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BAK1 and BKK1 are two functionally redundant leucine-rich 
repeat receptor-like protein kinases (LRR-RLKs) involved in 
brassinosteroid signal transduction by their direct interactions 
with the BR receptor, BRI1. Recent studies from our group and 
others indicated that the two RLKs also play critical roles in 
regulating pathogen-related and pathogen-unrelated cell-death 
controls. Genetic data suggest that the two kinases are essential 
for plant survival because the double mutants show spontaneous 
cell-death and seedling lethality phenotypes. Physiological analyses 
further suggest that the cell-death of the double mutant is trig-
gered by the light, as dark-grown seedlings do not show any 
cell-death symptoms. These observations indicate that BAK1 and 
BKK1 regulate a novel signaling pathway to detoxify or to limit 
the production of a yet unknown toxin/toxins produced by plants 
under light conditions.

Plant receptor-like protein kinases (RLKs) are transmembrane 
proteins essential for cell-to-cell communications. A typical RLK 
is composed of a cell-surface receptor domain which can sense 
and perceive diversified signaling molecules within the extracel-
lular space, a transmembrane domain anchoring the protein to the 
plasma membrane, and a cytoplasmic kinase domain whose activity 
can often be regulated by the conformation change in the receptor 
domain upon the binding of the signaling molecules to the receptor. 
The unique structure of RLKs suggests that these kinases may act as 
key switches in triggering many signal transduction cascades which 
greatly influence plant growth and development. Recent studies 
support this notion, as the functions of more and more RLKs have 
been revealed, and these RLKs indeed play critical roles in mediating 
many physiological processes such as steroidal hormone action, 
pathogenesis responses, and recognition of various peptide signals.1-3 

There are more than 600 RLKs in the Arabidopsis genome.4,5 Based 
on the structure of the receptor domains, RLKs can be divided into 
more than 10 subfamilies. Among them, LRR-RLKs belong to the 
largest group consisting of at least 220 members. The functions of 
only a small fraction of RLKs have been revealed.

BAK1 is a typical LRR-RLK, identified via an activation tagging 
genetic screen for suppressors of a weak BR receptor (BRI1) mutant 
called bri1-5, and via a yeast two-hybrid screen for BRI1 kinase 
domain physical interactors.6,7 Although the detailed molecular 
mechanisms of BAK1 in activating the BR signaling pathway is 
still mysterious, the in vivo interaction between BAK1 and BRI1 is 
clearly ligand (BR)-dependent.8 The mutual phosphorylation of the 
two kinases is also BR-dependent.8 BKK1, the closest homolog of 
BAK1, was identified as a functionally redundant protein of BAK1.9 
Interestingly, the double null mutant of BAK1 and BKK1, bak1-4 
bkk1-1, did not show a typical bri1 phenotype but showed a sponta-
neous cell-death phenotype under a normal growth condition. This 
unexpected result suggests that BAK1 and BKK1 may have more 
roles than their functions in BR signal transduction. This hypothesis 
is supported by the recent discovery of BAK1 in mediating pathogen-
related signaling pathways in order to regulate innate immunity 
and cell-death control.10-12 The spontaneous cell-death seen in the 
bak1-4 bkk1-1 double mutant, however, is not caused by the chal-
lenges from pathogens;10 it is also unlikely to be the result from the 
disruption of the FLS2-dependent innate immunity pathway,11,12 
as overexpression or T-DNA disruption of the RLK gene, FLS2, 
does not show a phenotype similar to that of the bak1-4 bkk1-1 
double mutant. In addition, the cell-death phenotype of the double 
mutant occurs even in a sterile growth condition, suggesting that the 
pathogens are not the key triggers of cell-death in the bak1-4 bkk1-1 
double mutant. Early results indicated that the double mutant seed-
lings are indistinguishable from the wild-type seedlings during the 
first 4–5 days after germination but quickly show terminating growth 
and cotyledon necrosis phenotypes a week after germination.9 This 
observation prompted a test of whether light is a true trigger for 
cell-death seen in the double mutant. Both wild-type and the double 
mutant were planted in the dark and long-day lighting conditions. 
Cotyledons from eight-day-old seedlings were stained with Trypan 
blue to examine cell-death symptoms of the seedlings grown under 
different illumination conditions.13 Both the dark-grown wild-type 
and the double mutant seedlings showed no cell-death symptoms 
on their cotyledons at any time during a three-week experimental 
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period (Fig. 1A and B). Under a long-day lighting condition, on the 
other hand, cotyledons from the double mutant, but not from the 
wild-type, exhibited severe cell-death symptoms (Fig. 1C and D). 
Three weeks after germination, the double mutant seedlings growing 
under a long-day lighting condition was completely dead, the ones 
under the dark condition were still healthy and showed no cell-death 
symptoms (data not shown).

