol.m-2.s - 1 photosynthetically active radiation. Day/night 
temperatures were 25~176 respectively. 

Sampling. Sampling was started when first trifolioliate leaf expan- 
sion was > 95% of the maximum; plants were harvested at 
the end of the dark cycle. At this same time, the nutrient solution in 
half of the containers was replaced by a minus-N solution that 
contained 460g'm -3 KH2PO4, 300g-m 3 KzHPO4, 231 g'm -3 
CaSO4"2H20, 200 g.m -3 CaCO3, and 750 g'm -~ MgSO4"7H20. 
Micronutrients were as described in Hildbrand et al. (1994). There 
were no visible nodules on the roots throughout the experiment. In 
two independent experiments plants were sampled at 0, 4, 8, and 12 d 
(Expt. 1) or 0,4,8, 12, and 16 days (Expt. 2) after full leaf expansion. 
At each sampling time two replicates, each consisting of the first 
trifoliolate leaves from three plants, were placed on ice and taken to 
the laboratory for processing. Three leaf discs (one from each of the 
three middle leaflets) were weighed fresh and used for chlorophyll 

extraction. Leaf discs removed from one half of all leaflets from a 
replicate were frozen at - 80~ for subsequent Western analyses. 
The other half of each leaflet for both replicates were combined and 
used for RNA extraction from the fresh tissue. Results for both 
experiments were combined and are presented as means + standard 
error of the mean (SE). For the sample taken at 16 days after full leaf 
expansion (Expt. 2) the protein and chlorophyll data are presented 
as the mean + SE of the two replicates; for total RNA and Northern 
analyses there was no replication for this sample. 

Western analysis. Western analysis was performed as previously 
described (Tijssen 1985; Fr~fhlich and Feller 1991) using sample 
aliquots that were adjusted to represent equal amounts of leaf fresh 
weight. Sodium dodecyl sulfate-polyacrylamide gels were used for 
analysis of Rubisco abundance based on the intensity of staining of 
the large subunit. For ADPGlc pyrophosphorylase, samples were 
electrophoresed in 9% native polyacrylamide gels in order to separ- 
ate this protein from Rubisco. Antibodies for ADPGlc pyrophos- 
phorylase were commercially prepared (East Acres Biologicals, 
Southbridge, Mass., USA) in rabbits according to procedures de- 
scribed in Crafts-Brandner et al. (1990), using purified tobacco 
enzyme. Antibodies for Rubisco activase and Ru5P kinase were 
prepared as previously described (Crafts-Brandner et al. 1990; 
Salvucci et al. 1993). Protein abundance was estimated by scanning 
gels and blots using an image acquisition densitometer (BioImage, 
Milligen/Bioresearch, Ann Arbor, Mich., USA). 

Extraction of RNA and Northern analysis. Total RNA was isolated 
from 450 nag of fresh leaf tissue (frozen and powdered) using 5 mL of 
TRIzol Reagent (Gibco BRL Life Technologies, Inc., Gaithersburg, 
Md., USA) according to the protocol supplied by the manufacturer. 
Polyadenylated RNA was isolated from 80 ~tg of total RNA using 
magnetic beads conjugated with oligo-dT according to the protocol 
supplied by the manufacturer (Dynal Inc., Lake Success, N.Y., USA). 

Samples of RNA (ranging from 2 to 9 ~g total RNA) were 
electrophoresed through formaldehyde-agarose gels (Sambrook 
et al. 1989) prior to transfer to, and fixation on, positively charged 
nylon membranes. Antisense-RNA probes were synthesized from 
DNA templates using digoxigenin-UTP, hybridization was per- 
formed overnight at 58~ and stringency washes were performed 
according to protocols provided by Boehringer Mannheim 
(Indianapolis, Ind., USA). Hybridized probes were detected using 
the chemiluminescent substrates CDP or CDP-Star (Boehringer 
Mannheim) after incubation of the blots with an anti-digoxigenin 
antibody conjugated to alkaline phosphatase. Northern blots for 
rbcS, rca and clpC were developed by reprobing the same blot 
following procedures outlined by the manufacturer (Boehringer 
Mannheim). 

