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SUMMARY IN JAPANESE

Analysis of ubiquitin signaling and membrane traffic regulation
in plant C/N-nutrient responses

(FE# D CIN EBISEITBIT A2 EXF 3 FF 0 & EREHEIH OMENT)

ZEFXTF AL, ZEXTF UL WND 76 T X BRI DR D /INS e Ry
BOMINT &5, /TR R HREEMO—FTH 5, = B F AT, 4] “ATP
AR5 =R —IKFR I 2 R B OS5 RERE” L L TR Sh M,
BAZHREDO I T BT, fialer 77V E LTHEET LI EBH LN ER ST,
2 FF AR, EROY PUREIIH L TR TF U 1 SFRET5HE
JaexF oAb, BEROAEXFUNFREERKT LR BT AR
bbH, 2EXFUTFHRHITE, 7TETTOY PUEEEE N KD A F A =5%
Ko, Hit 8 @O X F UG A FRFEET D720, R v FxF o4k
TIFTHEA A T3 %, BlzIX, 8FALILEFRDOY VUEEEZMNM LTl
FF UG Lz K8 #H° KIL SIS K BT 7 v T 7 Y — L3 RO, & 72

DIZXF LT, 63FH DY VU FRE AT L7z K63 $H1%, DNA EES= o R A
=Y AR E, RV 7T E LTI, BRx R SUR CEE K AE S 2
EXTFUATHDLD, ZOEMEMESTS0N, 2vXTF U H—8 LETN
HEEHRTH D,

PaAXFTAFT 7 AZITI000 R H X T U H—ERa—RanT
BY, TRONEROENOHIEE N L TSR ETBREICRED D 2 & 03
HEEINTE T, YFEETIE, VYA XX FoEEEN 2T U H—F
ATL3l ZRBINEOEBERHERE 7L LTREL, TEEd Tz, RED
T, RHAC) L ERNNIAB OB LT EFTH Y, O &> HEY D



BRI E 2 5, BIZAIE, REPZ S BRZPDLROEFITHEBICZ L > TR
MR ERY, FBEHFRREOIHC, EOMEENEE 5, ATLIL OufFEIR
RILE CHE N S A N L RITKE U CIRREZ M2 R L, BERE R BRI R
PEART, SATHIRIC LD, ATL3L X 14-3-3 ¥ U U a2 XF b L Th
FRICEC Z LT, MmCHENRER P VARMFICB T MW OAE 2 eI LT
WH T ENSIo TV, L, ATL3L OHIKBNIZET % RTE S 2 — o <Ol
EHIEIZ OWTIEREH TH - 72, £ 2T, ABFJETIE, ATL3L OJRSEFIEIC
EHL, PO CIN HAEIGE IS O 4 B 1 L CRENT 2 BRAE L7z,
FTIOIT, E R e O 7o PR EMRITIZ LY, ATL3L 23 T~
ATV R Y — 2 (TGN/EE) LMl oM E1TE kL, Wi~
BESNTHRINDZEERLNT LT, 61T, FLFRRHric kv
ATL31 OMHAAEMKETF & LT SYNTAXIN OF PLANTS 61 (SYP61) &\ 5,
TGN/EE JR7EHL D SNARE % > /X7 & (Soluble N-ethylmaleimide sensitive factor
attachment protein receptor) Z R L 72, SNARE % >/ 7 BEI%, s/ Ma & Ery
IO SNARE HAKRE T 5 Z & CIREA % 3477 25, 4@ O HI A 1
TdH D, sypbl FEREMBIZ BARTIX, ATLIL BNEFER[ENST — ERLIZZ &
D, ATL3L OIEF 2 REHRIEICIE, SYPEL Z20E L5 LNy hotz, 2
D sypbl HEREMNHIZ AR, & CHE N KEA ML RITK L TR EEZ R L,
ATL3L RPFEHIZ L D A bV AMPEZH] L7z 2 &0v5, SYP6LIZ KL% ATL3L
DIEH 72 RTERIEA, ATL3L 241 L7zm CHE N REIGFEICMNETH DL EEZD
N5, —HT, VarbeFdor "2 2EE%H W invitro 7 vt A &, K

R WA R RS, ATL3L A SYPL % F L b TEXAHZ &N
ot 51T, K63 A 5T SYP6L D= X% F L AkiE, 1K C/E N S35t

BERNC—ImINRE SN A Z EDH LN 7o Tz, T O ClE N KBS
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)78 SYPEL D= B X F AL, ATLIL iBEPEIUAIZK VTR I, —
JiTatl3l £ DARER T atle DL EMERE KRR R 5 T Lieh o7,
DT LG, ATL3LILSYP6L L B F AL T& 573, ATL3L Offtich 2o
BMiZAT O 2 X F U T —BRFET D ENpholc, 2 EFF 2 K63
T2 R A b= 2RO T F N7 2 ENHMBLATEY, SYP6L LAl
ICHBESNDZ LD, 2 EXTF AbD SYP6L OMIFaED H DELY JASEHE
\ZwET D AREMEIZ DWW THRGE L 7o, £ DOFER, SYP61 Ofifial/mfeix, & C/
BN TR Li-b oo, ATLILERIFREBIC L 2EBIIR N hoTz,
TDOZEND, < B ATL3LIC L D SYPEL D B X F L AbiE, = KA
F—=Y 2DV T F TR BRNEEZ BN D, BERCEMIZ I TIE, SNARE
BURTEOEXTF ALD, TaT TV — AR R 7 & ofh, S
TIX72WRTERIEI O > 7 F i 72 6152, SNARE AR O il 12 B o 2 4l
R EN, TEW OrHESNTETCNS, —F, P TIE, 23T 1%
2R B ORI BT, MRRSIERL D SNARE % >3 7 B3kt S iz
EWVIHEIZE £ o T, SYPEL L EXF L ALD FHEICHOWTIE, 4% D5
7L FERT DS LTETEDN, ARBFSEORE RN S, MY ORFBIGEIZIHB T, SNARE ¥
VORI EN A EFTF AR K DRERERIIH 22 D 2 L SR S T,
LED XSz, RIFFRIZE T, fEHO CIN EIGEIZHB VT SNARE & v
NI ENEBEREEEZ R T ZERRALNE o7 2 EITINZ, Y DOREIL
BiFD, SNARE # U VB D2 X T ASAi &I LTkl & v 5 #Hriz 7 m]
REMEDN R STz,
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SUMMARY
Ubiquitination is a post-translational modification with reversible attachment of the
small protein ubiquitin, which is involved in numerous cellular processes including
membrane trafficking of cargo proteins. However, ubiquitination of the trafficking
machinery components and their involvement in environmental responses remains
elusive. Here, 1 demonstrated Arabidopsis trans-Golgi network/early endosome
(TGN/EE) localized soluble N-ethylmaleimide sensitive factor attachment protein
receptor (SNARE) protein SYP61 as a novel interactor of a transmembrane ubiquitin
ligase ATL31, which was previously reported as a key regulator of the stress resistance
to disrupted carbon (C)/nitrogen (N)-nutrient conditions. SYP61 is a key component of
membrane trafficking in Arabidopsis. The subcellular localization of ATL31 was
disrupted in the knockdown mutants of SYP61, and the high C/low N-stress insensitivity
of the ATL31 overexpressor was repressed in these mutants, suggesting their
cooperative function in plant responses to nutrients. I also demonstrated SYP61 is
ubiquitinated in plants, and the ubiquitination level was up-regulated in low C/high
N-nutrient conditions. Our results provided new insights into the ubiquitin signaling and