Based on our current results, it is apparent that the double mutant 
is more vulnerable to light. It is probable that the mutant lost its 
capability to detoxify or to restrict the production of an unknown 
toxin/toxins naturally generated by plants under a light condition. 
The wild-type plants may also produce the toxin/toxins, but BAK1 
and BKK1 can direct a signal transduction pathway to constantly 
check and eliminate extra amount of the toxin/toxins (Fig. 1E). 
Under a sterile growth condition, BAK1 and BKK1 are likely 
involved in both the BR signaling pathway to positively regulate 
cell growth and in a novel pathway to negatively control cell-death. 
Under normal environmental conditions (not sterile condition), 
BAK1 might also be recruited to participate in the innate immunity 
pathway via its interaction with FLS2 and other RLKs. Based on 
the model from the BRI1/BAK1 signal transduction, there might 
be another RLK which can pair with BAK1 or BKK1 in control-
ling the light-dependent cell-death process. An unknown “survival 
signal” could be an unknown metabolite or the toxin/toxins causing 
the cell-death. Under the current model, the “survival signal” may 
activate the BAK1- and BKK1-associated stress defense pathway and 
constantly check the levels of the light-dependent toxin/toxins in the 
plants. The homeostasis of the toxin/toxins is therefore strictly under 
control. If both BAK1 and BKK1 are removed, as in the case of the 
double mutant, the plant loses its capability to check the levels of the 
toxin/toxins. The uncontrolled accumulation of the toxin/toxins is 
likely the ultimate cause of the spontaneous cell-death observed in 
the double mutant.

Perspective

Elucidating the molecular mechanisms of the BAK1 and BKK1 
related cell-death control pathway will rely on future identification 
of the light-dependent toxin/toxins. It is possible that reactive oxygen 
species (ROS) are the toxins which caused the cell-death in the 
double mutant. ROS are highly reactive and toxic compounds which 
are principally generated by plants during light-dependent photo-
synthesis and photorespiration.14 ROS are composed of hydrogen 
peroxide (H2O2), singlet oxygen (1O2), superoxide anion (O2

-) and 
hydroxyl radical (HO). Although ROS are crucial for maintaining 
the redox homeostasis of cells, extra amount of ROS can cause irre-
versible cell-death. In addition, cell-death seen in the bak1-4 bkk1-1 
double mutant is always accompanied by uncontrolled accumulation 
of ROS.9 Future studies should be concentrated on demonstrating 
whether ROS are the authentic triggers of cell-death in the double 
mutant, or identifying the true toxin/toxins causing cell-death of the 
double mutant. Genetic analysis will be crucial for further defining 
this novel stress-related cell-death control pathway. A weak double 
mutant recently identified by our group will be an ideal tool to 
identify cell-death genetic suppressors (unpublished). Further studies 
on this subject should shed light into our understanding hormonal 
actions, plant stress tolerance and detailed molecular mechanisms of 
the interplay among several BAK1- and BKK1-regulated signaling 
pathways.

Figure 1. BAK1 and BKK1 regulate a light-dependent cell-death control path-
way. (A) A representative Trypan blue stained wild-type cotyledon from a dark 
grown seedling on a ½ MS plate; (B) A representative Trypan blue stained 
bak1-4 bkk1-1 cotyledon from a dark grown seedling on a ½ MS plate; (C) A 
representative Trypan blue stained wild-type cotyledon from a long-day light-
grown seedling on a ½ MS plate; (D) A representative Trypan blue stained 
bak1-4 bkk1-1 cotyledon from a long-day light-grown seedling on a ½ MS 
plate; (E) A hypothetical model of BAK1 and BKK1 in regulating both the BR 
signaling pathway to promote cell growth, and a novel light-dependent cell-
death control pathway to prevent plants from unnecessary cell-death. Under a 
light condition, plants naturally produce unknown toxins (phototoxins), whose 
accumulation can lead to the cell-death. BAK1 and BKK1 likely mediate a 
signaling pathway to constantly check and limit the levels of these toxins.
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