For isolating a partial cDNA for ADPGlc pyrophosphorylase, 
degenerate oligonucleotide primers were designed against two con- 
served regions of the primary structure of the protein with the 
number of degeneracies in each pool reduced by the alignment of 
nucleotide sequences of known ADPGIc pyrophosphorylase (Smith- 
White and Preiss 1992) and by methods as previously described 
(Klein et al. 1993). The gene-specific (sense) primer was 5'- 
TAT [A,C]GICTIATIGATATTCCI [A, G] TIAG IT, C] AA [-Y, C]TG 
(region Y209 to C219) of the primary structure of known agp 
(Smith-White and Preiss 1992). The antisense ADPGlc pyrophos- 
phorylase-specific primer was 5'-AAIG[A,C]TTTIATIGT[T, 
A]CCGATGTC[T, C]TCCCA [A, G]TA (region Y460 to F470). 
Bracketed nucleotides refer to an equal mixture of those bases at 
that position. First-strand cDNA synthesis and conditions for poly- 
merase chain reaction (PCR) were as described (Klein et al. 1993). 
After PCR amplification, a single 780-bp product was detected (data 
not shown). 

A similar strategy was employed for the isolation of a partial 
cDNA for clpC from tobacco RNA. Utilizing the amino acid se- 
quences of known Clp-like sequences (Gottesman et al. 1990), 
the gene specific (sense) primer 5'-GC[T,G]GGIACIAAATATC- 
GIGGIGA[C,G]TT[T,C]GA[G,A]GA (region A344 to E354) 
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was synthesized. The antisense Clp-specific primer was 5'- 
GTTGAA [C, G]ACGTCIGGGTG [A,C,G,T] GC [C,T ] TTTTC 
(region E722 to N730). Conditions for PCR amplification were as 
described by Klein et al. (1993) except the annealing temperature 
was reduced to 47~ for the first 4 cycles and then increased to 51~ 
for the subsequent cycles. Following amplification, an 1160-bp prod- 
uct was detected (data not shown). For the isolation ofa clpP cDNA, 
total RNA was isolated from intact tobacco chloroplasts as de- 
scribed by Klein and Mullet (1986) and, following DNase-treatment, 
first-strand cDNA was generated. The PCR primers were designed 
against the known nucleotide sequence of the tobacco chloroplast 
clpP gene (Shinozaki et al. 1986). The gene specific primer was 
5'-ATCATATGCCTATTGGTGTTCC and the antisense primer 
was 5'-TTCTCGAGATAAAATCTCAAATCAC. Amplification con- 
ditions were the same as those for clpC. Following amplification, 
a 650-bp clpP fragment was generated (data not shown). Following 
cloning and transformation, recombinant clones of clpC, clpP and 
agp were selected and confirmed by restriction enzyme digestion and 
nucleotide sequence analysis. 

The probe for rbeS was a 743-bp antisense RNA from tobacco 
and the probe for rca was a 1300-bp antisense RNA from tobacco 
(Klein and Salvucci 1995); the probe for prk was a 1500-bp antisense 
RNA from ice plant and was kindly provided by Dr. H.J. Bohnert, 
University of Arizona, USA. 

Northerns blots were scanned using an image acquisition den- 
sitometer (BioImage, Milligen/Bioresearch, Ann Arbor, Mich., USA) 
to obtain a relative estimate of the mRNA abundances. 

Chlorophyll and soluble protein. Chlorophyll was extracted from 
three leaf discs (75 mm 2 per disc) in 5 mL of methanol as previously 
described (Crafts-Brandner et al. 1990). Soluble protein was deter- 
mined using the extracts prepared for Western analysis by the 
method of Bradford (1976). 

Results 

Dur ing  the first 4 d after full leaf expansion there was 
a precipitious decline in leaf total R N A  abundance  per 
unit fresh weight (Fig. 1A). The amoun t  o fpolyadenyla ted  
R N A  was a relatively constant  p ropor t ion  of the total 
R N A  (2.2 +_ 0.2% when averaged for all samples), indicat- 
ing that  this R N A  fraction declined in parallel with the 
total RNA. Between 4 and 16 d after full leaf expansion 
the total R N A  abundance  declined slowly and the decline 
was marginally enhanced by N stress. 

Soluble protein abundance  was max imum at the time of 
full leaf expansion and declined consistently thereafter, 
N stress enhanced the decline in soluble protein abund-  
ance (Fig. 1B). Chlorophyl l  abundance  did not  change 
over time for controls  and was therefore not  correlated 
with senescence (Fig. 1C). Even under  N stress the chloro- 
phyll abundance  was not  affected until 12 d after removing 
N from the growing medium. Al though chlorophyll  
abundance  is often a good  indicator  of the senescence 
process, our  results were not  exceptional and re-empha- 
size that  caut ion is needed when using cholrophyll  to 
moni to r  leaf senescence (Smart 1994). 