membrane traffic machinery in plant physiology.

INTRODUCTION

Ubiquitination plays critical roles in regulating various proteins and enables flexible
responses toward the changing environment (Hershko and Ciechanover, 1998; Oh et al.,
2018). Ubiquitin is an 8.5 kDa protein, which is attached to lysine (K) residues of target
proteins by ubiquitin ligases. As ubiquitin can form chain through its own seven K and

one N-terminal methionine residues, there are several types of topologically different



ubiquitin chains, which modulate distinct cellular processes (Oh et al., 2018). For
example, proteins modified by compact structured K48 and K11-linked ubiquitin chains
undergo proteasomal degradation, whereas more flexible K63-linked ubiquitination is
involved in several processes, including vacuolar targeting, endocytosis, DNA repair
and signal activation (Callis, 2014; Isono and Kalinowska, 2017; Oh et al., 2018;
Romero-Barrios and Vert, 2018). Protein ubiquitination is involved in regulating the
membrane trafficking of cargo proteins during plant responses to environmental stresses.
For example, multiple mono-ubiquitination of the plant metal transporter
IRON-REGULATED TRANSPORTER 1 (IRT1) is necessary for its constitutive
turnover from the plasma membrane to the TGN/EE, with extension of ubiquitination
into K63-linked chains in the presence of excess amounts of non-iron metal ions leading
to vacuolar degradation (Barberon et al., 2011; Dubeaux et al., 2018). Ubiquitination of
other plasma membrane localized proteins, including brassinosteroid receptor
BRASSINOSTEROID INSENSITIVE 1 (BRII), and auxin efflux carrier PIN
FORMED 2 (PIN2), also triggers endocytosis and vacuolar targeting (Leitner et al.,
2012; Korbei et al., 2013; Martins et al., 2015; Zhou et al., 2018). Ubiquitination of
boron transceptor REQUIRES HIGH BORON 1 (BORI1) was reported to be necessary
for its vacuolar degradation under high concentration of boron (Kasai et al., 2011;
Yoshinari et al., 2020), and mono-ubiquitination of a membrane associated receptor-like
cytoplasmic kinase BOTRYTIS-INDUCED KINASE 1 (BIK1) was recently reported to
trigger its endocytosis and plays important role for activation of plant immunity (Ma et
al., 2020). Deubiquitination reactions are also important for the cargo protein trafficking
via the ESCRT system (Isono and Kalinowska, 2017). Although these previous studies

showed trafficking regulation of cargo proteins, less is known about the ubiquitination



of the trafficking machinery itself.

SNARE proteins are key regulators of membrane trafficking, which are conserved
among eukaryotes (Jahn and Scheller, 2006; Lipka et al., 2007; Wickner and Schekman,
2008). They mediate vesicle fusion by forming SNARE complexes, consisting of four
different types of SNARE motifs, Qa-, Qb-, Qc-, and R-SNARE. The Arabidopsis
genome encodes more than 60 SNARE proteins (Sanderfoot et al., 2000; Uemura et al.,
2004; Lipka et al., 2007; Sanderfoot, 2007). Each SNARE protein localizes to specific
membranes, and has specific SNARE partners in the cells (Pratelli et al., 2004; Uemura
et al., 2004; Jahn and Scheller, 2006; Fujiwara et al., 2014). Some SNARE proteins are
reported to have several different SNARE partners and mediate different trafficking
pathways. For example, a TGN/EE localized Qc-SNARE protein, SYNTAXIN OF
PLANTS 61 (SYP61) is reported to mediate vacuolar trafficking with SYP41
(Qa-SNARE), VPS TEN INTERACTING 12 (VTII2, Qb-SNARE), and a
Secl/Muncl8 (SM) family protein, VACUOLAR PROTEIN SORTING 45 (VPS45)
(Zouhar et al., 2009; Kim and Bassham, 2011), and retrograde and anterograde
trafficking of aquaporin PLANT PLASMA MEMBRANE INTRINSIC PROTEINS 2;7
(PIP2;7), possibly with SYP121 (Qa-SNARE) (Hachez et al., 2014). SYP61 is also
reported to mediate exocytotic trafficking of cell wall components (Drakakaki et al.,
2012; Gendre et al., 2013). SNARE proteins play important roles in plant physiological
responses. For SYP6I, the knockdown mutant was previously reported to be
hypersensitive to the salt and osmotic stresses (Zhu et al., 2002).

Sugar (carbon, C) and nitrogen (N) are essential components of organisms, and their
relative availability, C/N-nutrient balance, affects many aspects of plant physiology. For

example, excess sugar with limited nitrogen in early post-germination stage inhibit the
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seedling growth with accumulation of anthocyanin, and high CO»/low N conditions in
mature stages promote the progression of senescence in Arabidopsis plants (Coruzzi and
Zhou, 2001; Martin et al., 2002; Aoyama et al., 2014a, 2014b). Those high C/low
N-nutrient stress phenotypes are rescued by either reducing the amount of carbon
sources or enhancing that of nitrogen. A previous report from my colleagues suggested
the T6P (Trehalose 6-Phosphate)-SnRK1 (SNF1- related protein kinase 1 complex)
module mediates the C/N-nutrient signaling (Li et al., 2020). T6P is an intermediate
metabolite of trehalose biosynthesis, and inhibits the activity of SnRK1 by directly
binding to the SnRKla subunit (Zhai et al., 2018). Previous researches have also
reported a membrane localized ubiquitin ligase ARABIDOPSIS TOXICOS EN
LEVADURA 31 (ATL31) as a downstream target of the SnRK1-regulated kinases,
CBL-INTERACTING PROTEIN KINASEs 7, 12, and 14 (CIPK7/12/14) (Yasuda et al.,
2017; Li et al., 2020). ATL31 enhances plant high C/low N-nutrient stress tolerance
through targeting 14-3-3 proteins for proteasomal degradation by binding them through
the CIPK7/12/14-mediated phosphorylation (Sato et al., 2009, 2011; Yasuda et al., 2014,
2017).

