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Introduction

The 26S proteasome (26SP), the proteolytic component of the 
ubiquitin (Ub)-dependent proteolytic system (UPS), is essential 
in eukaryotes.1,2 The 26SP degrades functional proteins that have 
been covalently linked to a polyUb chain, and thus negatively 
controls the abundance of numerous regulatory proteins involved 
in a myriad of signaling and metabolic pathways. In addition to 
this regulatory function, the 26SP is essential for protein qual-
ity control because it degrades misfolded and denatured pro-
teins produced by translation errors or post-synthetic damage. 
These non-functional proteins are first recognized by chaperons, 
then ubiquitinated through the actions of chaperon-binding Ub 
ligases, and finally degraded by the 26SP.3-6

Most of the current research efforts in the UPS field are 
focused on the ubiquitination step, and because Ub ligases are 
key specificity factors of target ubiquitination, they are the topic 
of most of the published studies.7-9 This current focus has also 
been strengthened by the generally accepted belief that altera-
tions in the specificity, processivity and abundance of the 26SP 
are not significant contributors to plant growth regulation. Recent 
reports however suggested that fluctuations in proteasomal activ-
ity impact plant cell proliferation and expansion rates and play 

a role in stress responses. Here we summarize these findings, 
and propose that developmentally and environmentally induced 
changes in proteasome abundance (and possibly, proteasome 
composition) are important for plant development and survival 
under adverse conditions.

The 26SP and Growth

The 26SP is composed of two subparticles, the cylindrically 
shaped 20S proteasome (20SP) that serves as the protein destruc-
tion chamber and regulatory particles (RPs) that are attached to 
both ends of the 20SP cylinder. The RPs provide the substrate 
specificity to the 26SP by interacting with and unfolding polyu-
biquitinated target proteins that are subsequently channeled into 
the 20SP for degradation.10 The 20SP is composed of 14 different 
subunits the majority of which are in Arabidopsis encoded by 
gene pairs. The RP is composed of at least 17 different subunits 
most of which are also encoded by two-membered gene fami-
lies.10 The RP subunits form two different subparticles, the RP 
base that directly controls the opening into the 20SP and unfolds 
the target proteins, and the RP lid that is attached to the base and 
contains subunits of which the functions are largely unknown. 
Like in other eukaryotes, the 26SP is an essential cellular compo-
nent of plant cells. For example, combining knock-out mutations 
in both copies of genes encoding Arabidopsis RP subunit iso-
forms led to the lethality of both male and female gametes.11,12

While the analyses of null mutants of RP subunits confirmed 
the essential function of the 26SP in plants, studies using weak 
loss-of-function mutants have allowed to determine the impact 
of fluctuations in proteasome activity on plant growth and stress 
responses.13-19 For example, comparative analyses of Arabidopsis 
26SP mutant lines rpt2a-2, rpt2a-3, rpn10-1 and rpn12a-1 
revealed that reductions in 26SP abundance invariably lead to 
increased cell expansion combined with decreased cell division 
rates.13 The decrease in cell numbers and compensative increase 
in cell sizes was already apparent in mutants in which 26SP activ-
ity was reduced by 40% compared to the wild type.13 It is easily 
imagined—but harder to prove in situ—that such a modest reduc-
tion in 26SP activity can be induced by developmental signals in 
a particular tissue or organ, thus tilting the balance of cellular 
development in favor of cell expansion. Furthermore, and follow-
ing the same line of thinking, it would be expected that tissues 
with high cell division rates have a high 26SP activity. Analyses 
of the 26SP subunit gene set indeed revealed that the expression 
of 26SP genes is generally the highest in meristems and in young 
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unexpanded organs and is consistently lower in mature tissues.10 
Comparative analyses of weak 26SP loss-of-function mutants 
therefore suggested that the alteration of 26SP activity might be 
an important developmental mechanism for balancing cell divi-
sion and expansion rates in plants.

The 26SP and Stress Responses

Since plant cell proliferation rates depend on an optimal 26SP 
activity, it is expected that stresses that directly impact 26SP 
activity will indirectly cause a reduction in cell proliferation. 
Several abiotic stress conditions are known to inhibit 26SP activ-
ity either by increasing the substrate load and thus slowing down 
the turnover rates of other 26SP targets or by directly inhibiting 
26SP function. Heat shock and other stresses that cause protein 
misfolding lead to a substrate overload. Oxidative stress, on the 
other hand, directly leads to 26SP inhibition.20 In both cases, the 
inhibition of 26SP activity is predicted to decrease cell division 
rates.