The decline in soluble protein abundance  during sen- 
escence was related to changes in several stromal enzymes 
(Fig. 2). The abundances  of  Rubisco, Rubisco activase and 
Ru5P  kinase all were at an apparent  max imum at the time 
of  full leaf expansion and progressively declined thereafter 
(Fig. 2A-C).  In contrast  to Rubisco, Rubisco activase 
and Ru5P kinase, the abundance  of A D P G l c  pyrophos-  
phorylase  was relatively constant  up to 12 d after full leaf 
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Fig. 1A-C. Abundances of total RNA (A), soluble protein (B) and 
chlorophyll (C) per unit leaf fresh weight during natural- and N- 
stress-induced senescence of first trifoliolate leaves of Phaseolus 
vulgaris. Data are presented as means +_ SE 

expansion (Fig. 2D, control). At 16 d, A D P G l c  pyrophos-  
phorylase abundance  was still approximately 70% of the 
amoun t  at full leaf expansion (Fig. 2D, control). 

For  N-stressed plants, all of the stromal enzymes that 
were analyzed declined more  rapidly than for controls 
(Fig. 2A-D).  In contrast  to the situation of natural  senes- 
cence, A D P G I c  pyrophosphorylase  was only slightly 
more  persistent than the other enzymes during N-stress- 
induced senescence. 

Nor thern  blot analyses (RNA loads based on equal 
fresh weight) indicated a general decline in specific m R N A  
species beginning just after the time of full leaf expansion 
(Fig. 3). The decline in m R N A  abundance  was especially 
precipitious for rbcS, which declined 70% by four days 
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Fig. 2A-D. Abundances ofstromal enzymes Rubisco (A, 
based on the Rubisco large subunit), Rubisco activase 
(B), Ru5P kinase (C) and ADPGlc  pyrophosphorylase 
(D) per unit leaf fresh weight during natural- and N- 
stress-induced senescence of first trifoliolate leaves of 
Phaseolus vulgaris. Data are presented as relative 
values -t- SE with the data for zero days after full leaf 
expansion set at 100 
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Fig. 3A-D. Abundances of mRNA for rbcS (A), rca (B), 
prk (C), and agp (D) per unit leaf fresh weight during 
natural- and N-stress-induced senescence of first 
trifoliolate leaves of Phaseolus vulgaris. Data  are presented 
as relative values +_ SE with the data for zero days after full 
leaf expansion set at 100 

after full expansion (Fig. 3A). After the initial decline, 
transcript abundances declined slowly between 4 and 16 d 
after full leaf expansion (Fig. 3A-D). Comparison of West- 
ern and Northern analyses indicated a general coordina- 
tion between protein and mRNA abundances for Rubisco, 
Rubisco activase and Ru5P kinase during natural senesc- 
ence. For  ADPGlc  pyrophosphorylase such a relationship 
was not observed for controls since protein abundances 
did not parallel the observed decline in agp transcript 
abundance (Figs. 2,3). Nitrogen starvation enhanced 
declines in mRNA abundances for rbcS and rca but had 
minimal or no effect on prk and agp mRNA species, 
respectively (Fig. 3A-D). 

Abundances of mRNA species for cIpC and ctpP 
(Fig. 4) declined after full leaf expansion in a manner 
similar to that of the other stromal proteins examined 
(Fig. 3). Two relevant points with regard to the Northern 
analysis for clpC and clpP are: (i) the mRNA species were 
easily detectable throughout the development of senes- 
cence and (ii) N starvation tended to increase the abund- 
ance of clpC mRNA, relative to controls, during the latter 
stages of senescence (Fig. 4A). 

The data presented in Figs. 3 and 4 were expressed on 
a tissue-fresh-weight basis to give as much physiological 
significance to the results as possible. For  comparative 
purposes, rbcC, rca and clpC transcript abundances were 
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Days After Full Leaf Expansion 

controls at a given sampling time. The clpC mRNA 
abundance remained relatively constant over time for 
controls but was increased at any given sampling time by 
the N-starvation treatment (Fig. 6C). The results repre- 
sented in Figs. 3 6 indicated that caution is required when 
making physiological inferences from Northern loaded 
with equal total RNA from tissues sampled over long- 
term developmental periods. 