In this study, I identified SYP61 as a novel interactor of ATL31. I demonstrated SYP61
1s necessary for the proper localization of ATL31 and the ATL31-mediated C/N-nutrient
stress responses. I also found SYP61 is ubiquitinated in plants, and the ubiquitination
level was regulated in response to C/N-nutrient availabilities, further opening the

possibilities of SNARE regulations in nutrient responses.
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MATERIALS AND METHODS

Plant material and growth conditions

The Arabidopsis thaliana ecotypes Columbia-0 (Col-0) and C24 were used in this study.
The T-DNA insertion mutant osm/ (Zhu et al., 2002) was kindly provided by Dr.
Jianhua Zhu (University of Maryland). The T-DNA insertion mutants a#/3/-1 and at/6-1
are characterized previously (Sato et al., 2009). Transgenic Arabidopsis plants,
2xp35S:ATL31-GFP, pSYP61:GFP-SYP61, p35S:ST-mRFP, pSYP6I1:mRFP-SYP6I,
pSYP43:mRFP-SYP43, pVHAal:VHAal-mRFP, PARA7:mRFP-ARA7 and
pVAMP727:tagRFP-VAMP727 have been described (Fecht-Bartenbach et al., 2007;
Sato et al., 2009; Uemura et al., 2012; Inada et al., 2016; Shimizu et al., 2021).
pVHAal:VHAal-mRFP was kindly provided by Dr. Karin Schumacher (Heidelberg
University, Germany). The SYP61 amiRNA constitutive-expressing or inducible lines
are kind gift from Drs. Anirban Baral and Rishikesh P. Bhalerao. Co-expression lines
were generated by crossing, and F1 or homozygous lines of F3 generation were used for
microscopic observation and carbon/nitrogen-nutrient response analysis. For seed
amplification, Arabidopsis seeds were surface-sterilized and sowed on 1x Murashige
and Skoog (MS) medium supplemented with 1% sucrose, vitamins and 0.4% gellan
gum (pHS.7). After kept in dark at 4°C for 2-4 days to synchronize germination, the
plants were grown under 16 hours light/8 hours dark at 22°C on the plates for several
weeks, and transferred to flowerpot with soil containing compost and vermiculate in the
ratio of 1:6. Tap water was used for watering. Nicotiana benthamiana plants were used
for transient protein expression. The surface-sterilized seeds were sowed on
IxMurashige and Skoog (MS) medium supplemented with 1% sucrose, vitamins and

0.4% gellan gum (pHS5.7), and grown under 16 hours light/8 hours dark at 22°C on the
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plates for two weeks, then transferred to flowerpot with soil containing compost and
vermiculate in the ratio of 1:6. Tap water was used for watering, and supplied with
1/1000 diluted Hyponex (HYPONeX JAPAN CORP, Japan) once a week.

For microscopy imaging of Arabidopsis root cells, seeds were vertically grown on
modified Murashige and Skoog (MS) medium containing 100 mM glucose, 30 mM
nitrogen (10 mM NH4NO3 and 10 mM KNO3), vitamins and 0.8% agar (pHS5.7). The
preparation protocol of the modified MS medium has been described (Sato et al., 2009;
Huarancca Reyes et al., 2018). For vacuolar accumulation analysis, 2xp35S:ATL31-GFP
seedlings were wrapped in a double layer of aluminum foil 18 hours before the
observation, and the 6 day-old plants were observed. For microscopy with syp61
inducible amiRNA lines, plants were grown for 7 days on the modified MS medium
containing 50 mM glucose, 30 mM nitrogen (10 mM NH4NO3 and 10 mM KNO3),
vitamins and 0.8% agar (pH5.7) supplied with 10 uM of B-estradiol or equal amount of
ethanol.

For the detection of the ubiquitination of SYP61 in Arabidopsis, seeds were grown in
liquid 1xXMS medium supplemented with 1% sucrose and vitamins (pHS.7) for 10 days
under constant light with shaking at 70 rpm.

To test the effect of C/N-nutrient conditions on SYP61 ubiquitination, seeds were grown
in modified MS liquid medium containing 100 mM glucose, 30 mM nitrogen (10 mM
NH4NO;3 and 10 mM KNO3), vitamins and 2 mM MES (pH5.7) for 10 or 11 days under
constant light with shaking at 70 rpm, and treated with various MS medium containing

different concentration of glucose, nitrogen and mannitol for the indicated time.
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Transient expression in Nicotiana benthamiana

For the plasmid construction, coding sequences of each gene were amplified by PCR
and cloned into vector pENTR/D-TOPO (Life Technologies). These fragments were
subsequently transferred to destination vectors using the Gateway system according to
the manufacturer’s protocol (Invitrogen). For immunoprecipitation assays, coding
sequences of ATL31 and ATL31¢**S were subcloned into the pGWBI11 destination
vector, and SYP61 (At1g28490) was subcloned into pGWB6 and pGWB12 destination
vectors (Nakagawa et al., 2007). For the in vivo ubiquitination analysis, coding
sequences of ATL31 and ATL31¢'%S were transferred into the pAMPAT-GW-3xFLAG
destination vector (Yamada et al., 2016), and using them as templates, the sequences
from ATL31 or ATL31¢%S to 3xFLAG were subcloned into the pGWB502-Q
destination vector (Nakagawa et al., 2007). The primers are listed in Supplemental Table
1. All constructs were introduced into Agrobacterium tumefaciens strain GV3101
(pMP90) by electroporation. The A. tumefaciens containing the constructs were grown
in 2xYT liquid medium at 28°C overnight with shaking, and the cells were resuspended
with infiltration buffer (10 mM MES, 10 mM MgCl», and 450 uM acetosyringone, pH
5.6). The mixtures of the suspension were infiltrated into the leaves of 5-6-week-old N.
benthamiana by syringe without needle. The A. tumefaciens carrying pl9 suppressor
was co-infiltrated with the all samples (Takeda et al., 2002). After 3 days, the leaves

were harvested with liquid nitrogen.

