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Supplementary Figure 3

seedlings of lateral root density analysis. | he root and shoot were separated
and lateral roots were spreaded to determine initiation sites of lateral roots.
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Supplementary Figure 4
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Suppl. Figure 4: Overview of EXP7
expression. These lines were used to analyze
root hair cell fate change caused by absence of
Tyr-sulfated peptides. EXP7 is a marker gene
for cells already determined as trichoblasts.
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Supplementary Figure 5
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Suppl. Figure 5: The position-dependent root hair cell fate
determination is changed due to lack of sulfated peptides, but
expression of SCM and JKD are not significantly altered. (a-b) Cross
sections of GUS-stained seedlings grown on plates for 5 days. Arrows
indicate ,wrongly“ pEXP7:GUS-expressing cells which are in the N-position.
Red coloured ,H* marks a cell, which is in the H position but is not expressing
PEXP7:GUS. (c-d) Quantitative transcription analysis by gPCR in 5-day-old
seedlings of various genotypes and treatment of (¢c) LRR-RLK SCRAMBLED
(SCM) and zinc-finger transcription factor JACKDAW (JKD).(d) Transcript
level of EXPANSIN7 (EXP7) seems to be affected by other processes than
only root hair formation. PSK treatment of wild type seedlings causes root
elongation and no change in root hair formation but EXP7 transcript level is
increased. EXP7 seems to be involved in cell wall loosening for cell
elongation caused by PSK. Indeed, Yu et al. (2016) report upregulation of
several members of the Expansin protein family by overexpression of PSK4.
n=6 Kruskal-Wallis p<0.05.

Reference:

Yul, LiuY, LiuY, Li Q Tang G, Luo L. 2016. Overexpression of phytosulfokine-a
induces male sterility and cell growth by regulating cell wall development in Arabidopsis.
Plant Cell Reports.
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Supplementary Figure 6
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Suppl. Figure 6: In silico docking results of ClusPro2.0. (a-c) The
PSKR1 aC-helix (red) is involved in the PSKR1 (grey) and BAK1 (deepblue)
binding interface. Protein models are shown as cartoon with the protein
surface as mesh. (d) Calculated scores for ClusPro docking models shown in
(a) model 0, (b) model 1 and (c) model 2 with respective cluster population
member size and their weighted score by PIPER, whereby highest model
probability is proportional with the biggest cluster size (model 0).
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Supplementary Table 1
Suppl. Table 1: PSKR1 Phospho site evidences found by mass spectrometry.
- o - o . highest
Peptide sequence (localization probabilities of P-sites in brackets) P-site Lp
PSKR1 (1) - autophosphorylation sites
774 _EFEAEVET(ph)LSR_784 T781 n.a.
860_DIKS(ph)SNILLDENFNSHLADFGLAR_883 S863 n.a.
860 _DIKSS(ph)NILLDENFNSHLADFGLAR_883 S864 n.a.
884 |LMS(0.234)PY(0.179)ET(0.179)HVS(0.204)T(0.204)DLVGTLGYIPPEYGQASVATYK_916 S886 | 0.234
884 _|LMS(0.297)PY/(0.242)ET(0.268)HVS(0.094)T(0.094)DLVGT(0.004)LGY(0.001)IPPEYGQASVA
TYK 916 S886 | 0.297
884_LMS(0.35)PY(0.249)ET(0.295)HVS(0.049)T(0.057)DLVGTLGYIPPEYGQASVATYK_916 S886 | 0.35
884 LMS(0.499)PY(0.001)ET(0.499)HVSTDLVGTLGYIPPEYGQASVATYK_916 S886 | 0.499
884_LMS(0.079)PY(0.344)ET(0.418)HVS(0.079)T(0.079)DLVGTLGYIPPEYGQASVATYK_916 T890 | 0.418
884_LMS(0.072)PY(0.36)ET(0.423)HVS(0.072)T(0.072)DLVGTLGYIPPEYGQASVATYK_916 T890 | 0.423
884_LMS(0.041)PY(0.232)ET(0.26)HVS(0.232)T(0.232)DLVGT(0.002)LGYIPPEYGQASVATYK 91 | o000 | o oe
6 .
884 LMS(0.216)PY(0.315)ET(0.373)HVS(0.079)T(0.017)DLVGTLGYIPPEYGQASVATYK 916 T890 | 0.373
884 |LMS(0.39)PY/(0.333)ET(0.36)HVS(0.45)T(0.45)DLVGT(0.014)LGY(0.002)IPPEYGQASVATYK [S886,S8| 0.39,
916 93 0.45
884 |LMS(0.209)PY(0.158)ET(0.182)HVS(0.209)T(0.242)DLVGTLGYIPPEYGQASVATYK_916 T894 | 0.242
884_LMS(0.052)PY(0.188)ET(0.216)HVS(0.249)T(0.287)DLVGT(0.009)LGYIPPEYGQASVATYK_9 T894 | 0.287
16 )
994 QRPT(0.443)T(0.557)QQLVSWLDDV_1008 T998 | 0.557
PSKR1 (2) - autophosphorylation sites R-site h'thsSt
884 |LMS(0.055)PY(0.217)ET(0.242)HVS(0.242)T(0.242)DLVGT(0.001)LGYIPPEYGQASVATYK_9 0.242
16 T890 )
884 |LMS(0.361)PY(0.339)ET(0.361)HVS(0.464)T(0.464)DLVGT(0.008)LGY(0.003)IPPEYGQASVA | S886, | 0.361,
TYK 916 S893 | 0.464
954 MKHES(0.997)RAS(0.003)EVFDPLIYSK_971 0.997
954 MKHES(0.986)RAS(0.014)EVFDPLIYSK_971 sosg | 0-986
954_MKHES(0.984)RAS(0.016)EVFDPLIYSK_971 0.984
954 MKHES(0.5)RAS(0.5)EVFDPLIYSK 971 0.5
951_VVKMKHES(0.489)RAS(0.511)EVFDPLIY_969 S961 0.511
951 VVKMKHES(0.405)RAS(0.595)EVFDPLIY_969 0.595
BAK1 > PSKR1* (1) - transphosphorylation sites Pisite hlgilsst
774 _EFEAEVET(0.743)LS(0.257)R_784 T781 | 0.783
860_DIKS(0.959)S(0.041)NILLDENFNSHLADFGLAR_883 S863 | 0.959
860_DIKS(0.249)S(0.751)NILLDENFNSHLADFGLAR_883 S864 | 0.751
884_LMS(0.334)PY(0.254)ET(0.291)HVS(0.056)T(0.064)DLVGTLGYIPPEYGQASVATYK_916 S886 | 0.334
884 LMSPYET(ph)HVSTDLVGTLGYIPPEYGQASVATYK_916 T890 | n.a.
884_LMS(0.018)PY(0.053)ET(0.063)HVS(0.187)T(0.668)DLVGT(0.01)LGYIPPEYGQASVATYK_91 T894 | 0.668
6 .
884 LMSPYETHVST(ph)DLVGTLGYIPPEYGQASVATYK 916 T894 n. a.
994 QRPTT(ph)QQLVSWLDDV 1008 T998 n. a.
BAK1 > PSKR1* (2) - transphosphorylation sites Ptsite hlgilsst
716 _QSNDKELSYDDLLDS(0.425)T(0.425)NS(0.151)FDQANIIGCGGF_745 S730 | 0.425
716_QSNDKELSYDDLLDS(0.333)T(0.333)NS(0.333)FDQANIIGCGGF_745 S733 | 0.333
764_LSGDCGQIEREFEAEVET(0.984)LS(0.016)R_784 T781 | 0.984
848 LHEGCDPHILHRDIKS(0.5)S(0.5)NILLDENFNSHLADF_879 0.5
860_DIKS(0.997)S(0.003)NILLDENFNSHLADFGLAR_883 S863 | 0.997
860 _DIKS(0.989)S(0.011)NILLDENFNSHLADFGLAR_883 0.989
860 _DIKS(0.007)S(0.993)NILLDENFNSHLADFGLAR_883 S864 | 0.993
863_SSNILLDENFNS(1)HLADFGLAR_883 S874 1
884_LMS(0.343)PY(0.264)ET(0.301)HVS(0.043)T(0.049)DLVGTLGYIPPEYGQASVATYK_916 S886 | 0.343
884_LMS(0.117)PY(0.09)ET(0.103)HVS(0.367)T(0.321)DLVGT(0.002)LGYIPPEYGQASVATYK_91 s893 | 0367
6 .
951_VVKMKHES(0.405)RAS(0.595)EVFDPLIY_969 S961 | 0.595
960_ASEVFDPLIYS(1)KENDKEMFR_979 S970 1
960 _ASEVFDPLIYS(1)KENDKEMFR_979 1
994 QRPT(0.284)T(0.716)QQLVSWLDDV 1008 T998 | 0.716
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Supplementary Table 2
Suppl. Table 2 : PSKR2 Phospho site evidences found by mass spectrometry.
. - - . . highest
Peptide sequence (localization probabilities of P-sites in brackets) P-site Lp
PSKR2 (1) - autophosphorylation sites
not analyzed
PSKR2 (2) - autophosphorylation sites Ptsite hlgﬂgﬁ
706_DVDDRINDVDEET(1)ISGVSK_724 1
705_KDVDDRINDVDEET(1)ISGVSK_724 T718 1
705_KDVDDRINDVDEET(0.997)IS(0.003)GVSK_724 0.997
711_INDVDEET(0.841)IS(0.152)GVS(0.007)K_724 0.841
706_DVDDRINDVDEETIS(1)GVSK_724 S720 1
711_INDVDEETISGVS(1)KALGPSK_730 1
705_KDVDDRINDVDEETISGVS(1)K_724 1
705_KDVDDRINDVDEETISGVS(1)K_724 1
706_DVDDRINDVDEETISGVS(1)KALGPSK_730 S723 1
706_DVDDRINDVDEETISGVS(1)KALGPSK_730 1
706_DVDDRINDVDEETIS(0.004)GVS(0.996)K_724 0.996
706_DVDDRINDVDEETIS(0.003)GVS(0.995)KALGPS(0.001)K_730 0.995
711 INDVDEETIS(0.005)GVS(0.995)KALGPSK_730 0.995
735_HSCGCKDLSVEELLKS(0.135)T(0.802)NNFS(0.062)QANIIGCGGF_765 T751 0.802
735_HSCGCKDLSVEELLKS(0.423)T(0.546)NNFS(0.03)QANIIGCGGF_765 0.546
900_GLARLLRPY(0.003)DT(0.947)HVT(0.041)T(0.009) DLVGTLGY_922 0.947
904_LLRPY(0.001)DT(0.947)HVT(0.026)T(0.026)DLVGTLGYIPPEYSQSLIATCR_936 0.947
904_LLRPY(0.026)DT(0.727)HVT(0.12)T(0.12)DLVGT(0.007)LGYIPPEYSQSLIATCR_936 T910 0.727
904_LLRPY(0.115)DT(0.429)HVT(0.36)T(0.091)DLVGT(0.004)LGY(0.001)IPPEYSQSLIATCR_936 0.429
904_LLRPY(0.004)DT(0.356)HVT(0.307)T(0.307)DLVGT(0.012)LGY(0.011)IPPEYS(0.001)QS(0.00 0.356
1)LIAT(0.001)CR_936 )
T910, | 0.951,
904_LLRPY(0.041)DT(0.951)HVT(0.444)T(0.564)DLVGTLGYIPPEYSQSLIATCR_936 To914 | 0564
904_LLRPY(0.085)DT(0.884)HVT(0.558)T(0.474)DLVGTLGYIPPEYSQSLIATCR_936 1.;_99103 %285‘;
904_LLRPYDT(0.014)HVT(0.936)T(0.05)DLVGTLGYIPPEYSQSLIATCR_936 0.936
904_LLRPY(0.001)DT(0.171)HVT(0.657)T(0.171)DLVGTLGYIPPEYSQSLIATCR_936 T913 | 0.657
909_DT(0.113)HVT(0.466)T(0.414)DLVGT(0.005)LGY(0.001)IPPEYSQSLIATCRGDVY_940 0.466
909_DT(0.009)HVT(0.151)T(0.839)DLVGT(0.001)LGY_922 0.839
904_LLRPYDT(0.011)HVT(0.203)T(0.779)DLVGT(0.007)LGYIPPEYSQSLIATCR_936 T914 0.779
904_LLRPYDT(0.014)HVT(0.217)T(0.769)DLVGTLGYIPPEYSQSLIATCR_936 0.769
904_LLRPY(0.216)DT(0.264)HVT(0.242)T(0.264)DLVGT(0.013)LGY(0.002)IPPEYSQSLIATCR_936 0.264
904_LLRPYDT(0.048)HVT(0.166)T(0.782)DLVGT(0.004)LGYIPPEY(0.007)S(0.835)QS(0.155)LIAT( | T914, | 0.782,
0.004)CR_936 S928 | 0.835
904_LLRPYDTHVTTDLVGTLGYIPPEY(0.074)S(0.762)QS(0.16)LIAT(0.004)CR_936 S928 | 0.762
961_GKS(1)CRDLVSR_970 S963 1
966_DLVS(1)RVFQMK_975 S969 1
980_EAELIDT(0.998)T(0.002)IRENVNER_995 T986 0.998
980 EAELIDT(0.845)T(0.155)IRENVNER_995 0.845
BAK1 > PSKR2* (1) - transphosphorylation sites Psite hlgﬂgﬁ
706_DVDDRINDVDEET(0.999)IS(0.001)GVSK_724 0.99
706_DVDDRINDVDEET(0.999)IS(0.001)GVSK_724 T718 0.99
711_INDVDEET(1)ISGVSK_724 1.00
705_KDVDDRINDVDEET(1)ISGVSK_724 1.00
706_DVDDRINDVDEETIS(1)GVSK_724 1.00
706_DVDDRINDVDEET(0.018)IS(0.938)GVS(0.044)K_724 S720 0.93
705_KDVDDRINDVDEET(0.029)1S(0.963)GVS(0.008)K_724 0.96
711_INDVDEET(0.215)IS(0.782)GVS(0.003)K_724 0.78
711_INDVDEET(0.037)IS(0.081)GVS(0.883)K_724 S723 | 0.83
750_S(0.308)T(0.308)NNFS(0.384)QANIIGCGGFGLVYK_770 S755 | 0.38
794_EFQAEVEALS(1)R_804 S803 1.00
794 _EFQAEVEALS(1)RAEHK_808 1.00
880_DVKS(0.5)S(0.5)NILLDEKFEAHLADFGLAR_903 S883 | 0.50
904_LLRPY(0.148)DT(0.473)HVT(0.171)T(0.171)DLVGT(0.036)LGY(0.002)IPPEYSQSLIATCR_936 | T910 0.47
904_LLRPY(0.005)DT(0.1)HVT(0.634)T(0.23)DLVGT(0.028)LGY(0.002)IPPEYSQSLIATCR_936 T913 0.63
904_LLRPY(0.047)DT(0.271)HVT(0.339)T(0.339)DLVGT(0.005)LGYIPPEYSQSLIATCR_936 T914 | 0.34
980_EAELIDT(0.996)T(0.004)IRENVNER_995 T986 0.97
980 _EAELIDT(0.845)T(0.155)IRENVNER_995 0.85
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Suppl. Table 2 (continued) : PSKR2 Phospho site evidences found by mass spectrometry.