1 2 3  4 5 6 7 8  9 1 2 3 4  5 6 7 8  9 

Fig. 5A-D. Representative Northern blots showing changes in 
abundances of rbcS (A, C) or rca (B, D) during natural- or N-stress- 
induced senescence of first trifoliolate leaves of Phaseolus vulgaris. 
Blots in A and B were based on total RNA loads corresponding to 
equivalent leaf fresh weight and blots in C and D were based on 
equal amounts (5 gg) of total RNA. Lanes 1 5 correspond to con- 
trols at 0, 4, 8, 12 and 16 d after full leaf expansion, respectively and 
lanes 6 9 correspond to the N-stress treatment at 4, 8, 12 and 16 d 
after full leaf expansion, respectively 

quantitated on either a fresh-weight or an equal-RNA 
basis and representative Northerns for rbcS and rca are 
shown in Fig. 5. Regardless of the method, the rbcS 
mRNA declined markedly just after full leaf expansion 
and N starvation enhanced the decline (compare Figs. 3 
and 6). The mRNA abundances for rca, however, 
actually increased after full leaf expansion for both con- 
trols and N-stressed plants when expressed on an equal- 
RNA basis (Fig. 6B); however, the N-starvation treatment 
did tend to decrease the mRNA abundances compared to 

Discussion 

It can be assumed from other reports that photosynthetic 
competence is at a maximum near the time of full leaf 
expansion (Rawson and Constable 1981; Hensel et al. 
1993; Makino et al. 1985). Our results indicate that just 
as the first trifoliolate leaves reached full expansion, the 
transcript abundances of several stromal enzymes in- 
volved in photosynthetic carbon metabolism markedly 
declined in a manner coordinate with the decline in total 
RNA and soluble protein, as well as the abundances of 
several, but not all, specific stromal enzymes. These results 
demonstrate a pattern of development that may be com- 
mon for annual plants. The progression of the senescence 
process can vary greatly depending on species, response to 
source-sink effects, and environmental factors (Kelly and 
Davies 1988; Feller and Fischer 1994; Smart 1994). In 
particular the effects of source-sink manipulations on 
senescence are highly variable and have led to much 
discussion about the nature of the regulatory control of 
senescence (Kelly and Davies 1988). However, despite the 
variable inferences from studies of source-sink manipula- 
tion, the overriding observations suggest that the leaves 
of annual plants become predisposed to senesce near the 
time of full leaf expansion for both vegetative and re- 
productive plants. From the recent work of Gan and 
Amasino (1995) it can be inferred that the rate and extent 
of senescence can be profoundly affected by endogenous 
cytokinin biosynthesis. 

The large decline in both total RNA (largely rRNA) 
and in specific mRNAs indicated a loss of cellular protein 
synthesis capacity when the leaves reached full expansion 
(Fig. 2). Several reports have indicated that mRNA and 
protein abundances for Rubisco decline markedly during 
senescence (Mae et al. 1983; Bate et al. 1991; Jiang et al. 
1993). Our results indicated that the progressive decline in 
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soluble protein (Fig. 1B) was closely associated with the 
decline in abundances of several stromal enzymes, most 
notably Rubisco, but also Rubisco activase and Ru5P 
kinase. This coordinated loss of stromal enzymes that 
differ greatly in abundance (Crafts-Brandner et al. t990) 
indicates a highly regulated mechanism for dismantling 
various components  of the carbon assimilation pathway. 
However, the stability of ADPGlc  pyrophosphorylase 
during the time of rapid loss of other stromal enzymes 
indicated that the synthesis/degradation of this enzyme 
was regulated differently than for Rubisco, Rubisco ac- 
tivase and Ru5P kinase. Since all transcripts analyzed 
declined markedly just after full leaf expansion it is hy- 
pothesized that ADPGlc  pyrophosphorylase was not as 
susceptible to degradation as the other stromal enzymes. 
Since altered solute levels may influence the stability of 
a protein (Mitsuhashi and Feller 1992; Feller and Fischer 
1994), it is possible that increased adenylates derived from 
RNA catabolism stabilized ADPGlc  pyrophosphorylase 
in our system. We also observed from stained SDS- 
polyacrylamide gels loaded with extract corresponding 
to equal amounts of leaf fresh weight that the abundance 
of the light-harvesting chlorophyll a/b-binding protein 
(LHCII)  did not change appreciably during senescence 
(data not shown), consistent with the lack of change in 
chlorophyll abundance (Fig. 1C). Previously, Bate et al. 
(1991) and Hensel et al. (1993) have reported that L H C I I  
transcript abundance and synthesis declined during se- 
nescence. Thus, it can be inferred that LHCII ,  similar to 
ADPGlc  pyrophosphorylase,  was less susceptible to pro- 
teolytic degradation during senescence than other photo- 
synthesis-related proteins examined. 

