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KAR and SL Functions

Strigolactones (SL) exuded by roots stimulate the germination of 
seeds of parasitic plants and promote the formation of arbuscular 
mycorrhizae (AM).1,2 SL are also now recognized as important 
endogenous plant hormones that control seedling photomorpho-
genesis, shoot secondary thickening, shoot branching, lateral root 
growth and root hair formation.3-9 SL biosynthesis is stimulated 
by deficiency of soil phosphate and other nutrients, and therefore 
participates in the adaptation of root development and the forma-
tion of symbiotic associations to redress the deficiency.10,11 Karrikins 
(KAR) are found in smoke from burning vegetation.12,13 They con-
tain a substituted butenolide moiety similar to SLs (Fig. 1), and 
they stimulate seed germination and control seedling photomor-
phogenesis, but they are not active in AM formation or shoot lateral 
bud outgrowth.14-16 Not only do SL and KAR exert similar effects 
on seeds and seedlings, but each acts through the same F-box pro-
tein (MAX2 in Arabidopsis) and members of a small α/β-hydrolase 
family.17,18 These observations tell us that SL and KAR have the same 
fundamental molecular mode of action. However, SL and KAR 
can be distinguished by different members of the α/β-hydrolase 
family in Arabidopsis,18 and seeds and seedlings of different species 
respond preferentially to either SL or KAR.15 These observations 
imply that specific proteins can discriminate between SL and KAR.

SL Structure-Activity Relationships

There have been several decades of research to elucidate the 
structure-activity relationships (SAR) of SL.10,19 This has been 
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driven in large part by the goal of creating cheap and effective 
synthetic analogs that could be used in agriculture to stimulate 
the suicidal germination of seeds of parasitic species within the 
Orobanchaceae.10,19 This research has led to the invariant conclu-
sion that the butenolide D-ring is essential for SL activity.19 In early 
research on the reactivity of the SL analog GR24, Zwanenburg 
and colleagues19-21 demonstrated addition of a nucleophile in 
a Michael fashion to the enol-ether moiety bridging the ABC 
and D rings, resulting in the attachment of the nucleophile to 
the ABC moiety while releasing the butenolide D-ring (Fig. 2 
and mechanism 1). They proposed that SLs could mediate their 
effects through such a reaction. However more recent studies of 
Zwanenberg and Mwakaboko22 and Fukui et al.23 show that the 
enol-ether functionality is not required for SL activity. Analogues 
1 and 2 (Fig. 1) lack the α/β-unsaturated functionality, but 1 is 
active in seed germination of Striga hermonthica and Orobanche 
cernua,24 while 2 is active in repression of shoot branching in 
the rice d10–1 mutant.23 These new analogs, in common with 
other SL, are characterized by an effective leaving group at C5 of 
the D-ring. Zwanenburg and Mwakaboko22 therefore proposed 
an alternative Michael addition (Fig. 2 and mechanism 2) based 
specifically on nucleophilic attack at C4 of the D-ring, resulting 
in the release of the leaving group at C5 (i.e., the ABC rings of 
natural SL).

KAR Structure-Activity Relationships

In parallel there has been extensive research into SAR of KAR as 
a germination stimulant in smoke-responsive species including 
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pyran ring can undergo a Michael addition at C5, partial or com-
plete saturation of the pyran moiety reduces but does not elimi-
nate activity of the molecule, implying that KAR action does not 
proceed through a Michael addition at C5 of the pyran.27 Instead 
Scaffidi et al.27 propose that the pyran moiety creates an elec-
tronic effect that renders the butenolide susceptible to nucleo-
philic attack at the carbonyl group. Since a single α/β-hydrolase 
(KAI2) is active with both KAR and SL in Arabidopsis at least,18 
we propose that the molecular mode of action of both types of 
molecule involves nucleophilic attack on the common carbonyl 
group of the butenolide (Fig. 2 and mechanism 3), followed by 
hydrolysis of the resulting intermediate.27 Such a mechanism 
operating on SL will liberate 5-hydroxy-3-methyl-butenolide and 
release of the ABC rings (or other leaving group in the case of 
other active analogs). However, in the case of KAR, the pyran 
moiety does not function as a leaving group,27 and therefore it 
is proposed that the product of hydrolase activity on KAR will 
spontaneously eliminate water to recreate the original KAR mol-
ecule. Together with the fact that the D-ring structure alone is 
not active as a SL,14,19 we conclude that the process of nucleo-
philic attack on the butenolide of SL and KAR is essential for 
activity, rather than the products of the reaction.