Peptide sequence (localization probabilities of P-sites in brackets) P-site h'QSSSt
BAK1 > PSKR2* (2) - transphosphorylation sites site hlgﬂSSt
706_DVDDRINDVDEET(1)ISGVSK_724 1
706_DVDDRINDVDEET(1)ISGVSK_724 1
711_INDVDEET(1)ISGVSK_724 T718 1
705_KDVDDRINDVDEET(1)ISGVSK_724 1
705_KDVDDRINDVDEET(0.998)IS(0.002)GVSK_724 0.998
706_DVDDRINDVDEET(0.001)IS(0.999)GVSK_724 0.999
711_INDVDEET(0.007)IS(0.935)GVS(0.058)K_724 S720 | 0.935
705_KDVDDRINDVDEET(0.075)1S(0.923)GVS(0.002)K_724 0.923
706_DVDDRINDVDEETISGVS(1)KALGPSK_ 730 S723 1
731 _IVLFHSCGCKDLS(1)VEELLK 749 S743 1
735_HSCGCKDLSVEELLKS(0.685)T(0.315)NNF_754 5750 | 0685
735 _HSCGCKDLSVEELLKS(0.5)T(0.5)NNF_754 0.5
735_HSCGCKDLSVEELLKS(0.139)T(0.861)NNFSQANIIGCGGF_765 1751 | 0861
735_HS(0.001)CGCKDLS(0.001)VEELLKS(0.495)T(0.495)NNFS(0.008)QANIIGCGGF_765 0.495
750_STNNFS(1)QANIIGCGGFGLVYK_770 5755 1
735 _HSCGCKDLSVEELLKS(0.054)T(0.054)NNFS(0.892)QANIIGCGGF_765 0.892
794 _EFQAEVEALS(1)RAEHKNLVSLQGYCK_818 1
794 _EFQAEVEALS(1)RAEHK_808 1
794 EFQAEVEALS(1)RAEHK_808 S803 1
794 _EFQAEVEALS(1)RAEHKNLVSLQGYCK_818 1
796 _QAEVEALS(0.997)RAEHKNLVS(0.003)LQGY_816 0.997
380 DVKS(0.958)S(0.042)NILLDEKFEAHLADFGLAR 903 S883 | 0.958
880_DVKS(0.032)S(0.968)NILLDEKFEAHLADFGLAR_903 S884 0.968
880 _DVKS(0.034)S(0.966)NILLDEKFEAHLADFGLAR_903 0.966
004 LLRPYDT(0.89)HVT(0.104)T(0.006)DLVGTLGYIPPEYSQSLIATCR_936 T910 | 0.89
904_LLRPY(0.061)DT(0.915)HVT(0.472)T(0.553)DLVGTLGYIPPEYSQSLIATCR_936 Tot0. | oo
904 _LLRPY(0.235)DT(0.701)HVT(0.357)T(0.688)DLVGT(0.019)LGYIPPEYSQSLIATCR_936 To14 %Z%Jé
004 LLRPYDT(0.002)HVT(0.76)T(0.193)DLVGT(0.045)LGYIPPEYSQSLIATCR_936 1913 | 076
004 LLRPY(0.001)DT(0.022)HVT(0.488)T(0.488)DLVGTLGYIPPEYSQSLIATCR_936 0.488
004 LLRPYDT(0.019)HVT(0.16)T(0.819)DLVGT(0.001)LGYIPPEYSQSLIATCR_936 To14 | 0819
004 LLRPY(0.005)DT(0.097)HVT(0.377)T(0.52)DLVGT(0.002)LGYIPPEYSQSLIATCR 936 0.52
004 LLRPY(0.001)DT(0.053)HVT(0.053)T(0.071)DLVGT(0.822)LGYIPPEYSQSLIATCR_936 To19 | 0822
904 LLRPYDTHVT(0.002)T(0.001)DLVGT(0.995)LGY(0.001)IPPEYSQSLIATCR_936 0.995
004 LLRPYDTHVTTDLVGTLGYIPPEY(0.711)S(0.204)QS(0.084)LIATCR_936 Y927 | 0.711
004 LLRPYDTHVTTDLVGTLGY/(0.003)IPPEY/(0.155)S(0.472)QS(0.368)LIAT(0.001)CR_936 S928 | 0.472
080 EAELIDT(0.801)T(0.199)IRENVNER 995 T986 | 0.801
080 EAELIDT(0.01)T(0.99)IRENVNER_995 0.99
980_EAELIDT(0.022)T(0.978)IRENVNER_995 T987 | 0.978
080 EAELIDT(0.751)T(0.249)IRENVNER_995 0.751
980 EAELIDT(0.001)T(0.005)IRENVNERT(0.994)VLEMLEIACK 1006 T996 | 0.994
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Supplementary Table 3
Suppl. Table 3 : BAK1 Phospho site evidences found by mass spectrometry.
Peptide sequence (localization probabilities of P-sites in brackets) P-site highest LP

BAK1 (1) - autophosphorylation sites (if incubated t ogether with PSKR1%)
P81 _ELQVAS(ph)DNFS(ph)NKNILGR_297 $286. 5200 n.a.
281 ELQVAS(ph)DNFS(ph)NKNILGR_297 ' n.a.
P81 _ELQVAS(0.005)DNFS(0.995)NK_292 0.995
P81 ELQVASDNFS(1)NKNILGR_297 S290 1
281 ELQVASDNFS(1)NKNILGR_297 1
308_LADGT(1)LVAVKR_318 T312 1
308 LADGT(1)LVAVKR 318 1
319 LKEERT(1)QGGELQFQTEVEMISMAVHR_344 T324 1
324 T(1)QGGELQFQTEVEMISMAVHR 344 1
324 T(1)QGGELQFQT(1)EVEMISMAVHR 344 T324, T333 1,1
324 TQGGELQFQT(1)EVEMISMAVHR 344 T333 1
324 TQGGELQFQT(1)EVEMIS(1)MAVHR_344 T333, S339 1,1
324 TQGGELQFQTEVEMIS(1)MAVHR 344 S339 1
360 LLVYPYMANGSVAS(ph)CLR_376 S373 n.a.
140 LMDYKDT(1)HVTTAVR_453 1
440 LMDYKDT(0.999)HVT(0.001)TAVR_453 T446 0.999
440 LMDY/(0.001)KDT(0.813)HVT(0.144)T(0.042)AVR_453 0.813
440 LM(ox)DYKDT(ph)HVT(ph)TAVR__ 453 T446, T449 n.a.
140 LMDYKDT(1)HVT(0.984)T(0.016)AVR_453 0.984
440 _LMDYKDT(0.997)HVT(0.864)T(0.14)AVR_453 0.864
440 _LMDYKDT(0.023)HVT(0.816)T(0.161)AVR_453 T449 0.816
140 LMDYKDTHVT(0.733)T(0.267)AVR_453 0.733
440 LM(ox)DYKDTHVT(ph)TAVR__ 453 n.a.
440 _LMDYKDT(0.03)HVT(0.978)T(0.991)AVR_453 T449, T450 %%Z)?_
140 LMDYKDTHVT(0.148)T(0.852)AVR_453 0.852
140 LMDYKDTHVT(0.206)T(0.794)AVR_453 0.794
440 LMDYKDTHVT(0.168)T(0.832)AVR_453 T450 0.832
440 LMDYKDTHVT(0.213)T(0.787)AVR_453 0.787
140 LM(ox)DYKDTHVTT(ph)AVR 453 n.a.
154 GT(1)IGHIAPEYLSTGK_468 Tas5 1
154 GT(1)IGHIAPEYLSTGK 468 1
154 GTIGHIAPEYLS(0.974)T(0.026)GK_468 S465 0.974
M54 GTIGHIAPEY(0.001)LS(0.777)T(0.223)GK_468 0.777
583 QDFNYPT(0.001)HHPAVS(0.999)GWIIGDSTSQIENEYPSGP_614 S595 0.999
583 QDFNYPTHHPAVS(0.001)GWIIGDS(0.346)T(0.346)S(0.307)QIENEYPSGP_614 S602 0.346
583 _QDFNYPTHHPAVSGWIIGDS(0.888)T(0.096)S(0.016)QIENEYPS(0.999)GP_614 S602, S612 %2%%
583 QDFNYPTHHPAVSGWIIGDSTSQIENEYPS(1)GP_614 S612 1
583 QDFNYPTHHPAVSGWIIGDSTSQIENEYPS(1)GP 614 1