Western blotting analysis of ATL31-GFP after Concanamycin A treatment
The transgenic plants 2xp35S:ATL31-GFP were grown in the modified MS liquid

medium containing 100 mM glucose, 30 mM nitrogen (10 mM NH4NO3 and 10 mM
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KNO3), vitamins and 2 mM MES (pH5.7) for 10 days under constant light with shaking
at 70 rpm, and treated with the medium supplied with 1 puM Concanamycin A
(SIGMA-ALDRICH, C9705) or the same amount of DMSO (1:200 dilution) for 3 hours.
The plants were frozen by liquid nitrogen and powdered with stainless steel beads.
About 6 uL/mg-FW of 1xSDS-sample buftfer was directly added to the samples. The
1xSDS was prepared by diluting 2x solution (125 mM Tris-HCI (pH6.8), 4% SDS, 20%
glycerol, 10% 2-mercaptoethanol, 0.02% bromophenol blue) by protein extraction
buffer (50 mM Tris-HCI (pH7.5), 0.5% Triton X-100, 150 mM NacCl, 10% glycerol, 1
mM EDTA, pH 7.5). The extracts were incubated at 55°C for 40 minutes, and the debris
were removed by centrifugation at 20,000xg 5 minutes for twice. Proteins were
separated by SDS-PAGE and detected by immunoblotting with anti-GFP (MBL, 598)
and anti-alpha-Tubulin (DM1A) (Calbiochem, CP06-100UGCN). CBB staining was
performed using AE-1340 EzStain AQua (ATTO, 2332370) according to the
manufacturer’s protocol. The band intensity of the full-length ATL31-GFP and the free
GFP was quantified by ImageJ software (National Institutes of Health, Maryland,

Washington, DC), and the ratio was calculated.

Immunoprecipitation

The plant materials were frozen with liquid nitrogen, and powdered using mortars and
pestles, and the expressed proteins were extracted using protein extraction buffer (50
mM Tris-HCI (pH7.5), 0.5% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM EDTA)
supplemented with 10 uM MG132 and Complete Protease Inhibitor Mixture (Roche
Applied Science). To detect ubiquitination, the deubiquitination inhibitors 20 mM

N-ethylmaleimide and 2 mM 1,10-phenanthroline were added. To test the in planta
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ubiquitination of SYP61 by ATL31, and the effect of C/N-nutrient conditions, 500 nM
of MLN-7243 (other name, TAK-243) (Active Biochem, A-1384) was also added as an
E1 inhibitor to avoid additional ubiquitination during the extraction steps. The mixtures
were centrifuged at 20,000xg for 5 minutes at 4°C and the supernatants were collected.
This step was repeated twice, and then the proteins were immunoprecipitated with
anti-FLAG M2 affinity gel (Sigma-Aldrich, M8823), anti-GFP mAb-magnetic agarose
(MBL, D153-10), anti-GFP mAb-Magnetic Beads (MBL, D153-11) or anti-RFP
mADb-Magnetic Beads (MBL, M165-11). D153-11 was used for checking ubiquitination
of GFP-SYP61 in response to C/N-nutrient conditions, and D153-10 was used for other
experiments to immunoprecipitate GFP-tagged proteins. The extracts and the beads
were mixed and rotated at 4°C for 1 hour, and washed for more than three times with
the extraction buffer without inhibitors. To detect FLAG-SYP61 ubiquitination, proteins
were eluted with 150 pg.ml! 3x FLAG peptide (Sigma-Aldrich, F4799) in extraction
buffer, followed by precipitation in cold acetone, resuspension in SDS sample buffer
(62.5 mM Tris-HCI (pH6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01%
bromophenol blue) and incubation at 90°C for 5 minutes. In other experiments, proteins
were eluted with the SDS sample buffer at 90°C for 5 minutes or 55°C for 30 minutes.
Proteins were separated by SDS-PAGE and detected by immunoblotting with
anti-FLAG (SIGMA-ALDRICH, F1804-200UG), anti-SYP61, anti-GFP (MBL, 598),
anti-mCherry (Clontech, 632543), anti-ubiquitin (FK2) (Wako, 302-06751), anti-K48
ubiquitination (Apu2) (Millipore, 05-1307) and anti-K63 ubiquitination (Apu3)
(Millipore, 05-1308) antibodies. Anti-SYP61 antibody is a kind gift from Drs. Tomohiro
Uemura (Ochanomizu University) and Akihiko Nakano (RIKEN). The detection

specificity of the antibody was confirmed (Fig. 1). The band intensity was quantified by
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Imagel software (National Institutes of Health, Maryland, Washington, DC).

Split ubiquitin yeast two-hybrid assay

All assays used the yeast strain L40ccua (MATa his34200 trpl-901 leu2-3,112
LYS2::(IexAop)a-HIS3  ura3::(lexAop)s-lacZ ADE2::(lexAop)s-URA3 gal80 can®
cyh2®). The full-length coding sequences of ATL31 and ATL31'#S were subcloned into
the destination vector pMetYC GW, containing the C-terminal half of ubiquitin, and the
full-length coding sequence of SYP6/ was subcloned into the destination vector
pNX32 GW, containing the N-terminal half of ubiquitin (Obrdlik et al., 2004). The
empty vector pNX32 GW was used as a negative control. Constructs were transfected
into yeast using Frozen-EZ Yeast Transformation II Kits (Zymo Research) according to
the manufacturer’s protocol, with growth assessed as described in the Yeast Protocols

Handbook (Clontech).

Recombinant protein expression and purification for in vitro ubiquitination assay

GST-tagged truncated SYP61, which included amino acid residues 1 to 218, was
expressed in FE. coli strain BL21(DE3) pLysS (Novagen), and purified with
Glutathione-Sepharose 4B (GE Healthcare, 17-0756-01) following the manufacturer’s

protocol.