The Role of α/β-Hydrolase Family Members

In Arabidopsis the α/β-hydrolase protein family participating in 
SL and KAR action comprises three members: AtD14, KAI2 and 
DLK2.18 The AtD14 gene is the ortholog of the rice OsD14 gene, 
and this gene is required for the SL-mediated inhibition of lateral 
shoot outgrowth in both species.17,18 KAR is not active in the con-
trol of shoot branching in Arabidopsis or pea,16 suggesting that 
AtD14 can distinguish KAR from SL. In contrast, the AtD14 
paralogue KAI2 is preferentially expressed in seeds and seedlings 
where it functions with either SL or KAR to stimulate germina-
tion and photomorphogenesis.18 The function of DLK2, more 
closely related to D14 than KAI2, is currently unknown. While 
there is no evidence as yet that these α/β-hydrolases mediate SL 
responses in parasitic weeds, in Arabidopsis it appears that all 
responses to KAR and SL operate through AtD14 and/or KAI2, 
as the Atd14 kai2 double mutant phenocopies the max2 mutant 
and is insensitive to both classes of compound.18

The discovery that compound 2 is active in shoot repression 
in rice but not in germination of parasitic weed seeds23 led us to 
question if it is active in Arabidopsis seedlings and whether it 
acts through AtD14 or KAI2. We have developed a convenient 
bioassay for the activity of KAR, SL and their analogs based 
on the inhibition of hypocotyl elongation.7 This system has the 
advantage of comparing the relative contribution of AtD14 and 
KAI2 in the response to each compound in a single assay sys-
tem, but future research will be needed to extend these findings 
to parasitic plant seed germination. Seedlings were grown for 
four days in red light in the presence of 1 μM KAR

1
, 1 μM 

GR24 or 1 μM 2, and hypocotyl lengths were measured (Fig. 
3). GR24 and 2 were equally effective in repression of hypocotyl 
growth in Ler and Col ecotypes, but were completely inactive 
in max2 as expected (Fig. 3). GR24 and 2 were both partially 

Solanum orbiculatum and Lactuca sativa (cv Grand Rapids). This 
work has led to the conclusion that while the pyran moiety is 
important, it can tolerate slight modification, particularly to the 
C5 position as well as conservative substitutions such as replace-
ment of O6 with N.25,26 A new study now shows that while the 

Figure 1. Karrikin (KAr1) and active strigolactone analogs. natural SLs 
have a four-ring structure exemplified here by the artificial SL Gr24. 
the D-ring (butenolide moiety) is essential for activity of all SL analogs. 
Small numbers identify atoms mentioned in the text. Compounds 1 
and 2 were originally described by mwakaboko and Zwanenburg24 and 
Fukui et al.23 respectively.

Figure 2. Potential nucleophilic attack on the artificial SL Gr24. 
mechanisms indicated by 1 and 2 were proposed by Zwanenburg and 
colleagues;22,32 mechanism 3 was proposed by Scaffidi et al.27 Attack at 
any of the three C atoms would be predicted to result in separation of 
the ABC rings from the D ring.
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This hypothesis is now amenable to testing. A striking conclusion 
from this proposed mode of action is that SL molecules would be 
destroyed by hydrolysis whereas KAR molecules would not.
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active in kai2 and d14 mutants although 2 was much less effec-
tive than GR24 in kai2 seedlings. All molecules were inactive 
in a kai2 d14 double mutant. We conclude that the SL mimic 
2 is very active in Arabidopsis seedlings and, like KAR, acts 
preferentially through KAI2 rather than D14. However, unlike 
KAR it can also operate through either protein in a partially 
redundant manner, as does GR24.18 The fact that 2 is a potent 
shoot branching inhibitor in rice suggests that 2 is an effective 
SL analog that operates via D14; however, at the same time, 
2 is a relatively weak germination stimulant compared with 
GR24 in Striga hermonthica.23 This apparent contradiction 
may indicate that parasitic weeds have evolved highly specific 
responses to natural SLs, while D14-dependent inhibition of 
branching in rice is a less discriminatory process. Accordingly, 
direct comparisons between species and experimental systems of 
how each protein may mediate activity are not straightforward. 
Nevertheless, in Arabidopsis seedlings at least, KAR, SL and 
their analogs such as 2 and GR24 are all active via KAI2. This 
protein now provides a focal point for the elucidation of the 
mode of action of these butenolides.

Proposed Mode of Action

The action mechanism of α/β-hydrolases typically involves an 
Asp-His-Ser catalytic triad that creates an electron relay system 
to establish the serine oxygen as a strong nucleophile.28,29 We 
therefore hypothesize that SL and KAR mode of action involves 
nucleophilic attack by the serine oxygen on the butenolide car-
bonyl group. Modeling of the KAI2 protein structure against 
that of RsbQ30 suggests that KAR is readily accommodated in its 
active site with the butenolide and serine moieties juxtaposed.27

In order to trigger an intracellular signal we speculate that this 
reaction could induce a conformational change in KAI2, analo-
gous to the conformational change induced by gibberellin bind-
ing to its receptor GID1, also an α/β-hydrolase-like protein.31

Figure 3. Butenolide-mediated inhibition of Arabidopsis hypocotyl 
growth is dependent on KAi2 and AtD14. Seedlings were grown under 
red light for four days on 0.5x mS medium supplemented with 1 μm 
KAr1, 1 μm Gr24 or 1 μm 2. Seedlings were photographed and hypo-
cotyls measured using imageJ software. Data are means ± st. dev. (n = 
20 seedlings per sample).
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