BAK1 (2) - autophosphorylation sites (if incubated to gether with PSKR1*) P-site highest LP
278 S(1)LRELQVASDNF_289 1
P76 _RFS(1)LRELQVASDNFSNK_292 S278 1
P76 RFS(1)LRELQVASDNFSNK 292 1
P78 S(1)LRELQVAS(0.001)DNFS(0.999)NKNILGRGGFGKVY_304 5278 5290 | 1+ 0-999
278 S(1)LRELQVASDNFS(1)NKNILGRGGFGKVY_304 ' 1,1
P81 ELQVAS(1)DNFSNK_292 1
P77 FSLRELQVAS(1)DNFSNKNILGR_297 S286 1
278 SLRELQVAS(0.999)DNFS(0.001)NKNILGRGGF_300 0.999
278 SLRELQVAS(0.975)DNFS(0.025)NKNILGRGGF_300 0.975
P78 S(0.008)LRELQVAS(0.993)DNFS(0.999)NKNILGRGGF_300 S286, S290 %%%g
281 ELQVASDNFS(1)NKNILGR_297 1
P81 ELQVASDNFS(1)NKNILGR_297 1
P77 _FSLRELQVASDNFS(1)NKNILGR_297 S290 1
P78 SLRELQVASDNFS(1)NKNILGRGGFGKVY_304 1
290_S(1)NKNILGRGGFGKVY_304 1
278 SLRELQVAS(0.001)DNFS(0.999)NKNILGRGGFGKVY_304 0.999
306 GRLADGT(1)LVAVKR_318 1
306_GRLADGT(1)LVAVKR_318 1
308_LADGT(1)LVAVK_ 317 T312 1
308_LADGT(1)LVAVKR_318 1
308 LADGT(1)LVAVKR 318 1
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Suppl. Table 3 (continued) : BAK1 Phospho site evidences found by mass spectrometry.

319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 T324 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(1)QGGELQFQTEVEMISMAVHR_343 1
319_LKEERT(0.986)QGGELQFQT(0.014)EVEMISMAVHR _343 0.986
324_T(0.904)QGGELQFQT(0.096)EVEMISMAVHR_343 0.904
319_LKEERT(1)QGGELQFQTEVEMIS(1)MAVHR_343 T324 s339| L1
319 LKEERT(1)QGGELQFQTEVEMIS(1)MAVHR 343 ' 1,1
319_LKEERT(1)QGGELQFQT(1)EVEMISMAVHR_343 T324 Ta3z | L1
319 LKEERT(1)QGGELQFQT(1)EVEMISMAVHR 343 ' 1,1
324 TQGGELQFQT(1)EVEMISMAVHR_343 T333 1
324 TQGGELQFQT(1)EVEMIS(1)MAVHR_343 T333 s339 | L1
324 TQGGELQFQT(1)EVEMIS(1)MAVHR 343 ' 11
324_TQGGELQFQTEVEMIS(1)MAVHR_343 S339 1
324 TQGGELQFQTEVEMIS(1)MAVHR_343 1
349_LRGFCMT(0.02)PT(0.98)ER_359 T357 0.98
353 _CMT(0.05)PT(0.95)ERLLVYPY_356 0.95
360_LLVYPYMANGS(0.982)VAS(0.018)CLR_376 S370 0.982
360_LLVYPYMANGS(0.982)VAS(0.018)CLR_376 0.982
377 _ERPES(1)QPPLDWPK 389 s381 1
BAK1 (2) - autophosphorylation sites (if incubatedto  gether with PSKR1*) P-site h'g[]F?St
440_LMDY(0.521)KDT(0.34)HVT(0.378)T(0.581)AVRGT(0.18)IGHIAPEYLSTGK_468 %%28:5
Y443, T450 —=oe
440_LMDY(0.606)KDT(0.34)HVT(0.215)T(0.81)AVRGT(0.028)IGHIAPEYLSTGK_468 0.81
440_LMDYKDT(0.996)HVT(0.004)T(0.001)AVR_453 0.996
440 _LMDY(0.001)KDT(0.997)HVT(0.002)TAVR_453 Ta46 0.997
440_LMDYKDT(1)HVTTAVR_453 1
440 LMDYKDT(0.998)HVT(0.002)TAVR 453 0.998
440_LMDYKDTHVT(0.715)T(0.285)AVR_453 0.715
440 LMDYKDTHVT(0.889)T(0.11)AVR_453 0.889
440_LMDYKDT(0.005)HVT(0.857)T(0.138)AVR_453 0.857
440 _LMDY(0.001)KDT(0.998)HVT(0.001)TAVR_453 Taag 0.998
440 _LMDYKDT(0.117)HVT(0.383)T(0.383)AVRGT(0.117)IGHIAPEYLSTGK_468 0.383
440_LMDYKDT(0.189)HVT(0.527)T(0.142)AVRGT(0.142)IGHIAPEYLSTGK_468 0.528
440 LMDYKDT(0.01)HVT(0.921)T(0.055)AVRGT(0.014)IGHIAPEYLSTGK_468 0.921
445 _DT(0.026)HVT(0.944)T(0.03)AVR_453 0.994
454 DTHVT(0.026)T(0.972) AVRGT(0.002)IGHIAPEYLSTGK 468 0.972
440_LMDYKDTHVT(0.335)T(0.665)AVR_453 0.665
440 LMDYKDT(0.002)HVT(0.118)T(0.511)AVRGT(0.37)IGHIAPEYLSTGK_468 T450 0.511
440 _LMDYKDTHVT(0.003)T(0.941)AVRGT(0.056)IGHIAPEYLSTGK 468 0.941
440 _LMDYKDT(0.004)HVT(0.138)T(0.858)AVRGTIGHIAPEYLSTGK 468 0.858
440 _LMDYKDTHVT(0.046)T(0.046)AVRGT(0.907)IGHIAPEYLSTGK 468 0.907
436_GLAKLMDY/(0.051)KDT(0.226)HVT(0.226)T(0.226)AVRGT(0.271)IGHIAPEYLSTGKSSEK| ~ T455
[TDVF_476 0.211
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Suppl. Table 3 (continued) : BAK1 Phospho site evidences found by mass spectrometry.

[120_LMDY (0.176)KDT(0.824)HVT(0.915)T(0.085)AVR_453 0.824, 0.915
140_LMDYKDT(L)HVT(0.953)T(0.047)AVR_453 1,0.953
4140_L MDY (0.01)KDT(0.989)HVT(0.89)T(0.112)AVR_453 0.989, 0.89
140 L MDYKDT(1)HVT(0.988)T(0.012)AVR_453 1,0.988
140_LMDYKDT(L)HVT(0.872)T(0.128)AVR_453 446 1,0.872
140 | MDYKDT(0.999)HVT(0.816)T(0.185)AVR_453 e | 0999, 0.816
4140_L MDYKDT(1)HVT(0.925)T(0.061)AVRGT(0.014)IGHIAPEYLSTGK_468 1,0.925
440 MDY (0.012)KDT(0.975)HVT(0.807)T(0.103)AVRGT(0.103)IGHIAPEYLSTGK
oo 0.975, 0.807
140 | MDY (0.007)KDT(0.991)HVT(0.548)T(0.454)AVRGTIGHIAPEYLSTGK_468 0.991, 0.548
LMDY(0.242)KDT(0.755)HVT(0.725)T(0.278)AVR_453 0.755, 0.725
4120_LMDY (0.074)KDT(0.866)HVT(0.184)T(0.358)AVRGT(0.517)IGHIAPEYLSTGK_ | T446,
oo 1940 | 0.866, 0517
[140_LMDYKDT(0.016)HVT(0.93)T(0.797)AVRGT(0.257)IGHIAPEYLSTGK_468 0.93, 0.797
140 | MDYKDT(0.056)HVT(0.947)T(0.997)AVRGTIGHIAPEYLSTGK_468 a0, | 0947,0997
140_| MDYKDT(0.004)HVT(0.998)T(0.999)AVR_453 o | 0.998,0.999
140 | MDYKDT(0.09)HVT(0.914)T(0.995)AVR_453 0.914. 0.995
140_LMDYKDT(0.066)HVT(0.82)T(0.557)AVRGT(0.557)IGHIAPEYLSTGK_468 0.82, 0.557
140 | MDYKDT(0.008)HVT(0.939)T(0.056)AVRGT(0.997)IGHIAPEYLSTGK_468 Tri‘é% 0.939, 0.997
140 |MDY (0.233)KDT(0.606)HVT(0.71)T(0.763)AVRGT(0.688)IGHIAPEYLSTGK_4 E‘S‘g: 0.71, 0.763,
68 e 0.688
120_LMDY (0.017)KDT(0.07)HVT(0.923)T(0.993)AVRGT(0.998)IGHIAPEYLSTGK 4| T449, | 0.923, 0.993,
68 T450, 0.998
440 L MDYKDT(0.025)HVT(0.978)T(0.997)AVRGT(1)IGHIAPEYLSTGK_468 T455 | 0.978, 0.997, 1
éﬁﬁ)_i_é\gDY(0.0YS)KDT(O.935)HVT(0.86)T(0.67)AVRGT(O.459)IGHIAPEY(0.00l)LST 0,935, 0.86, 0.67
140 LMDY (0.298)KDT(0.76)HVT(0.882)T(0.927)AVRGT(0.133)IGHIAPEYLSTGK_4 Eﬁg' 0.76, 0.882,
68 ' 0.927
120_LMDY (0.001)KDT(0.999)HVT(0.993)T(0.979)AVRGT(0.028)IGHIAPEYLSTGK_| 140 | 0.999, 0.993,
168 0.979
154_GTIGHIAPEYLS(0.889)T(0.111)GK_468 0.889
454_GTIGHIAPEYLS(0.473)T(0.473)GKS(0.018)S(0.018)EKT(0.018)DVFGYGVMLL 0473
ELITGQR 490 S465 :
154_GTIGHIAPEYLS(0.359)T(0.359)GKS(0.137)S(0.137)EKT(0.007)DVFGYGVMLL 0350
ELITGOR 490 :
469_S(0.244)S(0.244)EKT(0.244)DVFGY(0.267)GVMLLELITGOR_490 Y478 0.267
582_RQDFNYPT(1)HHPAVSGW 597 580 1
582 RQDFENYPT(1)HHPAVSGW 597 1
508 _IIGDS(0.333)T(0.333)S(0.333)QIENEY(0.001)PSGP_614 0333
508_IIGDS(0.961)T(0.039)SQIENEYPSGP_614 S602 0.961
583_QDFNYPTHHPAVSGWIIGDS(0.959)T(0.036)S(0.006)QIENEYPSGP_614 0.959
508 11GDS(0.001)T(0.405)S(0.595)QIENEYPSGP_614 S604 0.595
583_QDENYPTHHPAVSGWIIGDS(0.679)T(0.21)S(0.111)QIENEYPS(1)GP_614 8866?.22’ 0.679, 1
583_QDFNYPT(0.004)HHPAVS(0.994)GWIIGDS(0.003)T(0.002)S(0.005)QIENEYP | 595, | oo
S(0.993)GP_614 S612 994, 0.
583_QDFNYPTHHPAVSGWIIGDS(0.102)T(0.102)S(0.007)QIENEY (0.374)PS(0.416
o oL s 0.416
598 IIGDSTSQIENEYPS(1)GP_614 1
508 IIGDSTSQIENEYPS(1)GP_614 1
PSKR1 > BAK1* (1) - transphosphorylation sites P-site highest LP
308 LADGT(ph)LVAVKR 318 T312 na
4140 LMDYKDT(ph)HVTTAVR 453 T446 na
[120_LMDYKDT(0.001)HVT(0.939)T(0.06)AVR_453 0.939
4140 LMDYKDTHVT(0.5)T(0.5)AVR_453 T449 05
4140 LMDYKDTHVT(ph)TAVR _ 453 na.
120_LMDYKDTHVT(0.065)T(0.935)AVR_453 0.935
140_L MDYKDTHVT(0.15)T(0.85)AVR_453 450 0.85
140 | MDYKDTHVT(0.155)T(0.845)AVR_453 0.845
440 LM(0X)DYKDTHVTT(ph)AVR 453 n.a.
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Suppl. Table 3 (continued) : BAK1 Phospho site evidences found by mass spectrometry.