In vitro ubiquitination assay
In vitro ubiquitination assays were performed as described (Sato et al., 2009) with some
modifications. For Quantitative ubiquitin chain type analysis with AQUA peptide, 500

ng of MBP-ATL31 was incubated for 0-3 hours at 30°C in 30 puL of reaction mixture
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containing 50 ng E1 (Wako, 219-01111), 50 ng UbcH5a for E2 (Wako, 215-01191), 4
ng ubiquitin (Sigma-Aldrich, U6253), 25 uM MG132, 40 mM Tris-HCI (pH 7.5), 5 mM
MgClo, 2 mM ATP and 2 mM DTT. For GST-SYP61 ubiquitination analyses, 500 ng of
GST-SYP61 or GST were incubated with 500 ng of MBP-ATL31 for 0-3 hours at 30°C
in 30 pL of reaction mixture containing 50 ng E1 (Wako, 219-01111), 51 ng UbcH5a for
E2 (Wako, 215-01191), 4 pg ubiquitin (Sigma-Aldrich, U6253), 25 uM MG132, 40 mM
Tris-HCI (pH 7.5), 5 mM MgCl,, 2 mM ATP and 2 mM DTT. For the ubiquitination
assays with mutated ubiquitins, 500 ng of GST-SYP61 or GST were incubated with 500
ng of MBP-ATL31 for 0-1 hours at 30°C in 30 pL of reaction mixture containing 200
nM E1 (R&D Systems, E-305-025), 250 ng UbcH5a for E2 (Wako, 215-01191), 6 ug
ubiquitin proteins (native ubiquitin: Ubiquitin human, U-100H, Boston Biochem; K63R
ubiquitin: rhUbiquitin K63R, UM-K63R, Boston Biochem; K63 only ubiquitin:
rhUbiquitin K63 only, UM-K630, Boston Biochem ), 25 uM MG132, 40 mM Tris-HCl
(pH 7.5), 5 mM MgCl,, 2 mM ATP and 2 mM DTT. Reactions were stopped by adding
the same amount of 2x SDS sample buffer (125 mM Tris-HCI (pH®6.8), 4% SDS, 20%
glycerol, 10% 2-mercaptoethanol, 0.02% bromophenol blue). Proteins were separated
by SDS-PAGE and detected by immunoblotting using anti-MBP (New England BioLabs,
E8032S), anti-GST (MBL, M071-3), anti-ubiquitin (FK2) (Wako, 302-06751), anti-K48
ubiquitination (Apu2) (Millipore, 05-1307) and anti-K63 ubiquitination (Apu3)

(Millipore, 05-1308) antibodies.

Mass spectrometry analysis of ubiquitination sites
Ubiquitinated GST-SYP61 proteins were separated by SDS-PAGE and stained with

SYPRO Ruby (Lonza, Switzerland) as described in the manufacturer’s protocol. Gel
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pieces containing ubiquitinated GST-SYP61 were excised, dehydrated with 100%
acetonitrile and incubated in 10 mM dithiothreitol and 50 mM ammonium bicarbonate
for 45 minutes at 56°C with shaking. The gel pieces were subsequently incubated in 55
mM chloroacetamide/50 mM ammonium bicarbonate for 30 minutes at room
temperature, washed with 25 mM ammonium bicarbonate and dehydrated with 100%
acetonitrile. The dried gels were incubated for 16 hours at 37°C in 50 mM ammonium
bicarbonate containing sequence grade modified trypsin (Trypsin Gold; Promega, USA).
The digested peptides were eluted from the gels with 50% acetonitrile (v/v) /5% formic
acid (v/v) and dried using an evaporator. The peptides were dissolved in 2% acetonitrile
(v/v) /0.1% formic acid (v/v) and filtered with Ultrafree-MC Centrifugal Filters (PVDF
0.45 pm; Millipore, USA). Peptides were identified using an EASY-nLC 1000 liquid
chromatograph coupled to an Orbitrap Mass Spectrometer (Thermo Scientific, USA),
followed by assessment using a SEQUEST algorithm embedded in Proteome
Discoverer 1.4  software (Thermo  Scientific, USA) against TAIRIO

(http://www.arabidopsis.org/index.jsp), as described (Lu et al., 2016).

Gene expression analysis

Total RNA was isolated from the 7-days-grown Arabidopsis seedlings using TRIzol
reagent (Invitrogen), and was treated with RQ1 RNase-free DNase (Promega) according
to the manufacturer’s protocols. Then, the cDNA was synthesized using oligo(dT)
primer (Promega) with [/8S rRNA specific primer and ReverTraAce reverse
transcriptase (Toyobo). qRT-PCR analysis was performed using SYBR premix Ex Taq
(TaKaRa) and Mx3000P (Agilent Technologies) according to the manufacture’s protocol.

The used primers are listed in Supplemental Table 2.
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Carbon/nitrogen-nutrient response analysis

Seeds of each genotype were surface-sterilized and sown on modified MS-based solid
medium containing 0.4% gellan gum, vitamins, glucose, mannitol and nitrogen (KNO3
and NH4NOs were used in 1:1 molar ratio) at the concentration indicated in figures. The
medium was prepared as described (Sato et al., 2009; Huarancca Reyes et al., 2018). 10
uM of B-estradiol or equal amount of ethanol was added in the medium for the
experiment with syp6/ inducible amiRNA lines. After kept in dark at 4°C for 2 days to
synchronize germination, the plants were grown under 16 h light/8 h dark at 22°C. The

percentage of the seeds with green cotyledons in the germinated seeds were calculated.

Chemical treatment for microscopy

5 or 6 day-old seedlings were incubated in the modified liquid MS medium 100 mM
glucose/30 mM nitrogen containing 50 uM Brefeldin A (BFA), or 33 uM Wortmannin
(WM). Fluorescence was monitored by confocal microscopy 30 minutes and 1 hour
later respectively. Seedlings treated with BFA were pre-incubated in 5 uM FM4-64 dye
for 15 minutes and then transferred to BFA containing medium.

For Concanamycin A treatment, 7 day-old seedlings were incubated in the modified
liquid MS medium 100 mM glucose/30 mM nitrogen containing 1 uM Concanamycin A
(SIGMA-ALDRICH, C9705) or the same amount of DMSO (1:200 dilution), and

observed using confocal microscopy after 3 hours.

FM4-64 internalization assay

7 day-old seedlings were pulse-stained with 2 uM FM4-64 dye in the modified liquid
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MS medium 100 mM glucose/30 mM nitrogen for 2 minutes, washed twice with the

dye-free medium, and subjected to microscopy observation.

C/N-nutrient treatment for microscopy

For the colocalization analysis of ATL31-GFP and the organelle markers, 6 day-old
seedlings were treated with the modified liquid MS medium containing indicated
amount of glucose and nitrogen, and observed 90-110 minutes after the treatment. For
the plasma membrane localization analysis of mRFP-SYP61, 5 day-old plants were

subjected to overnight treatment, and the 6 day-old seedlings were observed.