In addition to these direct mechanisms that are likely to 
be relevant when the intensity of a stressor is high, plant cells 
may have evolved more elaborate molecular mechanisms that 
promote changes in 26SP activity in response to variations 
in environmental conditions. Recent studies have suggested 
that this type of mechanism exists and it depends on the 
UPS.21-23 The hot pepper (Capsicum annuum L.) U-box pro-
tein 1 (CaPUB1) and its Arabidopsis homologues AtPUB22 
and AtPUB23 are Ub ligases, and the corresponding genes 
are rapidly induced by abiotic stresses such as desiccation, 
cold and mechanical wounding.21,22 Both the hot pepper and 
Arabidopsis PUBs seem to interfere with 26SP function by 
ubiquitinating specific subunits of the RP lid subcomplex. 
CaPUB1 ubiquitinates RPN6, and because the RPN6 level 
was reduced in CaPUB1 overexpressing plants, it has been 
suggested that the ubiquitination leads to the destabilization 
of this RP subunit.21 AtPUB22 and AtPUB23 ubiquitinate 
RPN12a, which leads to the relocation of a fraction of RPN12a 
into a cytosolic complex reminiscent of the proteasome related 
500-kDa complex (PR500). PR500 contains subunits of the 
RP lid, and exists in unstressed plants as a separate particle, 
while it dissipates in response to heat shock and treatments 
with the amino acid analog canavanine.24 The dynamics of the 
PR500 complex during other stresses have not yet been investi-
gated. Although the exact function of PR500 is still unknown, 
one hypothesis is that it functions as a reserve of RP subunits 
used for accelerated 26SP biogenesis that is needed to combat 
the effects of protein misfolding stresses.24 The current data 
however suggest that PR500 might be more than just a stand-
by reserve of RP subunits; it appears to be a dynamic particle 
to which RP subunits are added during desiccation stress and 
from which RP subunits are recruited during protein misfold-
ing stress.

The predicted effect of AtPUB22/23 action would therefore 
be to reduce 26SP levels in response to the drought stress by redi-
recting a portion of the RP subunits to the PR500 particle. It has 
been suggested that desiccation tolerance requires the UPS and 

therefore, a reduction in total 26SP activity should be detrimental 
for plant survival.25 Indeed, AtPUB22/23 overexpression caused 
hypersensitivity to drought stress, while their loss of function 
resulted in drought tolerance.21,22 This is somewhat paradoxical 
since the stress-induced expression of both ligases suggested that 
they are needed by plant cells to counteract the negative impact 
of the stress. The AtPUB22/23 overexpression studies did reveal 
two potentially beneficial traits for plants subjected to water 
stress: increased root elongation, which increases a plants’ ability 
to maintain water uptake, and accelerated flowering that secures 
the production of progeny under adverse conditions. Thus, it is 
possible that both ligases provide a benefit to plants experiencing 
reduced water availability in the field. Loss of 26SP function is 
known to cause decreased root growth.14 Therefore, the increased 
root elongation in AtPUB22/23 overexpression plants might 
indicate that AtPUB22/23 have functions in addition to their 

Figure 1. Model summarizing the effects of gain or loss of 26SP func-
tion on plant growth and abiotic stress tolerance. (A) 26SP-dependent 
feed-back regulation mechanism that controls 26SP and 20SP biogen-
esis. An unknown transcriptional activator, which is a UPS target itself, 
regulates the transcription of proteasome subunit genes.14 With help of 
a number of chaperones, proteaseome subunits assemble into the 20SP 
and RP complexes, and then join to form the 26SP.10,37 According to this 
model, sustained inhibition of 26SP assembly or function leads to the in-
creased expression of proteasome subunit genes, resulting in increased 
20SP but not 26SP activity. (B) Outcomes of increased and decreased 
26SP activity on plant growth and stress tolerance levels.
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effect on 26SP biogenesis. In summary, the exact mechanism and 
function of the 26SP regulation in the drought stress response 
remains unclear, and further studies are needed to understand 
the complexities of the proteasomal involvement in this promi-
nent research area.