PSKR1 > BAK1* (2) - transphosphorylation sites Ptsite hlg&?St
440 _LMDY(0.989)KDT(0.011)HVTTAVR_453 Y443 0.989
440 _LMDY(0.161)KDT(0.754)HVT(0.079)T(0.006)AVR_453 T446 0.754
DTHVT(0.95)T(0.05)AVR_453 0.95
440_LMDYKDT(0.002)HVT(0.892)T(0.106)AVR_453 0.892
440_LMDYKDT(0.068)HVT(0.884)T(0.048)AVR_453 Ta49 0.884
440_LMDYKDT(0.004)HVT(0.819)T(0.177)AVR_453 0.819
440_LMDYKDT(0.038)HVT(0.685)T(0.138)AVRGT(0.138)IGHIAPEYLSTGK_468 0.685
440 _LMDYKDT(0.096)HVT(0.682)T(0.199)AVRGT(0.023)IGHIAPEYLSTGK_468 0.682
DTHVT(0.004)T(0.996)AVR_453 0.996
440_LMDYKDTHVT(0.056)T(0.944)AVR_453 0.944
440_LMDYKDTHVT(0.077)T(0.923)AVR_453 T450 0.923
440_LMDYKDT(0.002)HVT(0.174)T(0.823)AVRGTIGHIAPEYLSTGK_468 0.823
440_LMDYKDT(0.001)HVT(0.196)T(0.803)AVR_453 0.803
440 _LMDYKDT(0.221)HVT(0.221)T(0.483)AVRGT(0.074)IGHIAPEYLSTGK_468 0.483
598 [IGDS(0.333)T(0.333)S(0.333)QIENEYPSGP_614 S602 0.333
PSKR2 > BAK1* (1) - transphosphorylation sites Ptsite hlg[}fSt
not analyzed in first run
. . . highest
PSKR2 > BAK1* (2) - transphosphorylation sites Ptsite Lp
436_GLAKLMDYKDT(0.401)HVT(0.383)T(0.108)AVRGT(0.108)IGHIAPEYLSTGKSSEKTDV
0.383
F_476 T446
440_LMDYKDT(0.999)HVT(0.001)TAVR_453 0.999
440_LMDYKDT(0.006)HVT(0.974)T(0.02)AVR_453 0.974
440_LMDYKDT(0.009)HVT(0.966)T(0.025)AVR_453 0.966
440_LMDYKDT(0.01)HVT(0.958)T(0.031)AVRGTIGHIAPEYLSTGK_468 0.958
440_LMDYKDT(0.001)HVT(0.943)T(0.056)AVR_453 0.943
440_LMDYKDT(0.015)HVT(0.755)T(0.23)AVR_453 0.755
444 KDT(0.015)HVT(0.655)T(0.165)AVRGT(0.165)IGHIAPEYLSTGKSSEKTDVF_476 Ta49 0.655
é3t‘3ﬁ(63LAKLMDYKDT(O.529)HVT(0.373)T(0.095)AVRGT(0.OO3)IGHIAPEYLSTGKSSEKTDV 0,529
440_LMDYKDT(0.247)HVT(0.512)T(0.131)AVRGT(0.109)IGHIAPEYLSTGK_468 0.512
440_LMDY(0.001)KDT(0.007)HVT(0.502)T(0.364)AVRGT(0.126)IGHIAPEYLSTGK_468 0.502
436_GLAKLMDYKDT(0.124)HVT(0.433)T(0.433)AVRGT(0.011)IGHIAPEYLSTGKSSEKTDV 0.433
F_476 )
440_LMDY(0.027)KDT(0.257)HVT(0.543)T(0.7)AVRGT(0.473)IGHIAPEYLSTGK_468 I_fé% 0.543, 0.7
445 _DTHVT(0.028)T(0.972)AVR_453 0.972
445_DTHVT(0.029)T(0.97)AVRGT(0.002)IGHIAPEYLSTGK_468 0.97
440_LMDYKDTHVT(0.028)T(0.972)AVR_453 0.972
440_LMDYKDT(0.009)HVT(0.087)T(0.837)AVRGT(0.067)IGHIAPEYLSTGK_468 T450 0.837
440_LMDYKDTHVT(0.178)T(0.822)AVR_453 0.822
440_LMDYKDT(0.012)HVT(0.184)T(0.804)AVR_453 0.804
440_LMDYKDT(0.002)HVT(0.047)T(0.762)AVRGT(0.189)IGHIAPEYLSTGK_468 0.762
440 LMDYKDTHVT(0.25)T(0.75)AVRGTIGHIAPEYLSTGK_ 468 0.75
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Supplementary Table 4

Suppl. Table 4: Comparison of LRR-RLK and SERK interactions. In pathways involved
in growth and developmental processes (light yellow) their LRR-RLK/SERK interactions
are mostly ligand-enhanced or ligand-independent (green) and only shown to be
ligand-dependent (red) if analyzed in vitro. Pathogen-defense related interactions are
marked with light blue.