Confocal laser-scanning microscopy

Confocal laser-scanning microscopy was performed using Zeiss LSM510 equipped with
C-Apochromat 40x/1.20 W Korr UV-VIS-IR lens, LSM980 with Plan-Apochromat
63%/NA 1.4 Oil objective lens, and Nikon Ti-E inverted microscope equipped with Plan
Apo A 60x Oil lens and a Nikon A1Rsi spectral imaging confocal scanning system. For
the observation with the Zeiss LSM510 microscope, GFP fluorescence was excited by a
488 nm laser and detected using a 505-550 nm band-pass emission filter, whereas RFP
fluorescence was excited by a 561 nm laser and detected using a 575-615 nm band-pass
emission filter. FM4-64 fluorescence was excited by a 561 nm DPSS laser and detected
using a 575 nm long-pass emission filter. For the observation with the Zeiss LSM980
microscope, fluorescence was excited by a 488 nm laser for GFP and 543 nm for RFP,
and the fluorescence emissions were detected at 490-543 nm for GFP and 596-694 nm
for RFP. For the observation with Nikon microscope system, GFP fluorescence was

excited by a 488 nm laser and detected using a 500—550 nm band-pass emission filter,
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and RFP and FM4-64 fluorescence were excited by a 561 nm laser and detected using a
570-620 nm band-pass emission filter. Images were processed using Imagel software

(National Institutes of Health, Maryland, Washington, DC).

Colocalization analysis

Object-based distance analysis was performed by Imagel plugin DiAna (Gilles et al.,
2017). To remove the noise, a median filter of 2 pxl-radius was applied before analysis.
For the analysis of plants without treatments, the dot-like structures were segmented by
DiAna-segmentation with the following parameters: spot segmentation; RadXY, 3;
RadZ, 1; Noise, 50; Radius Max (pxl), 7; sd value, 1.4; volume min (pxl), 4; volume
max (pxl), 200; exclude objects on XY edges, yes; seed threshold, 3000 for ATL31-GFP,
2000 for ST-mRFP, 4000 for VHAal-mRFP, 3000 for mRFP-SYP43, 2800 for
mRFP-SYP61, 3000 for tagRFP-VAMP727, and 3500 for mRFP-ARA7. For the
analysis of plants with C/N-nutrient liquid medium treatments, the following parameters
were used: spot segmentation; RadXY, 3; RadZ, 1; Noise, 50; Radius Max (pxl), 7; sd
value, 1.4; volume min (pxl), 4; volume max (pxl), 200; exclude objects on XY edges,
yes; seed threshold, 5500 for ATL31-GFP, 4500 for VHAal-mRFP and
tagRFP-VAMP727. The segmented objects with signal at the plasma membrane and the
outside of the cell of interest were removed manually. After the segmentation, the
distance of the centroids of the closest neighbor was measured by DiAna-analysis. The
objects with the center-center distance shorter than the theoretical resolution were
considered as colocalizing. The optical resolution was considered as 0.2 pm here
(according to the Rayleigh criterion, the theoretical lateral resolution was calculated by

the following formula: 0.51A/NA (A, excitation wavelength; NA, numerical aperture of
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the objective lens) = 0.51*%543/1.40 = 197.8 nm < 0.2 um). n = 15 cell slices from 5

roots were analyzed.

Dot/cytosol intensity ratio analysis of ATL31-GFP

Imagel was used for the analysis. A median filter of 2 pxl-radius was applied to remove
the noise. The dot-like structures of ATL31-GFP were segmented by DiAna with the
following parameters: spot segmentation; RadXY, 3; RadZ, 1; Noise, 50; Radius Max
(px1), 7; sd value, 1.4; volume min (pxl), 4; volume max (pxl), 200; exclude objects on
XY edges, yes; seed threshold, 16000. The intracellular region excluding the dot-like
structures was considered as cytosol in this analysis. The original images were used for
the measurement. The ratio of the mean intensity of the cytosol and the total area of the

dot-like structures was calculated. n = 15 cell slices from 5 roots were analyzed.

PM/Dot intensity ratio analysis of mRFP-SYP61

ImagelJ was used for the analysis. A median filter of 2 pxl-radius was applied to remove
the noise The dot-like structures of mRFP-SYP61 were segmented by DiAna with the
following parameters: iterative thresholding, Volume min (pxl), 10; Volume Max (pxl),
200; min Threshold, 200; STEP value, 50. The plasma membrane was selected
manually by selection brush tool. The original images were used for the measurement.
The ratio of the mean intensity of the plasma membrane and the dot-like structures was
calculated. The mean intensity of the dot-like structures was calculated by dividing the
total intensity of the dot-like structures by their total area. n = 20 cell slices from 5 roots

were analyzed.
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Statistics

All values shown as bar graphs are mean + s.d. or s.e.m. as stated. P values were
calculated by two-tailed Welch’s #-test for two-group comparisons, by two-tailed
Dunnett’s test for multiple-group comparisons with single control, and one-way
ANOVA (analysis of variance) followed by Tukey’s honestly significant difference
(HSD) test for other multiple-group comparisons. Statistical significance was set based

on P-values. n.s., P> 0.05; *P < 0.05; **P <0.01.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession numbers: ATL31, At5g27420;
SYP61, AT1g28490; SYP43, AT3G05710; VHAal, At2g28520; ARA7, AT4G19640;

VAMP727, AT3G54300.

RESULTS

ATL31 localizes to the plasma membrane and endosomal compartments

Previous researches showed that the N-terminal transmembrane domain of ATL31 is
required for ATL31’s function in C/N-nutrient stress responses (Sato et al., 2009). To
characterize the subcellular localization of ATL31, I performed confocal microscopy
observations of Arabidopsis plants expressing green fluorescent protein-tagged ATL31
(ATL31-GFP). In the root tip epidermal cells, ATL31-GFP signals were detected at the
intracellular punctate structures and the plasma-membrane (Fig. 2A). The GFP signals
colocalized with the internalized FM4-64 dye in less than 20 minutes after staining,