The early and large decline in both Rubisco protein 
and rbcS transcript abundances in our experiments in- 
dicated that this is a key regulatory point for the senes- 

cence process. The salient question as to what causes 
stromal enzymes such as Rubisco to decline during senes- 
cence remains unanswered. Whether the process can be 
explained on the basis of photosynthate allocation, hor- 
monal changes, or other factors (Kelly and Davies 1988; 
Feller and Fischer 1994; Smart 1994) cannot be addressed 
by the present results. It has been demonstrated that 
chloroplasts isolated from healthy leaves can degrade 
stromal enzymes (Mitsuhashi and Feller 1992). This result 
suggests the possibility that individual protein species are 
in some manner  altered prior to degradation by a pre- 
existing chloroplast proteolytic system. Our  results have 
demonstrated the presence throughout  senescence of tran- 
scripts for the two components  of the Clp protease system 
and it is tempting to invoke an association of this protease 
system with senescence. It has recently been demonstrated 
that the translation products for these genes are localized 
in the stroma during all stages of leaf development 
(Skanklin et al. 1995). Although we have shown that the 
transcript for clpC marginally increases in response to 
N starvation (Fig. 4), our results would support  the gen- 
eral conclusion of Shanklin et al. (1995) that Clp is consti- 
tutive in chloroplasts and probably functions in some 
housekeeping aspect of protein catabolism rather than as 
a regulatory component  of the senescence process. 

The authors respectfully thank the United States Dept. of Agricul- 
ture, Agricultural Research Service for providing a Research Fellow- 
ship to support S.J. C-B. This research was also supported by 
the Swiss National Science Foundation (Project 3100-043174.95, 
awarded to U.F.). Mention of a trademark, proprietary product, or 
vendor does not constitute a guarantee or warranty of the product 
by the U.S. Department of Agriculture and does not imply its 
approval to the exclusion of other products or vendors that may also 
be suitable. 



318 

References 

Bate N J, Rothstein S J, Thompson JE (1991) Expression of nuclear 
and chloroplast photosynthesis-specific genes during leaf senes- 
cence. J Exp Bot 42:801-811 

Bradford MM (1976) A rapid and sensitive method for the quantita- 
tion of microgram quantities of protein using the principle of 
protein dye binding. Anal Biochem 72:248-254 

Bushnel TP, Bushnell D, Jagendorf AT (1993) A purified zinc pro- 
tease of pea chloroplasts, EP1, degrades the large subunit of 
ribulose-l,5-bisphosphate carboxylase/oxygenase. Plant Physiol 
103:585 591 

Crafts-Brandner SJ (1992) Phosphorus nutrition influence on starch 
and sucrose accumulation, and activities of ADP-glucose pyro- 
phosphorylase and sucrose-phosphate synthase during the grain 
filling period in soybean. Plant Physiol 98:1133 1138 

Crafts-Brandner SJ, Salvucci ME, Egli DB (1990) Changes in 
ribulose bisphosphate carboxylase/oxygenase and ribulose 5- 
phosphate kinase abundances and photosynthetic capacity dur- 
ing leaf senescence. Photosynth Res 23:223-230 

Feller U, Fischer A (1994) Nitrogen metabolism in senescing leaves. 
Crit Rev Plant Sci 13:241-273 

Fr6hlich V, Feller U (1991) Effect of phloem interruption on senes- 
cence and protein remobilization in the flag leaf of field-grown 
wheat. Biochem Physiol Pflanzen 187:139 147 

Gan S, Amasino R (1995) Inhibition of leaf senescence by 
autoregulated production of cytokinin. Science 270:1986 1988 

Gottesman S, Squires C, Pichersky E, Carrington M, Hobbs M, 
et al. (1990). Conservation of the regulatory subunit for the Clp 
ATP-dependent protease in prokaryotes and eukaryotes. Proc 
Nat Acad Sci USA 87:3513-3517 

Hensel LL, Grbic V, Baumgarten DA, Bleeker AB (1993) Develop- 
mental and age-related processes that influence the longevity and 
senescence of photosynthetic tissues in Arabidopsis. Plant Cell 5: 
553-564 

Hildbrand M, Fischer A, Feller U (1994) Protein catabolism in bean 
leaf discs: accumulation of a soluble fragment of ribulose-l,5- 
bisphosphate carboxylase/oxygenase under oxygen deficiency. 
J Exp Bot 45:1197-1204 