LRR- SERK | Ligand |function ligand- etacten phosphenyeten LRR Ref
RLK 9 9 shown by direction shown by sub ’
dependency
in vivo, IP; transiently expressing
SERK1 ) L Arabidopsis protplasts (was only able
SERK2 lloand to perform after deletion of KD of n.a. vanglet
enhanced al. (2015)
BAK1 growth PSKR1, because protoplasts
PSKR1 PSK | develop- ruptured) X
ment . Ladwig et
BAK1 n.a. In planta; FRET-FLIM n.a. al. (2015)
transphosphorylate| . . .
BAK1 n.a. in vitro; KDs only this study
each other
ligand- . . . - transphosphorylate| in vitro; kinase Wang et
enhanced M Tt (1 T =il (e each other assay with KDs al. (2008)
ligand- . Hutten et
BAK1 . b
growth, independent in planta; VAEM and SSO-FLIM n.a. al. (2017)
BRI1 BL | develop- ligand- . ] X [Biicherl ef
ment - —— in planta; FRET-FLIM n.a. al. (2013)
ligand- in vitro; size exclusion Santiago
SERKL dependent chro’mato raph na. el
P! grapny (2013)
SERK1 Oehlen-
SERK2 . - transphosphorylate| . . schlaeger
PSY1R BAK1 PSY1 growth n.a. in planta; BiFC (tobacco) e G invitro; KDsonly | X el
SERKS5 (2017)
SERK1 . ligand- in vivo; BiFC, FRET (Arabidopsis |transphosphorylate| in vitro; kinase Lietal.
cell g'ﬁ- independent protoplasts); in planta Co-IP each other assay with KDs (2017)
Anther
EMS1 TPDL | Jevelop- only EMS1 invivo; size shift | X | .
n.a. ment n.a. phosphorylation | by phosphatase- (2008).
anlyzed treatment
SERK1 in planta; BiFC; in vivo; IP;
HAE/ | SERK2 ligand- transfected Arabidopsis protoplasts; in[transphosphorylate| in vitro; kinase Meng et
HSL2 BAK1 e ewe enhanced vitro pull down assay with each other assay with KDs al. (2016)
SERK4 IDA org hereologously expressed KDs Xl
abscission i
ligand- in vitro; size exclusion transphosphorylate| in vitro; kinase SEMIEED
HAE BAK1 . etal.
dependent chromatography each other assay with KDs (2016)
SERK1
SERK2 ligand- in vivo; IP; transiently transformed  |transphosphorylate| . . Meng et
BAK1 R enhanced A.th. Protoplasts each other 10 Vs G @l al. (2015)
ER SERK4 Xl
BAK1 PcBMM | stomatal ligand- in vivo; IP; transiently transformed o0 Jorda et
spores | patterning | independent tobacco Leafs o al. (2016)
SERK1
ERL1 SERK2 EPF1 ligand- in vivo; IP; transiently transformed |transphosphorylate| in vitro; kinase Xl Meng et
BAK1 enhanced A.th. Protoplasts each other assay with KDs al. (2015)
SERK4
SE Yamada
SERK2 | PEP2 ligand- in vivo; IP; transiently transformed 28 etal
BAK1 [(DAMP) dependent tobacco Leafs o X
FIEFIRAL | Xl | (2016)
BAK1 PEP1 ligand- in vitro; IP heterologously expressed 28 Tang et
(DAMP) dependent purified proteins T al. (2015)
Ligand- in vivo; IP; transiently transformed e Roux et al
SERK1 dependent tobacco Leafs - (2011)
SERK2 elf18
EAR BAK1 [ (PAMP) Ligand- in vivo; IP; transiently transformed A || tRalter
SERK4 dependent tobacco Leafs n.a. et
pathogen- (2014)
defense p—
in vivo;
Ligand- in vivo & in vitro; IP; Arabidopsis cells; Arabidopsis cells; Schulze
; - both g
dependent microsomal fraction microsomal (2010)
fraction
flg22 ligand- in vivo; IP transiently transformed (eller &
FLS2 BAK1 ! n.a. Xl Bent
(PAMP) dependent tobacco Leafs
(2014)
in vivo IP; transfected Arabidopsis in vivo; IP;
ligand- mesophyll cells; in vitro; Pull down both transfected Sun et al.
dependent with heterologously expressed Arabidopsis (2013)
proteins mesophyll cells
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Supplementary Table 5
Suppl. Table 5: Oligonucelotides used for g°PCR and RT-PCR analyses
locus name/function abbrev primer sequence (5' to 3°) ang lysis
GLYCERALDEHYDE-3- GATTCTACAATGGCTGACAAGAAGA gPCR
PHOSPHATE
At3g04120 GAPC1
DEHYDROGENASE C ATGAAGGGGTCGTTGACAGC qPCR
SUBUNIT 1
ACATTCCAGCAGATGTGGATCTC qPCR
At3g18780 ACTIN2 ACT2
GATCCCATTCATAAAACCCCAGC qPCR
TCGTATTGCCAAAAAGACTGGTTTA gPCR
At5g14750 WEREWOLF WER
TGATAAGATCCTCTTCTTGCTCGG qPCR
CTCCTCGGCAACAGATGGTC qPCR
At5g40330 MYB23 MYB23
GGCTTTGACGGCAGTTGAAT gPCR
AATCGGGGAAGGGTCGATTG qPCR
At1g11130 SCRAMBLED SCM
TTGAGGAATTCGCCGTCACT qPCR
enriched in non-root hair GCGATGAAGGCATGGTATGG qPCR
At1g66800
cells GCAAAACTGGTCCGATCACG qPCR
ATGCGCAAGGTCTATCCGAG gPCR
At5g03150 JACKDAW JKD
AGGGTTTGTGGAAGTCATTGGA gPCR
TGCATACCGAAGAGTGCCAT qPCR
At1g12560 EXPANSIN7 EXP7
AACGGCCATGCTCTTGATGT gPCR
CAAAGACCAGCTCTTCCATCG RT-PCR
At3g18780 ACTIN2 ACT2
AGGTCCAGGAATCGTTCACAG RT-PCR
TYROSYLPROTEIN GGCTCTTTTGCGGAACTTGA RT-PCR
At1g08030 TPST
SULFOTRANSFERASE CTTCAATTTTCGTGCATCTCG RT-PCR
PHYTOSULFOKINE GTTTCGGAGTTGTGCTTCTCGAG RT-PCR
At2g02220 PSKR1
RECEPTOR 1 CCAAGAGACTAACTGTTGAGTCGTTG | RT-PCR
PSKR1- | AGATGTTTTCGGGTTCTGAGATTG RT-PCR
At2g02220-GFP Fusion of PSKR1-GFP
GFP CAGATGAACTTCAGGGTCAG RT-PCR
PHYTOSULFOKINE CACCGAGGAGACTATCAGCGGGG RT-PCR
At5g53890 PSKR2
RECEPTOR 2 GGCCTAAGCAACCTCGCTAA RT-PCR
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Abstract

Phytosulfokine (PSK) is a posttranslationally modified pentapeptide that promotes
cell expansion. PSK receptor 1 (PSKR1) interacts with the proton pump H*-ATPase 2
(AHA2) at the plasma membrane. Here we report that the PSKR1 kinase
phosphorylates AHA2 at the autoinhibitory C-terminus in vitro at positions Thr881,
Ser904, Thr924 and possibly at the penultimate Thr947. The most frequently
phosphorylated amino acid was Thr924, a phosphosite that has not been mapped
before. In vivo measurements on Arabidopsis thaliana seedling roots indicated that
PSK promotes proton efflux mainly in the elongation zone. These results suggest that

cell expansion is initiated by activating phosphorylation of AHAs by PSKR1.

Introduction

Cell expansion is a cellular process important for plant growth in general and
developmental processes like root hair formation, pollen tube growth and abscission
of floral organs (Patterson, 2001; Hepler et al., 2013; Grierson et al., 2014). Cell
shape and cell size are determined by the surrounding cell wall. According to the acid
growth theory hydrogen bonds between cellulose and hemicellulose loosen after
acidification of the apoplast, which is performed by proton-extruding pumps.
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Subsequently, activation of cell-wall-loosening enzymes, a cation influx and water
uptake occurs, which then ultimately increases the cell size (Hager, 2003).
Throughout the life cycle of plants, cell expansion is highly regulated depending on
tissues and developmental stages by different phytohormones. In addition to the non-
proteinaceous phytohormones, small secreted peptides were recently found to have
a hormonal activity (reviewed in Matsubayashi, 2014; Tavormina et al., 2015). One of
them, phytosulfokine (PSK), is a disulfated pentapeptide localized in the apoplast that
promotes root growth, differentially alters the susceptibility to pathogens and
promotes pollen germination as well as pollen tube elongation (reviewed in Sauter,
2015). PSK-driven root growth promotion is caused by cell expansion in the root
elongation zone (Kutschmar et al., 2009). Perception of PSK occurs by binding to the
island domain of the extracellular part of a plasma membrane-bound leucine-rich
repeat receptor-like kinase (LRR-RLKs) (Matsubayashi et al., 2006; Wang et al.,
2015). Arabidopsis thaliana has two PSK receptors termed PSKR1 and PSKR2. PSK
receptors are conserved throughout the plant kingdom including mosses (Hartmann
et al., 2015) indicating that they evolved early during land plant evolution and that
they have a conserved function in regulating plant growth. PSK-enhanced growth
and protoplast expansion are to a large part conveyed by PSKR1 (Amano et al.,
2007; Stuhrwohldt et al., 2011), whereas the function of PSKR2 is less clear.
Knocking out both PSK receptors in pskrl-3 pskr2-1 leads to insensitivity to
exogenously applied PSK and displays retarded shoot and root growth (Hartmann et
al., 2013). The signal transducing cytosolic part of PSKR1 possesses a functional
kinase domain, a calmodulin (CaM) binding site and guanylate cyclase (GC) activity
(Kwezi et al., 2011; Hartmann et al., 2014). PSKR1 kinase activity is essential for
PSK signaling in planta (Hartmann et al., 2014), whereas the impact of CaM binding
and GC activity for PSK signal transduction is unclear. Point mutations in the
intracellular part of PSKR1 that were generated to inhibit CaM binding or GC activity
lead to kinase inactivation at the same time. It has therefore not been possible so far
to assess the effect of GC activity and CaM binding on PSKR1 activity in planta
(Kaufmann et al., 2017). The molecular mechanism by which PSK promotes cell
expansion is not known, but protein interaction studies including a yeast split-
ubiquitin assay and FRET-FLIM analysis revealed that PSKR1 is part of a
nanocluster that consists of PSKR1, its co-receptor LRR-RLK BRI1-ASSOCIATED
RECEPTOR KINASE 1 (BAK1), a channel likely permissive for cations, CYCLIC
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NUCLEOTIDE-GATED CHANNEL 17 (CNGC17) and Arabidopsis H-ATPases 1 and
2 (AHA1/2) (Ladwig et al., 2015). The aguaporine PLASMA MEMBRANE INTRISINC
PROTEIN 2;1 (PIP2;1) and AHA2 were found by immunoprecipitation to interact with
PSKR1 in vivo (unpublished data). These membrane proteins may together be able
to drive the cell expansion in response to PSK. AHAl and AHA2 are plasma
membrane-bound P-typesa autoinhibited H'-ATPases (Baxter et al., 2003). These
enzymes translocate protons into the apoplast, thereby acidifying the cell wall which
induces cell expansion (Hager, 2003). The activity of AHAS is regulated at the protein
level by phosphorylation (Haruta et al., 2015). The cytosolic autoinhibitory C-terminus
is a target of regulatory kinases and gets phosphorylated on serine, threonine or
tyrosine residues with differing effects on AHA activity (Rudashevskaya et al., 2012).
Auxin signaling activates AHAs by phosphorylation of the penultimate threonine
(Thro947 in AHA2) (Caesar et al., 2011; Witthoft et al., 2011; Takahashi et al., 2012).
This creates a binding site for regulatory 14-3-3 proteins, with activation of the proton
pump as a consequence (Olsson et al., 1998; Fuglsang et al., 1999). However, not
every phosphorylation of the C-terminus leads to an activation of the proton pump.
The Ser/Thr kinase PROTEIN KINASE SOS2-LIKE 5 (PKS5) negatively regulates
AHA2 activity by phosphorylating Ser931 (Fuglsang et al., 2007). Since PSKR1 was
shown to interact with the two most important and abundant proton pumps in
Arabidopsis, AHA1 and AHA2, we investigated the possibility that proton pumps are
a target of phosphorylation by PSKRL1.

Results

PSKR1 phosphorylates AHA2 predominately on activati ng positions

To test whether the regulatory C-terminus of AHA2 (AHA2-CT) was a substrate for
PSKR1 kinase (PSKR1-KD), AHA2-CT and PSKR1-KD were heterologously
expressed for use in an in vitro kinase assay (Figure 1). PSKR1-KD showed
autophosphorylation activity as described previously (Hartmann et al., 2014). In
addition, PSKR1-KD phosphorylated FLAG-tagged AHA2-CT. The calculated
molecular mass of the 117 amino acid peptide AHA2-CT-FLAG is 13.6 kDa. The
sequence of AHA2-CT-FLAG was confirmed by mass spectrometry (Table 1).
However, the N-terminal 32 amino acids were not detected (Table 1). An unexpected

cleavage site of protease factor Xa might be the reason for the shortened peptide.
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Nonetheless, phosphorylation sites (P-sites) were identified and listed with their
confidence level in Table 1. Phosphorylation of Thr881, Ser904 and Thr924 were
most often introduced by PSKR1 with high confidence. Three phosphopeptides
provided evidence that Ser931 was phosphorylated with medium confidence. The P-
site(s) in the tryptic peptide from Glu930 to Val948 could not be assigned. This
peptide was found four times, once also as triply phosphorylated. However, in all
cases the confidence level was below the threshold of 0.05 based on the g-value, are
therefore rejected and localization probabilities were low. Due to sequence length
with a high number of phosphorylatable amino acids within the sequence P-site(s)
could not be identified unambiguously. It is possible that Ser944, Tyr946 and/or the
penultimate Thr947 are phosphorylated by PSKR1. Residues in AHA2-CT that are
phosphorylated by PSKR1 in vitro are schematically shown in Figure 2. Previously
published data that are also summarized in Figure 2 indicate that PSKR1 activity can
promote or suppress AHA2 activity and can alter 14-3-3 protein binding.