suggesting ATL31 localizes to the TGN/EE (Fig. 2A). The identity of these dot-like
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structures was further determined by colocalization analysis with monomeric red
fluorescent protein (mRFP)- or tagRFP-tagged endomembrane organelle markers in
transgenic Arabidopsis plants. As a result, ATL31-GFP colocalized with the TGN/EE
markers mRFP-SYP43, mRFP-SYP61 and VHAal-mRFP (Fig. 2B, C). I also observed
the colocalization with the frans-Golgi marker ST-mRFP (cytoplasmic and
transmembrane domains of a rat sialyl transferase) and the LE markers mRFP-ARA7
and tagRFP-VAMP727 (Fig. 2B, C). Since ST often colocalizes with part of the
TGN/EE called Golgi-associated-TGN (GA-TGN) (Uemura et al., 2014; Shimizu et al.,
2021), the colocalization of ATL31-GFP with ST-mRFP may indicate its localization at
the GA-TGN. To confirm the localization of ATL31 at the TGN/EE and the LE, I also
tested the sensitivity of ATL31-GFP on commonly used membrane traffic inhibitors
brefeldin A (BFA) and wortmannin (WM). BFA inhibits the BFA-sensitive
ADP-ribosylation factors guanine nucleotide exchange factors (Arf-GEFs) and
generates BFA bodies, large aggregations of endosomal compartments (Geldner et al.,
2003; Grebe et al., 2003; Dettmer et al., 2006; Robinson et al., 2008). The 30 minutes
treatment with 50 uM BFA induced the aggregation of ATL31-GFP with fluorescence
overlapping FM4-64 containing BFA bodies (Fig. 2D). WM is an inhibitor of
phosphoinositide 3-kinase (PI3K) and PI4K, which causes swelling and vacuolization of
late endosomal compartments (Jaillais et al., 2008; Wang et al., 2009). After 1 hour of
33 uM WM treatment, ATL31-GFP was observed as small ring-like structures (Fig. 2E).
Those pharmacological analyses further supported the finding that ATL31 localizes to
the TGN/EE and the LE. Membrane localized proteins often undergo vacuolar
degradation, and this can be visualized by the signal of the tagged GFP in the vacuole

after dark treatment (Tamura et al., 2003). After 18 hours dark treatment, GFP
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fluorescence was observed in vacuoles in addition to the intracellular punctuate
structures (Fig. 2F), whereas mRFP-SYP61 was not observed in the vacuole (Fig. 3).
The vacuolar targeting of ATL31 was also confirmed by treatment with a vacuolar
ATPase inhibitor Concanamycin A (ConcA) (Drose et al., 1993; Matsuoka et al., 1997;
Dettmer et al., 2006) (Fig. 4). After 3 hours treatment of ConcA, ATL31-GFP was
observed in abnormal patches and the protein amount ratio of full-length ATL31-GFP to
the free GFP was enhanced (Fig. 4). These results suggested ATL31-GFP is subjected to
vacuolar degradation in Arabidopsis cells.

Because ATL31 is a C/N-nutrient response regulator, I also checked the subcellular
localization of ATL31 under different C/N-nutrient conditions. Transgenic Arabidopsis
seedlings expressing ATL31-GFP with the TGN/EE marker VHAal-mRFP or the LE
marker tagRFP-VAMP727 were subjected to liquid medium containing 0 mM glucose
(Glc)/60 mM N, 100 mM Glc/30 mM N, or 200 mM Glc/0.3 mM N for 90 to 110
minutes (Fig. 5). The colocalization of ATL31 with VHAal-mRFP did not show
C/N-nutrient condition dependency, possibly because TGN/EE is a trafficking hub that
harbors both exocytic and endocytic pathways (Uemura et al., 2014, 2019; Shimizu et
al., 2021) . On the other hand, the less dot-like structures of ATL31-GFP colocalized
with tagRFP-VAMP727 under higher C/lower N conditions. It has been previously
reported that ATL31 is stabilized under higher C/lower N conditions (Yasuda et al.,
2017). The less colocalization of ATL31-GFP with the LE marker may indicate the
decreased vacuolar targeting of ATL31 under these conditions.

Altogether, ATL31 localizes to the multiple organelles including the plasma membrane,
TGN/EE, and LE, and degraded in the vacuole. The observation that the subcellular

localization of ATL31 is affected by the C/N-nutrient conditions suggested the relevance
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of the regulation of ATL31 trafficking to its function.

ATL31 physically interacts with TGN/EE SNARE SYP61

SYP61 is a Qc-SNARE with N-terminal three helical domains and a C-terminal
transmembrane region, that mediates membrane traffic at the TGN/EE in Arabidopsis
(Uemura et al., 2004; Sanderfoot et al., 2001). In a proteomic analysis of SYP61
compartment, a protein named ATL6, the closest homologue of ATL31 was identified
(Drakakaki et al., 2012). SYP61 is known to mediate the secretion of cell wall
components (Drakakaki et al., 2012; Wilkop et al., 2019), and the previous report from
my colleagues suggested that ATL31 is also involved in the accumulation of cell wall
components (Maekawa et al., 2014). This functional relevance motivated me to evaluate
the interaction between ATL31 and SYP61. GFP-tagged SYP61 were transiently
co-expressed in N. benthamiana leaves with FLAG-tagged ATL31 or the catalytically
inactive form of ATL31 with a point-mutation at the conserved cysteine-143 residue in
the RING domain to serine (ATL31¢1%3%) and subjected to co-immunoprecipitation assay.
SYP61 was co-immunoprecipitated with both intact ATL31 and ATL31¢1%%% (Fig. 6A).
Physical interactions were confirmed by split ubiquitin yeast two-hybrid analysis done
by my previous colleague Dr. Thais Huarancca Reyes (Fig. 6B). In addition, she also
detected endogenous SYP61 in the immunoprecipitate of ATL31-GFP from transgenic
Arabidopsis plants (Fig. 6C). These results demonstrated that ATL31 physically

interacts with SYP61 in plants.

Induced knockdown of SYP61 affected subcellular localization of ATL31

As SYP61 is a membrane traffic regulator, I observed the subcellular localization of
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ATL31 in syp61 mutants. To examine this, I crossed ATL31-GFP expressing plants with
two independent lines of the B-estradiol-inducible knockdown mutant of SYP61, which
express an artificial SYP6/ microRNA (syp61 Ind amiRNA). The syp61 Ind amiRNA
lines are kind gift from Drs. Anirban Baral and Rishikesh P. Bhalerao (Swedish
University of Agricultural Sciences). I confirmed the knockdown of SYP6/ was
successfully induced under 10 uM [-estradiol existence, while ATL3] was
constitutively overexpressed (Fig. 7A). The seedlings grown on the medium containing
10 uM B-estradiol or ethanol (mock) were observed using confocal laser microscopy
(Fig. 7B,C). In the syp6! knockdown background, fluorescence of ATL31-GFP was
more dispersed in the cytosol (Fig. 7B). Quantification showed the mean intensity ratio
of cytosol to the dot like structures was significantly enhanced in the mutant (Fig. 7C).
This abnormal pattern change upon [B-estradiol treatment was not observed in the
wild-type background, suggesting this phenotype is caused by the decreased expression
of SYP61, and not the side-effect of the B-estradiol treatment. These results indicated

SYP61 is necessary for the proper localization of ATL31.

