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            Abstract
The phytohormone auxin is the major coordinative signal in plant development1, mediating transcriptional reprogramming by a well-established canonical signalling pathway. TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AUXIN-SIGNALING F-BOX (AFB) auxin receptors are F-box subunits of ubiquitin ligase complexes. In response to auxin, they associate with Aux/IAA transcriptional repressors and target them for degradation via ubiquitination2,3. Here we identify adenylate cyclase (AC) activity as an additional function of TIR1/AFB receptors across land plants. Auxin, together with Aux/IAAs, stimulates cAMP production. Three separate mutations in the AC motif of the TIR1 C-terminal region, all of which abolish the AC activity, each render TIR1 ineffective in mediating gravitropism and sustained auxin-induced root growth inhibition, and also affect auxin-induced transcriptional regulation. These results highlight the importance of TIR1/AFB AC activity in canonical auxin signalling. They also identify a unique phytohormone receptor cassette combining F-box and AC motifs, and the role of cAMP as a second messenger in plants.
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                    Fig. 1: TIR1/AFB auxin receptors have AC activity.[image: ]


Fig. 2: The C-terminal AC motif is responsible for the AC activity of TIR1/AFB.[image: ]


Fig. 3: Auxin perception enhances the AC activity of TIR1/AFB receptors.[image: ]


Fig. 4: TIR1 AC activity contributes to auxin-induced root growth inhibition and transcriptional responses.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Additional data to support the AC activity of TIR1/AFBs.
a-b, E. coli complementation assay showing that AFB1 and AFB5 have AC activity. The AC deficient SP850 strain was complemented with the empty vector (pGEX-4T-1), the positive control (HpAC1), and TIR1/AFBs. Red colour of the MacConkey Agar indicates the presence of AC activity (a). Western blot result shows that only AFB1 and AFB5 can be visibly detected among the 6 members of TIR1/AFBs. Ponceau staining of the same membrane was used as the loading control. For gel source data, see Supplementary Fig. 1. The experiments were repeated twice independently with similar results. c, Michaelis-Menten kinetics for the AC activity of GST-AFB1 purified from E. coli. cAMP level after reaction was quantified by LC-MS/MS. S, substrate; V, velocity. For each data point, means ± SD from 3 biological replicates are shown. d, Representative LC-MS/MS spectrum showing the detection of cAMP after the in vitro AC activity assay for His-GFP-FLAG-TIR1 purified from Sf9 insect cells.
Source data


Extended Data Fig. 2 Gel images showing the purity of all the proteins used.
a, GST-AFB5. b, GST-AFB1. c, His-GFP-FLAG-TIR1. d, GST-PpAFB1. e, GST-PpAFB2. f, GST-PpAFB3. g, GST-PpAFB4. h, GST-AFB5ACm1/m2/m3. i, GST-TIR1ΔNT. j, GST-TIR1ΔNT-ACm1/m2/m3. k, AFB5 after cleavage of GST tag. l, IAA7 after cleavage of GST tag. m, IAA17 after cleavage of GST tag. His-GFP-FLAG-TIR1 was purified from Sf9 insect cells. All the other proteins were purified from BL-21 E. coli cells. Proteins were separated on SDS-PAGE gels and the gels were stained with Coomassie Brilliant Blue. The experiment was repeated twice with similar results.


Extended Data Fig. 3 AC activity is conserved in TIR1/AFBs orthologues from Physcomitrella.
a, Alignment of the C-terminal protein sequences of TIR1/AFBs together with their orthologues from Physcomitrella. Note the AC motif is highly conserved in all the sequences. Only the first amino acid is a bit more relaxed. b, TIR1/AFBs orthologues from Physcomitrella have AC activity. GST-tagged PpAFBs were purified from E. coli. In vitro AC activity assay was performed with GST as the negative control. cAMP level after reaction was quantified using LC-MS/MS. The values shown are means ± SD from 3 biological replicates. One-way ANOVA and Dunnett’s multiple comparisons test were performed. Asterisks indicate significant difference between the corresponding group and the negative control (GST). ** p ≤ 0.01 (p = 0.0034); **** p ≤ 0.0001.
Source data


Extended Data Fig. 4 Protein structure of TIR1-IAA-Aux/IAA complex and ribbon structure showing ATP docking.
a, Protein structure of TIR1-IAA-Aux/IAA complex showing the spatial position of the C-terminal AC motif. Different parts were labelled as different colours. Dark green, ASK1; Red, TIR1; White, C-terminal AC motif; Blue, IAA7 peptide; Yellow, InsP6 (inositol hexakisphosphate); Green, IAA. b, Ribbon structure showing the interaction of ATP with the key amino acids of the AC motif. AC center was labelled in magenta. E554 is the residue identified for m1 in Fig. 1a, R566 for m2, and D568 for m3. Note that V84 from the Aux/IAA degron restricts the space available to ATP.


Extended Data Fig. 5 Auxin perception enhances the AC activity of AFB5.
In vitro AC activity assay for AFB5 in the presence of 10 µM IAA, IAA7, IAA17 and the indicated combinations, followed by cAMP quantification using LC-MS/MS. Tag-cleaved clean proteins were used for this experiment. Data are presented as means ± SD from 3 biological replicates. One-way ANOVA and Tukey’s multiple comparisons test were performed. Asterisks indicate significant difference between the corresponding group and Control. ** p ≤ 0.01 (p = 0.0022); **** p ≤ 0.0001.
Source data


Extended Data Fig. 6 Delayed requirement of the AC activity in root growth regulation.
a, Loss of AC activity does not affect cvxIAA/ccvTIR1-induced root growth inhibition within the first hour. A vRootchip experiment was performed with the transgenic lines indicated, and the images were captured with a time interval of 1 min. Mock medium was changed to medium containing 500 nM of cvxIAA at 40 min. Root growth rate was normalized to the starting point of the respective group. The values shown are means + SD. n = 4 or 5 seedlings. The experiment was repeated twice independently with similar results. b, Resistance of ccvTIR1ACm1 to cvxIAA-triggered root growth inhibition occurs only after 1 h of treatment. Vertical scanner growth assay was performed to track the root growth dynamics. Five-days-old seedlings of the indicated genotypes were transferred to either Mock medium or medium containing 200 nM of cvxIAA. Images were taken every 30 min. Root growth rate was measured. The values shown are means + SD. n = 10 seedlings. The experiment was repeated twice independently with similar results.
Source data


Extended Data Fig. 7 TIR1 AC activity is not crucial for rapid auxin responses.
a, cvxIAA triggers similar Ca2+ spikes in the ccvTIR1 and ccvTIR1ACm1 lines. The calcium sensor GCaMP3 was crossed to the indicated transgenic lines. Five-days-old F1 seedlings were used for vRootchip experiment, and the images were captured with a time interval of 15 s. Mock medium was changed to medium containing 500 nM of cvxIAA at 10 min. The fluorescence signal in the epidermal cells of root elongation zone was quantified, and was normalized to the average value of time points before treatment. The values shown are means + SD. n = 4 seedlings. The experiment was repeated twice independently with similar results. b, Auxin-induced apoplastic alkalinisation is not changed in the TIR1ACm1 line. Five-days-old seedlings of the indicated genotypes were used for vRootchip experiment. Mock medium was changed to medium containing 10 nM of IAA at 11 min. Ratiometric (488 nm/405 nm) imaging of HPST staining was used to measure apoplastic pH in the epidermal cells of root elongation zone. The values shown are means + SD normalized to the average of those time points before treatment. n = 3 or 4 seedlings. The experiment was repeated twice independently with similar results.
Source data
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