PSK promotes proton efflux

To elucidate the effect of PSK on proton pumping activity in vivo, measurements
were performed with the non-invasive MIFE technique. Wild-type seedlings showed a
strong and immediate response in the elongation zone following PSK application,
with net H* flux shifting towards efflux by ~ 40 nmol'm?s™ (Figure 3a) which
indicates an increased proton trans-location into the apoplast. This stimulation was
more attenuated in the mature root zone (a shift in net H* flux of 20 nmol-m?s™;
Figure 3b). In the mature zone, the initial net proton flux was restored after 10 min
whereas enhanced proton pumping in the elongation zone remained stable for the
entire measurement period of 20 min (Figure 3a). Seedlings of the double receptor
knockout line pskrl-3 pskr2-1 showed no effect on net proton flux (Figure 3c)
indicating that the activation of AHAs was mediated by the PSK receptor signaling.
The tyrosylprotein sulfotransferase (TPST) catalyzes the sulfation of PSK. PSK-
deficient tpst-1 seedlings displayed increased proton efflux following PSK application
(Figure 3d).
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Discussion

PSK signaling promotes plant growth driven by cell expansion mainly through PSKR1
activity (Kutschmar et al., 2009; Hartmann et al., 2014). Protoplast expansion
experiments showed that the PSK-promoted cell expansion (1) is observable already
after 5 min after PSK application, (2) depends on PSKR1 but not PSKR2, (3) is
dependent on its co-receptor BAK1, (4) is promoted by potassium availability in the
medium, (5) is negatively affected by knockout of the cation channel CNGC17 and
(6) is independent of de novo protein synthesis (Stuhrwohldt et al., 2011; Ladwig et
al., 2015). These findings led to the hypothesis that PSK-induced cell expansion is
initiated on the protein level by activation of AHAs by PSKRL1. In recent years,
regulation of AHA1/2 activity by small secreted peptides, hormones and bacterial
elicitors was reported including PLANT PEPTIDE CONTAINING SULFATED
TYROSINE 1 (PSY1), RAPID ALKALINIZATION FACTOR (RALF), brassinolide and
flagellin fragment flg22 mediated by their receptor-like kinases PSY1 RECEPTOR
(PSY1R), FERONIA (FER), BRASSINOSTEROID INSENSITIVE1 (BRI1) and
FLAGELLIN-SENSITIVE 2 (FLS2) (Nuhse et al., 2007; Caesar et al., 2011; Fuglsang
et al., 2014; Haruta et al., 2015). We tested if PSK signaling activates proton pumps
(AHAS) to initiate cell expansion according to the acid growth theory (Hager, 2003) by
phosphorylation of the autoinhibitory C-terminal domain (Takahashi et al., 2012;
Haruta et al.,, 2015). We showed that the PSKR1 kinase phosphorylates the C-
terminus of AHA2 in vitro at positions Thr881, Ser904, Thr924, Ser931 and possibly
at Thr947, where phosphorylation at Thr881 and Thr924 were most abundant. The
position of phosphorylation differentially affects AHA activity as investigated by pmal
yeast complementation assays and 14-3-3 binding overlay assays with phospho-
ablative and phosphomimic point mutated AHAZ2 isoforms (Palmgren, 2001; Fuglsang
et al., 2003, 2007, 2014; Rudashevskaya et al., 2012). Phosphorylation at Thr881
and Ser904 activates AHA2. Fuglsang et al. (2014) showed that PSY1R
phosphorylates Thr881 in planta and in vivo measurements confirmed that PSY1
application activates AHAs indicated by enhanced proton efflux. Surprisingly, the
phosphorylation of Thr924 that was introduced by PSKR1 has not previously been
found in AHA1/2 phosphorylation site analyses. Substitution of Thr924 by either Ala
or Asp impairs AHA function by rendering the proton pump inactive. T924A impairs
binding to 14-3-3 protein and fusicoccin, an AHA-activating fungal toxin (Fuglsang et

al., 2003; Rudashevskaya et al., 2012). These results were interpreted in the way
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that the amino acid residue threonine at this position is essential to form a
14-3-3/AHA-complex independent of its phosphorylation state. Interestingly, the
same result is observed for Thr947 and its phosphorylation is known to create a
binding site for 14-3-3 proteins and to be essential for AHA1/2 activity (Olsson et al.,
1998; Fuglsang et al., 1999). Phosphorylation doesn’t lead to activation in all cases.
The flg22-binding FLS2 as well as RALF-binding FER are involved in immune
responses. FLS2 and FER introduce a phosphate group at Ser899, which inactivates
AHA2 and leads to alkalinization of the apoplast (Felix et al., 1999; Nuhse et al.,
2007; Haruta et al.,, 2014). The cytosolic kinase PKS5 phosphorylates specifically
Ser931 and thereby inactivates AHA2 (Fuglsang et al., 2007). Ser931 was also
phosphorylated by PSKR1 with medium confidence. Most phosphorylation sites
introduced by PSKR1 at AHA2-CT were shown by single substitution analyses to
activate the proton pump. Sites introduced in planta by PSKR1 haven't been mapped
so far. It has yet to be analyzed how the combination of phosphosites that were
found in vitro affect AHA activity. We did however show that PSK application lead to
enhanced AHA activity and this response is mediated by PSK receptors. Taken
together, the results suggest PSK signaling mediated by PSKR1 activates the proton
pump AHA2 by phosphorylation at its autoinhibitory C-terminus.

Methods

Cloning of constructs, heterologous protein express ion and purification

Cloning of the cytoplasmic part (amino acid position 686 to 1008) of PSKR1
(At2g02220) into pETDuet-1 (Novagen), and expression and purification of His-
tagged Hg-PSKR1-KD-wt were described previously (Hartmann et al., 2014;
Kaufmann et al., 2017). The C-terminal domain (amino acid position 842-948) of
AHA2 (At4g30190) was amplified with oligonucleotides 5-TTTAAACCATGGTTCGAT
ACATCTTGAGCG-3’ and 5-AAATTTGATATCTCACTTATCATCATCATCCTTATAA-
TCCACAGTGTAGTGACTGGGAG-3' containing Ncol and EcoRV restriction sites.
The product was digested and subsequently ligated into the pMAL-c5x vector (New
England Biolabs). Expression of the resulting MaBP-(Maltose-Binding-Protein)-
AHA2-CT-FLAG fusion protein was performed as described (Kaufmann et al., 2017).
The fusion of AHA2-CT to MaBP facilitates soluble expression and purification. The
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crude extract with protein in 20 mM Tris/HCI pH 7.4, 200 mM NaCl, 1 mM EDTA was
loaded onto amylose resin (New England Biolabs, Cat Nr. EB021S) and washed with
20 volumes washing buffer 20 mM Tris/HCI pH 7.4, 200 mM NaCl, 1 mM EDTA.
MaBP-AHA2-CT-FLAG was eluted with 2 volumes elution buffer (washing buffer with
10 mM maltose). To avoid that MaBP interferes with the interaction of PSKR1 with
AHAZ it was cleaved off by digestion with factor Xa protease (New England Biolabs,
Cat. Nr. P8010S) with 0.2 pg protease/l pug fusion protein incubated at 4°C over
night. For ultrafiltration the sample was transferred to a centrifugal filter (Roti-Spin
Mini-3 MWCO) and centrifuged at 12.000 x g at 4°C. Subsequently, the protein was
washed with 10 volumes 20 mM Tris/HCI pH 8, 25 mM NaCl. The residual protein on
the Roti-Spin column was resuspended in washing buffer. To separate AHA2-CT-
FLAG from MaBP and the protease factor Xa, ion exchange chromatography was
performed. The sample was transferred onto a Q-Hyper D-10 column (Beckmann) in
a System Gold HPLC (Beckmann) and a gradient elution with buffer A (20 mM
Tris/HCI pH 8, 25 mM NacCl) and buffer B (20 mM Tris/HCI pH 8, 500 mM NacCl) was
run. The elution fractions were loaded onto a protein gel to determine the fraction
with the highest protein content of AHA2-CT-FLAG, which was then used for

subsequent analyses.

In vitro kinase assay

Transphosphorylation of the C-terminus of AHA2 by PSKR1 kinase was analyzed in
a kinase assay with radiolabeled [y-**P]JATP. Approximately 2 ug freshly expressed
and purified PSKR1 kinase was incubated with approximately 0.75 ug AHA2-CT-
FLAG in 50 mM HEPES, pH 7.4, 1 mM DTT, 10 mM MgCl,, 10 mM MnCl,, 0.2 mM
unlabeled ATP and 30 pCi [y->*P] ATP for 1 h at 25°C. SDS loading buffer was added
to stop reactions. The samples were heated for 5min at 95°C. Proteins were
separated on a 15% polyacrylamide gel by SDS-PAGE and subsequently stained
with Coomassie Brilliant Blue. To visualize incorporation of **P the gel was dried and

an X-ray film was exposed to the dried gel.

Phosphorylation site mapping
To verify transphosphorylation of AHA2-CT by PSKR1 and to determine specific sites
at which phosphorylation occurred, a mapping by mass spectrometry analysis was

performed. AHA2-CT was phosphorylated without [y-**P]JATP as described above.
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The protein band below the 14.4 kDa marker band was excised from the Coomassie-
stained but not dried gel. In-gel digestion with the four enzymes elastase, GIuC,
trypsin and chymotrypsin, phosphopeptide enrichment, mass spectrometry and data
evaluation were performed as described (Hartmann et al., 2015). Level of confidence
for identified sites were determined with a validation threshold of 0.01 for high

confidence and of 0.05 for medium confidence based on the g-value.

lon flux measurements

Arabidopsis thaliana ecotype Col-0 (wild-type) and T-DNA insertion lines tpst-1
(SALK _009847) and pskrl-3 pskr2-1 (SALK_ 008585 and SALK 024464) were used
in experiments. Their phenotypes were previously described (Komori et al., 2009;
Hartmann et al., 2013). Plants were grown in half strength MS media in Petri dishes
for six days with a 16 h light/8 h dark photoperiod. Before measurements, an intact
plant was transferred to a liquid basic salt media (BSM) containing 0.5 mM KCI and
0.1 mM CacCl,, pH 5.8. Plants were immobilized on a plastic block using a parafilm
strip and placed into a small Petri dish, used as a measuring chamber, to which 1 mL
of BSM was added. Plants were left for 40 min adaptation.

Net fluxes of H" were measured using the non-invasive microelectrode ion flux
measuring (MIFE) technique. The theory of non-invasive MIFE measurements and all
specific details of microelectrode fabrication and calibration are available in prior
publications (Shabala et al., 2006). Briefly, microelectrodes with an external tip
diameter of ~2 um were pulled, salinized and filled with H*- selective cocktail (H”
95297, Sigma). Electrodes were mounted on a 3D-micromanipulator (MMT-5,
Narishige, Toyko, Japan) and calibrated in a set of three pH standards. A measuring
chamber with the immobilized plant containing 1 ml BSM was placed into a Faraday
cage. H'- selective micro-electrode was positioned 20 um away from the measuring
site. During measurements, a computer-controlled stepper motor moved micro-
electrodes in a slow 6s/6s square-wave cycle between the two positions, close to
(20 ym) and away from (70 ym) the root surface. The potential difference between
two positions was recorded by the MIFE CHART software (Shabala et al., 1997) and
converted into an electrochemical potential difference using the calibrated Nernst
slopes of the electrodes. Net ion fluxes were calculated using the MIFEFLUX

software for cylindrical diffusion geometry.