Jiang C-Z, Rodermel SR, Shibles RM (1993) Photosynthesis, rubisco 
activity and amount and their regulation by transcription in 
senescing soybean leaves. Plant Physiol 101:105-112 

Kamachi K, Yamaya T, Hayakawa T, Mae T, Ojima K (1992) 
Changes in cytosolic glutamine synthetase polypeptide and its 
mRNA in a leaf blade of rice plants during natural senescence. 
Plant Physiol 98:1323 1329 

Kelly MO, Davies PJ (1988) The control of whole plant senescence. 
Crit Rev Plant Sci 7:139-173 

Klein RR, Mullet JE (1986) Regulation of chloroplast-encoded 
chlorophyll-binding protein translation during higher plant 
chloroplast biogenesis. J Biol Chem 261:11138-11145 

Klein RR, Salvucci ME (1995) Rubisco, rubisco activase and 
ribulose-5-phosphate kinase gene expression and polypeptide 

S.J. Crafts-Brandner et al.: Stromal enzymes during senescence 

accumulation in a tobacco mutant defective in chloroplast pro- 
tein synthesis. Photosynth Res 43:213 223 

Klein RR, Crafts-Brandner SJ, Salvucci ME (1993) Cloning and 
developmental expression of the sucrose-phosphate synthase 
gene from spinach. Planta 190:498-510 

Mac T, Makino A, Ohira K (1983) Changes in the amounts of 
ribulose bisphosphate carboxylase synthesized and degraded 
during the life span of rice leaf (Oryza sativa L.). Plant Cell 
Physiol 24:1079 1086 

Makino A, Mae T, Ohira K (1983) Photosynthesis and ribulose-l,5- 
bisphosphate carboxylase in rice leaves. Changes in photosyn- 
thesis and enzymes involved in carbon assimilation from leaf 
development through senescence. Plant Physiol 73:1002 1007 

Makino A, Mac T, Ohira K (1985) Photosynthesis and ribulose- 
1,5-bisphosphate carboxylase/oxygenase in rice leaves from 
emergence through senescence. Quantitative analysis by car- 
boxylation/oxygenation and regeneration of ribulose-l,5-bis- 
phosphate. Planta 166:414-420 

Maurizi MR (1992) Proteases and protein degradation in E. coll. 
Experientia 48:178-201 

Mitsuhashi W, Feller U (1992) Effects of light and external solutes 
on the catabolism of nuclear-encoded stromal proteins in intact 
chloroplasts isolated from pea leaves. Plant Physiol 100:2100 2105 

Rawson HM, Constable GA (1981) Gas exchange of pigeon pea: a 
comparison with other crops and a model of carbon production 
and its distribution within the plant. In: Nene YL (ed) Proc intl 
workshop on pigeon peas, vol 1. ICRISAT, Patancheru, pp 175-189 

Roberts DR, Thompson JE, Dumbroff EB, Gepstyein S, Mattoo AK 
(1987) Differential changes in the synthesis and stready-state 
levels of thylakoid proteins during bean leaf senescence. Plant 
Mol Biol 9:343 353 

Salvucci ME, Rajagopalan K, Sievert G, Haley BE, Watt DS (1993) 
Photoaffinity labeling of ribulose-1,5-bisphosphate carboxylase/ 
oxygenase activase with ATP gamma-benzophenone. J Biol 
Chem 268:14239 14224 

Sambrook J, Fritsch EF, Maniatas T (1989) Molecular cloning: 
a laboratory manual, 2nd edn. Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 

Shanklin J, DeWitt ND, Flanagan JM (1995) The stroma of higher 
plant plastids contain ClpP and CIpC, functional homologs of 
Esherichia coli ClpP and ClpA: An archetypal two-component 
ATP-dependent protease. Plant Cell 7:1713 1722 

Shinozaki K, Ohme M, Tanaka M, Wakasugi T, Hayashida N, et al. 
(1986) The complete nucleotide sequence of the tobacco chloro- 
plast genome: its gene organization and expression. EMBO J 5: 
2043 2049 

Smart CM (1994) Gene expression during leaf senescence. New 
Phytol 126:419 448 

Smith-White B J, Preiss J (1992) Comparison of proteins of ADP- 
glucose pyrophosphorylase from diverse sources. J Mol Evol 34: 
449 464 

Tijssen P (1985) Practice and theory of immunoassays. Elsevier 
Science Publishers, Amsterdam 