The 26SP to 20SP Ratio and Senescence

Proteins damaged by cellular stresses are degraded by proteasomes, 
and the current studies suggest that in all eukaryotes, the 26SP is 
responsible for the degradation of misfolded proteins and the free 
20SP is needed for the removal of oxidized proteins.14,26-32 Plant 
cells contain a mixture of the 26SP and free 20SP, and compara-
tive analyses of mutants that are defective in 26SP accumulation 
showed that optimal 26SP levels are needed to maintain toler-
ance to stresses, such as heat shock, that cause protein misfolding, 
while elevated levels of the free 20SP lead to increased tolerance 
to oxidative stress.14 These studies also revealed an inverse rela-
tionship between 26SP and 20SP abundance, with reductions in 
26SP abundance invariably leading to increased 20SP biogenesis 
(Fig. 1), and suggested that regulation of the 26SP to 20SP ratio 
is important for plant development and stress responses.

The first evidence for a developmental regulation of the 26SP 
to 20SP ratio was obtained in Drosophila.33 This study shows 
that 26SP levels decline during the aging process while 20SP 
biogenesis increases. A similar trend, i.e., decline in 26SP levels 
combined with increase in 20SP levels, was suggested by a pro-
teomics study of potato tuber aging.34 Combined, these studies 
imply that the regulation of 26SP to 20SP levels during aging 
and senescence may be a conserved mechanism in higher eukary-
otes. Currently, this mechanism is poorly understood. The aging-
dependent decrease in 26SP to 20SP ratio may be a causal factor 
in the aging process. A reduction in 26SP activity is expected 
to lead to a decreased capacity for removing misfolded proteins, 
resulting in the accumulation and aggregation of misfolded pro-
teins which can accelerate cell death. In support of this expla-
nation, a recent Drosophila study has shown that life span can 
be extended by preventing a decline in the 26S proteasome level 
during the ageing process.35 Alternatively, the change in 26SP to 
20SP ratio could be induced by aging-related changes in the cell. 
Aging is typically accompanied by an increased production of 
free radicals and increased oxidative damage to cellular compo-
nents.36 Under these conditions a shift in the proteasomes ratio in 
favor of the free 20SP would be beneficial, because it increases the 
cellular capacity to remove oxidized proteins that are potentially 
cytotoxic when allowed to accumulate.

One way to answer the question whether the decreased 26SP 
to 20SP ratio is a cause or a consequence of the senescence process 
in plants is to test the timing of senescence in 26SP mutants that 
have decreased 26SP and increased 20SP activity. Accelerated 
senescence would indicate that optimal 26SP abundance needs 
to be maintained to prevent premature aging. Delayed senes-
cence on the other hand would suggest that the increased 20SP 
activity counteracts the aging process. The Arabidopsis rpn10-1 
proteasome mutant has a strong defect in 26SP-dependent pro-
teolysis and a strong upregulation of the free 20SP.14 Analyses of 

this mutant reveal a significant delay in both natural and artifi-
cially induced senescence (Fig. 2). While further investigations 
are needed to determine if the delay is caused by the 26SP to 
20SP shift, this observation however shows that contrary to ani-
mal species, reducing 26SP activity does not accelerate the aging 
process in plants. Furthermore, these results suggest that aging 
can be delayed by upregulating 20SP abundance.

Conclusions and Perspectives

One of the conclusions of the Arabidopsis proteasome mutant 
studies was that a mild loss of 26SP significantly impacts plant 
growth, implying that plants need to maintain an optimal 26SP 
activity level to ensure developmentally programmed cell division 
and expansion rates. A second conclusion was that loss of 26SP 
function is not a priori detrimental for plant survival because it 

Figure 2. Delayed senescence in the 26SP mutant rpn10-1. (A) Dark-
induced senescence. Cotyledons were detached from 5-days old wild 
type and rpn10-1 seedlings, and incubated in water in darkness for the 
designated time periods. Senescence was followed by measuring chloro-
phyll content of 10 cotyledons per time point. Total chlorophyll content 
was determined as in,38 and expressed as relative units (rel. units). Data 
are presented as mean ± SEM (n = 3). Insert shows cotyledons at the 
beginning of the experiment (start) and at 9 days into the treatment.  
(B) Senescence of siliques on inflorescences of wild type and rpn10-1. In-
dividual flowers were tagged at anthesis along the primary inflorescenc-
es of wild type and mutant plants. A series of siliques were collected 
according to the denoted days after anthesis (DAA).
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leads to increased 20SP biogenesis and thus, increased oxidative 
stress tolerance and possibly also longevity. Given its potential 
role in the development and stress responses of plants, it will be 

of interest to determine the 26SP to 20SP activity ratios in dif-
ferent parts of a plant, at different stages in development, and in 
response to different biotic and abiotic stress conditions.