Chapter 5 120

Net fluxes of H" were measured from the elongation (~500-700 pm from the root tip)
and mature Arabidopsis root zones in response to PSK application to the bath. lon
flux measurements were conducted for 5 min in BSM, to ensure steadiness of fluxes.
Then PSK stock was added to the measuring chamber to a final concentration of
1 uM, and the measurements conducted for a further 20 min. At least five individual

plants were measured in each treatment. The sign convention is “efflux-negative”.
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Figure legends

Figure 1. PSKR1 phosphorylates the autoinhibitory C -terminus of AHA2 in
vitro. A kinase assay was carried out with N-terminally His-tagged PSKR1 kinase
domain and the heterologously expressed purified C-terminus of AHA2 in the
presence of radiolabeled [y-**PJATP. The autoradiograph (top) shows autophos-
phorylation of PSKR1-KD and transphosphorylation of the C-terminus of AHA2 (AHA-
CT). The corresponding Coomassie-stained gel (bottom) shows protein loading. The
sizes of the marker proteins are indicated in kDa.

Figure 2: PSKR1 phosphorylates AHA2-CT at Ser and T  hr residues. Schematic
structure of AHA2 with ten helical transmembrane regions (M1-10), N-terminal
domain, catalytic domain and autoinhibitory C-terminus. Numbers indicate amino
acid residues phosphorylated by PSKR1. The phosphosite at Thr947 was found four
times with low confidence and is therefore shown in grey. Activity in vitro® indicates
AHA proton pumping activity tested in a pmal yeast complementation assay
whereas in planta activity? is tested by proton flux measurements. 14-3-3 binding®
refers to binding of AHA2 to 14-3-3 proteins tested by overlay assay (Olsson et al.,
1998, Fuglsang et al., 2003, 2007, 2014, Rudashevskaya et al., 2012). n.t.= not
tested.

Figure 3: PSK induces proton efflux from Arabidopsi s root cells. Net proton
fluxes [nmol'm?s™] were measured using the MIFE technique from the root
elongation (a, c, d) and mature (b) zones. Six-day-old seedlings were grown in Petri
dishes containing %2 MS media and the measurements conducted in BSM (0.1 mM
CaCly, 0.5 mM KCI, pH 5.8). Arrows indicate the time of PSK application to a final
concentration of 1 uM. Mean + SEM (n=5). Dotted lines indicate steady flux levels
before treatment.

Table legend

Table 1. Mass spectrometric analysis of amino acids in AHA2-CT phos-
phorylated by PSKR1. Ectopically expressed FLAG-tagged C-terminus of AHA was
phosphorylated by PSKR1-KD in vitro and phosphosites were subsequently identified
by mass spectrometry. Underlined sequences indicate the FLAG-tag. The shaded
background indicates a triply phosphorylated tryptic peptide. The sequence below the
table shows the C-terminus of AHA2 with the FLAG-tag attached. Only the sequence
shown in bold was identified by mass spectrometry. Validation threshold for confi-
dence high was 0.01 and for confidence medium 0.05 based on the g-value.
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Table 1
. - - . . ) Peptide
Peptide sequence (localization probabilities/phosph ORS in brackets) P-site | Confidence Score
881 _T(1)LHGLQPK_888 high 1.44,1.26
T881
881 _T(1)LHGLQPKEAVNIFPEKG_898 medium 1.28
902_ELS(1)EIAEQAKR_912 high 1.04
S904
889_EAVNIFPEKGS(0.33)Y(0.33)RELS(0.33)EIAEQAKR_912 rejected 1.53
0.81, 2.83,
921_ELHT(1)LKGHVESVVK_934 high 1.75, 2.94,
3.00, 0.94
4.95, 2.77,
4.36, 3.79,
3.38, 1.57,
919 LRELHT(1)LKGHVESVVK_934 high 1.81, 2.02,
2.11, 2.40,
T924 2.09, 2.23,
211
921_ELHT(1)LKGHVESVVK_934 high 2'83’020'94’
922 LHT(1)LKGHVE_930 high 1.54
. 4.95, 2.77,
919_LRELHT(1)LKGHVESVVK_934 high 4.36, 2.40
919 LRELHT(1)LK medium 1.35
T924, .
924_T(1)LKGHVES(1)VVK_934 S931 rejected 0.78
929_VES(1)VVKLK_935 <03 medium 0.75
1
927_GHVES(1)VVKLK_935 rejected 1.54
931_S(0.2)VVKLKGLDIET(0.2)PS(0.2)HY(0.2)T(0.2)V_948_DYKDDDDK rejected 0.75
939 DIET(0.25)PS(0.25)HY(0.25)T(0.25)V_948 D YKDDDDK 75944, rejected 0.92
Y946,
939 DIET(0.25)PS(0.25)HY(0.25)T(0.25)V_948 D YKDDDDK 19477 rejected 0.92
930_ES(0.6)VVKLKGLDIET(0.6)PS(0.6)HY(0.6)T(0.6)V_948 DYKDDDDK rejected 0.92

Protein coverage:
MVRYILSGKA WLNLFENKTA FTMKKDYGKE EREAQWALAQ RTLHGLQPKE AVNIFPEKGS
YRELSEIAEQ AKRRAEIARL RELHTLKGHYV ESVVKLKGLD IETPSHY TVD YKDDDDK
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Conclusive discussion and perspectives

PSKR1 kinase structure and intramolecular activatio n mechanism

IS conserved

PSK regulates plant growth, development and immunity (Sauter, 2015). The PSK
responses described to date are mainly conveyed by the PSK receptor PSKR1
(Igarashi et al., 2012; Hartmann et al., 2013), which was analyzed in detail in this
study. The plasma membrane-bound PSKR1 receptor has a functional kinase
domain able to auto- and transphosphorylate. PSK signaling is dependent on kinase
activity of PSKR1 (Hartmann et al., 2014). Sequence analysis of PSKR1 showed that
the kinase belongs to the class of arginine/aspartate (RD) kinases with conserved
subdomains | to Xl (Hartmann et al., 2015). A homology model of PSKR1 revealed
that the subdomains fold into a bilobal structure typical of eukaryotic protein kinases
that is observed as well in BRI1 (Taylor and Kornev, 2011; Bojar et al., 2014;
Kaufmann et al., 2017). The smaller N-terminal N-lobe contains a B-sheet and a
highly conserved aC-helix. The C-lobe is mainly a-helical and includes the activation
loop in the activation segment. Phosphorylation of kinases at specific residues leads
to a conformational change and thereby regulates protein activity and/or its affinity to
other proteins (Huse and Kuriyan, 2002). A combined in vitro and in planta
phosphosite mapping of PSKR1 identified phosphosites within several kinase
subdomains, mainly in the activation segment, as well as in the JM and CT domains
(Hartmann et al., 2015). Multiple phosphorylation events and overrepresented
occurrence of phosphosites in these regions are common for RD-type LRR-RLKs
(Mitra et al., 2015). For kinase activation of RD-type kinases, phosphorylation at
positions within the activation segment is necessary (Adams, 2003) and alters its
conformation (Nolen et al., 2004). The crystal structure of BRI1 shows that the
phosphosites that were identified in the activation loop are required to form a
catalytically competent activation loop (Bojar et al., 2014). The altered conformation
of the activation segment leads to a properly arranged ATP binding site, enables
substrate binding and enhances phosphotransfer (Hubbard, 1997; Adams, 2003). A
combination of phosphoablative point mutations at mapped activation segment

phosphosites in BRI1 and PSKR1 impaired kinase activity in vitro and receptor
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activity in planta (Wang et al., 2005a; Hartmann et al., 2015). An alignment of PSKR1
orthologues from higher plant species revealed a high degree of conservation of
phosphosites in the activation segment and beyond (Hartmann et al., 2015). As
described for other animal and plant RD-type kinases, phosphorylation in the
activation segment is an essential and conserved mode for activation of PSKRL1.
However, additional conditions have to be met in eukaryotic protein kinases to
acquire an active state. These include the formation of the catalytic and regulatory
spines. The regulatory spine is dependent on a correctly folded and proximally
positioned aC-helix, an outward-positioned phenylalanine in the DFG motif and a salt
bridge between a lysine (Lys762 in PSKR1) in the B4-strand of the N-lobe with a
glutamate (Glu778 in PSKR1) in the aC-helix (Taylor and Kornev, 2011; Endicott et
al., 2012). In accord with these requirements, mutation of Lys762 or the Ser783 in
the aC-helix of PSKR1 which likely prevent the Lys-Glu salt bridge and correct aC-
helix conformation, respectively, inactivate the PSKR1 kinase (Hartmann et al., 2014;
Kaufmann et al., 2017).

Phosphorylation of the JM domain regulates PSKR1 ac tivity

The N-terminal JM and the C- terminal CT domains that flank the kinase core are
less conserved between LRR-RLKSs, and they are not essential for kinase activity.
Rather, these variable regions are involved in regulation (Endicott et al., 2012). In
vitro and in vivo analysis of truncated isoforms of BRI1 showed that the JM promotes
BRI1 kinase activity, whereas the CT domain inhibits it (Wang et al., 2005b; Oh et al.,
2009). Moreover, phosphosite substitutions to alanine in the JM domain of BRI1 don’t
affect autophosphorylation but revealed that these phosphosites are required for
substrate phosphorylation (Wang et al., 2005a). Phosphosites can hence influence
signal transduction by creating substrate docking sites (Pawson, 2004) or by
controlling receptor trafficking (Robatzek et al., 2006). In PSKR1, phosphorylation of
the JM modulates substrate phosphorylation (Muleya et al., 2016; Kaufmann et al.,
2017). While PSKR1 autophosphorylation is not altered when the phosphosites are
mutated, the phosphomimic isoform showed reduced substrate phosphorylation and
PSK signaling in planta (Kaufmann et al., 2017). S686, identified by Muleya et al.
(2016) as a phosphosite in the JM of PSKR1, seems to invert this regulation. The
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S686D/S696S/S698D triple phosphomimic PSKR1 isoform shows increased
substrate phosphorylation (Muleya et al., 2016). The function of phosphosites is in
many cases analyzed in vitro using site-mutated kinase isoforms (Hartmann et al.,
2015). PSK signaling in planta can vary depending on the phosphorylation status, on
co-factors, substrates, scaffolders and interacting proteins. Some kinases, such as
CDK2, are active only after binding to a regulatory subunit. Cyclin A binding to CDK2
shifts the conformation of the al-helix, corresponding to aC in PSKR1, thereby
promoting the formation of the K-E salt bridge which results in an active CDK2
conformation (Jeffrey et al., 1995).

Finally, receptor activity can be controlled at the level of subcellular
localization. Mutation of Thr967 in the JM of FLS2 delays and strongly reduces
endocytosis of FLS2 after activation by flg22 (Robatzek et al., 2006). Internalization
of PSKR1 after PSK application was shown (Rodiuc et al., 2015), but a possible role
of specific phosphosites in this process has not been examined.

Contradictory to the dimerization model: PSKR1 is a  ctive in the

absence of PSK

PSK binding to the extracellular island domain of PSKR1 induces heterodimerization
with its co-receptor (Wang et al., 2015). Receptor complex formation was shown for
several LRR-RLKs and co-receptors of the SERK family (Ma et al.,, 2016). The
dimerization model proposes that the co-receptor is required for receptor activation
and dimerization as well as activation are only accomplished in the presence of the
respective ligand (Hohmann et al., 2017). Indeed, it was shown that PSKR1 and
BAK1 interact in planta. Furthermore, PSK-promoted protoplast expansion is
dependent on BAK1 (Ladwig et al., 2015). Increased root hair and lateral root
formation observed in tpst-1 pskrl-3 pskr2-1 seedlings compared to the tpst-1
seedlings, that are devoid of PSK, and enhanced root growth by overexpression of
PSKR1 in the tpst-1 background support the conclusion that PSKR1 signaling can
occur in the absence of PSK. This further suggests that ligand binding is not required
for receptor/co-receptor dimerization as an on/off switch. Heterodimerization is seen
as the crucial step for receptor activation via bidirectional transphosphorylation of the

receptor and co-receptor kinases as shown here for PSKR1 and BAK1 (Chapter 4).
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Phosphosite mapping revealed that BAK1 can activate PSKR1 and BAK1 could alter
the PSKR1 kinase conformation to promote the active state in a similar way as
shown for human CDK2 and cyclinA (Jeffrey et al., 1995). Molecular dynamics
simulation based on crystal structures suggests that heterodimerization of BRI1 and
BAK1 promotes the active state by stabilizing the aC-helix (Moffett et al., 2017). The
model with the highest cluster population calculated by in silico docking of the BAK1
kinase crystal structure and the PSKR1 kinase homology model supports the same
mode as their binding interface includes the PSKR1 aC-helix.

The comparison of LRR-RLK/SERK interactions showed that only PAMP- and
DAMP-binding receptors such as PEPR1 (Tang et al., 2015; Yamada et al., 2016),
EFR (Roux et al., 2011; Koller and Bent, 2014) and FLS2 (Schulze et al., 2010; Sun
et al.,, 2013; Koller and Bent, 2014) interactions with their co-receptors are ligand-
dependent. Interactions of BRI1 (Wang et al., 2008; Bucherl et al., 2013; Hutten et
al., 2017), HAESA and HSL2 (Meng et al., 2016), EMS1 (Li et al., 2017), ER and
ERL1 (Meng et al., 2015; Jorda et al., 2016), which are mainly involved in regulating
growth and developmental processes, are enhanced by their respective ligand or
occur ligand-independent. The interaction of PSKR1 with its co-receptor is stabilized
by PSK but can occur without PSK. Overexpression of PSKR1 and its co-receptor in
protoplasts results in rapid protoplast rupture indicating that PSKR1 is highly active
without ligand (Wang et al., 2015). A subpopulation of BRI1 and BAK1 form
heterodimers as so-called preformed complexes independently of its ligand
brassinolide (Bucherl et al., 2013), whereas the nanocluster signal strength
decreases after brassinolide treatment, indicating endocytosis after ligand-binding to
the BRI1/BAK1-complex (Hutten et al., 2017). It has not been analyzed however if
the preformed BRI1/BAK1 complexes fulfill a biological role.

If BAK1 can activate PSKR1 in the absence of PSK, the question arises if
receptor activation in planta is regulated e.g. at the level of BAK1 activity (Figure 3).
In fact, two Arabidopsis proteins and two proteins from P. syringae were shown to
inhibit BAK1 kinase. In a study focused on the complex FLS2-BAK1, it was shown
that BAK1 constitutively associates with the Ser/Thr phosphatase type 2A (PP2A).
PP2A negatively regulates the BAK1 phosphorylation status (Segonzac et al., 2014).
The PP2A regulatory subunit PP2AA3 was found to co-immunoprecipitate with
PSKR1 (Sauter et al., unpublished data) pointing to a similar regulatory mechanism.

Treatment with the plant phosphatase inhibitor cantharidin elicited ROS production to
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Figure 3: Regulation and activities of PSKR1. BAK1 phosphorylates (dark green star)
PSKR1 in the juxtamembrane (JM), kinase domain (KD) and C-terminus (CT), whereas
PSKR1 phosphorylates BAK1 only in the activation segment (AS). Their binding interface
involves the PSKR1 aC-helix (red), which likely promotes active kinase conformation.
Activation of PSKR1 leads to cGMP formation. Ca?*-calmodulin (CaM) is released from
PSKR1 after autophosphorylation. PSK promotes cell expansion by enhanced proton
efflux. The autoinhibitory CT of Arabidopsis H'-ATPase 2 (AHA2) is a phosphorylation
target of PSKR1. A 14-3-3 protein (orange) binds on the phosphorylated CT and activates
AHA2. Further phosphorylation targets, which possibly transduce the signal to the nucleus
have not been identified yet. PSKR1 and BAK1 can heterodimerize in the absence of PSK
and induce basal PSK signaling that is enhanced by PSK, possibly, by stabilizing the
interaction with BAK1. BAK1 is inhibited by Pseudomonas syringae (brown) type Il
effectors, by Arabidopsis phosphatase PP2A and glutaredoxin GRXC2. TM: helical
transmembrane domain, A: apoplast, PM: plasma membrane, C: cytosol.
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the same degree as flg22 or elf18 did, further supporting regulation by phosphatases.
Additionally, BAK1 kinase is a target of glutathionylation by GLUTAREDOXIN C2,
which destabilizes the active conformation of the BAK1 kinase (Bender et al., 2015).

AvrPtoB and HopF2, which are type Ill effectors from P. syringae, bind to the
BAK1 kinase, block its activity and thereby suppress flg22-induced signaling (Shan et
al., 2008; Cheng et al., 2011; Zhou et al., 2014). Furthermore, overexpression of
AvrPtoB results in a dwarf stature, which is not observed when pattern recognition
receptors were knocked out in fls2-0/fls2-24, efr-1 or peprl/pepr2 (Gémez-Gémez
and Boller, 2000; Zipfel et al., 2006; Krol et al., 2010). Some defects are shown to
arise from suppressed brassinolide signaling, which cannot be complemented by
treatment with the pathway activating ligand brassinolide (Shan et al., 2008), further
pointing to a regulation of several LRR-RLK pathways by BAK1.

Taken together, PSK binding increases the PSKR activity, but unlike predicted
by the dimerization model, PSK does not act as an on/off-switch. PSK receptor
activity is determined independent of PSK by the abundance of receptor, co-receptor
and possibly regulation of BAK1 activity. It will be of interest to learn if this applies to

more SERK/BAK1-dependent receptors.

The proton pump AHAZ2 is a target of the PSKR1 kinas e while CaM
IS not

It was shown that CaM2, CaM4, CaM6, and CaM7 but not CaM-like proteins bind to
PSKR1 but the role of CaM in PSK signaling remains unsolved. It was reported that
binding of CaM is essential for PSKR1 activity, because a point mutation in the CaM
binding site of PSKR1 impaired growth (Hartmann et al., 2014). However the point
mutation also abolishes PSKR1 kinase activity so that the role of CaM in PSK
signaling remains unresolved (Kaufmann et al., 2017). Unlike in animals (Benaim and
Villalobo, 2002), CaM is not a phosphorylation target of PSKR1 (Kaufmann et al.,
2017). Co-expression of BRI1 and CaM7 inhibited BRI1 autophosphorylation (Oh et
al., 2012), suggesting a regulatory role of CaM. PSKR1 kinase activity is neither
promoted nor inhibited by Ca®* and/or CaM. Rather, Ca®* promotes CaM binding
whereas phosphorylation of PSKR1 inhibits it (Kaufmann et al., 2017). This suggests

that upon activation of PSKR1 Ca**/CaM is released from PSKR1. It is conceivable
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that CaM-binding to PSKR1 affects recycling of the receptor, substrate binding or GC
activity.

PSK-enhanced growth is mainly driven by cell expansion e. g. of cells in the
root elongation zone (Kutschmar et al., 2009). The molecular mechanism how PSK
signaling induces cell expansion was described as being independent of apoplastic
pH regulation (Stihrwohldt et al., 2011). Using a more sensitive method, data
presented in Chapter 5 show that PSK signaling enhances proton efflux into the
apoplast. According to the acid-growth theory, acidification of the cell wall by
enhanced activity of H-ATPases, AHAs in Arabidopsis, at the plasma membrane is
required for cell expansion (Hager, 2003). The receptor kinases PSY1R, FERONIA
and FLS2 were shown to phosphorylate the autoinhibitory C-terminus of the AHAS
leading to an active or inactive pump depending on the phosphorylation sites (Nihse
et al., 2007; Fuglsang et al., 2014; Haruta et al., 2014). AHA1 and AHA2 are the
most abundant proton pumps in Arabidopsis that interact directly with PSKR1 in
planta (Ladwig et al., 2015) and the C-terminus of AHA2 is phosphorylated by
PSKR1 in vitro at sites that enhance AHA activity and at a site that has not been
functionally characterized yet (Olsson et al., 1998; Fuglsang et al., 1999, 2003, 2007,
2014; Rudashevskaya et al., 2012). These results suggest that PSKR1-promoted cell

expansion occurs through activation of AHAs by PSKR1 at the protein level.

In conclusion, this study shows that PSKR1 activity is differentially regulated by
phosphorylation. On one hand, activation of the PSKR1 kinase occurs by
autophosphorylation at defined positions or is accomplished by transphosphorylation
by its co-receptor BAK1 at the same activating positions. On the other hand,
phosphorylation of the JM domain determines substrate transphosphorylation and
thereby regulates PSK signaling. The calcium sensor CaM binds to PSKR1
dependent on calcium and preferentially to the hypophosphorylated state of PSKR1.
Ca?*/CaM does not regulate PSKR1 kinase activity but may influence e.g. receptor
turnover, GC activity or substrate binding affinities, which needs to be clarified. The
plasma membrane-localized proton pump AHA2, that was previously shown to bind
to PSKR1, was identified here as a substrate of PSKR1 kinase by in vitro PSKR1
transphosphorylation of the autoinhibitory C-terminus of AHA2 at activating
phosphosites. Furthermore, PSK signaling in planta leads to acidification of the
apoplast supporting the conclusion that cell expansion is induced by PSKR1 via

AHA2-dependent cell wall acidification. Finally, the PSK signal pathway is active at a
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basal level even in the absence of PSK, and hence does not function as an on/off
switch. Phenotypical defects caused by loss of sulfated peptides including PSK are
ameliorated by overexpression of PSKR1 and are enhanced by knockout of PSKRs
indicating that the abundance of PSKRs limits PSK signaling in the absence of the

ligand.
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