SYP61 is required for plant response to disrupted C/N-nutrient balance

I then examined whether SYP61 is involved in the ATL31-mediated high C/low
N-nutrient stress responses. Firstly, the high C/low N stress tolerance of syp6/ mutants
was tested. The knockdown mutants are kind gift from Drs. Anirban Baral and
Rishikesh P. Bhalerao (Swedish University of Agricultural Sciences). The two
independent lines of the knockdown mutant plants constitutively expressing the
artificial SYP61 microRNA (syp61 amiRNA) (Fig. 8A) showed significant

hypersensitive phenotypes to 150 mM Glc/0.3 mM N conditions with no green
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cotyledons, whereas 65% of wild-type seedlings showed expanded green cotyledons
(Fig. 8B, C). The assay was also performed using osml, a previously reported syp61
mutant (Zhu et al., 2002). In the osm/ mutant, the expression pattern of SYP61 is altered
due to the T-DNA insertion in the upstream of the translation start site of SYP67 (Zhu et
al., 2002). Because this mutant is established on a C24 accession background, which
was more resistant to high C/low N-nutrient stress, | examined the osm/ phenotype in
medium containing more glucose than the medium used for Col-0 background mutants.
In line with the result of syp61 amiRNA mutants, the percentage of green cotyledons
was significantly lower for osm! (10%) than for C24 wild-type (27%) under 300 mM
Glc/0.3 mM N stress conditions (Fig. 9). As all wild-type and the syp6/ mutant
seedlings showed green cotyledons in mannitol medium, it was confirmed that the
effects of C/N-nutrient stress are distinct from that of osmotic stress (Fig. 8,9). Next, to
examine the relevance of SYP61 to ATL31 function, I tested the C/N-nutrient stress
responses of Arabidopsis plants overexpressing ATL31 in syp6l] mutant background,
which are the same plant lines used for the localization analysis. The crossed plants of
ATL31 overexpressor and the syp6! Ind amiRNA were grown on the high C/low N
medium containing 300 mM Glc/0.3 mM N with 10 uM B-estradiol or ethanol (mock)
(Fig. 10). On the mock medium, the ATL3] overexpressor and the crossed plants
exhibited insensitive phenotype. In contrast, the post-germination growth of the crossed
plants was inhibited on the B-estradiol containing stress medium, and the phenotype of
the syp61 knockdown was not rescued by the overexpression of ATL31. These results
demonstrated that SYP61 plays an essential role in plant adaptation to C/N-nutrient

conditions, and is crucial to the ATL31-mediated C/N-nutrient stress insensitivity.
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SYP61 protein is ubiquitinated in plant cells

Because ATL31 is a ubiquitin ligase, I also asked the possibility of ubiquitin
modification on SYP61. First, I extracted proteins from transgenic Arabidopsis plants
expressing GFP-fused SYP61 under the control of native promoter
(pSYP61:GFP-SYP61). GFP-SYP61 was purified by immunoprecipitation in the
absence or presence of inhibitors of deubiquitination enzymes (DUBi). Immunoblotting
with anti-GFP antibody detected a signal corresponding to intact GFP-SYP61, whereas
immunoblotting with anti-ubiquitin antibody yielded the sharp bands of higher
molecular weight, which were enhanced by DUBI treatment (Fig. 11A). Because the
predicted molecular size of GFP-SYP61 in this construct is about 55 kDa and that of
ubiquitin is 8.5 kDa, the lowest band in this blot is presumed as mono-ubiquitination,
and the second and the third bands may represent GFP-SYP61 with di- and
tri-ubiquitination. I also confirmed ubiquitination of SYP61 using the FLAG-tag fused
SYP61 (FLAG-SYP61), and FLAG-GFP as a control (Fig. 11B). Based on their
molecular weights, the bands detected with ubiquitin antibody were likely ubiquitinated
SYP61, not GFP- or FLAG-tag or the other interactors. To further assess the
biochemical characteristics of SYP61 ubiquitination, I analyzed the ubiquitin chain type.
The second band of ubiquitinated SYP61, which is slightly lower than 75 kDa, was also
bound by the antibody specific for K63-linked, but not K48-linked, ubiquitination (Fig.
11C). These findings revealed that SYP61 was ubiquitinated in plants, and that some

pools of SYP61 are modified by K63-type ubiquitination.

ATL31 has an ability to mediate SYP61 ubiquitination

To examine the direct involvement of ATL31 in SYP61 ubiquitination, in vitro
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ubiquitination assays were performed with MBP-tag fused ATL31 (MBP-ATL31) and
GST-tag fused SYP61 (GST-SYP61) recombinant proteins. Incubation of GST-SYP61
with MBP-ATL31 for 1 or 3 hours, followed by immunoblotting with either anti-GST or
anti-ubiquitin antibody, showed time-associated shifting of the GST-SYP61 bands (Fig.
12A). This ubiquitination signal was not detected after incubation with GST protein,
indicating that SYP61 was ubiquitinated by ATL31 in vitro. The molecular size of the
bands suggested that SYP61 was ubiquitinated with at least one molecule
(mono-ubiquitin) but could also be ubiquitinated with two molecules. The
two-ubiquitin-bound SYP61 was also detected with anti-K63 ubiquitination antibody
(Fig. 12A), indicating that ATL31 can catalyze the attachment of a K63-linked ubiquitin
chain to SYP61. As the upshifted bands of ubiquitinated GST-SYP61 were also
observed with the ubiquitin protein without lysine 63 (Ub-K63R), ATL31 can also
catalyze other types of ubiquitination, such as multiple-mono or other chain types (Fig.
13A). Nevertheless, the anti-K63 ubiquitination antibody did not detect the
di-ubiquitination of GST-SYP61 with Ub-K63R, whereas the band was detected with
the K63-only ubiquitin mutant, which can only form K63-linked chains, further
confirming the existence of the K63-linked chain (Fig. 13A, B). Mass spectrometry
showed that five lysine residues on SYP61, four on the SNARE domain, were
ubiquitinated by ATL31 in vitro (Fig. 12B, Supplemental Table 3). I also confirmed that
ATL31 ubiquitinates SYP61 in plant cells. GFP-SYP61 was expressed alone or with
3xFLAG tagged ATL31 (ATL31-3xFLAG) or ATL31¢435 (ATL31'%35-3xFLAG) in N.
benthamiana leaves by agroinfiltration. As a result, co-expression of ATL31-3xFLAG
enhanced ubiquitination of SYP61 including K63-linked chain (Fig. 12C). This signal

enhancement was not observed with the catalytically inactive form of ATL31, indicating
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ATL31 enhanced SYP61 ubiquitination through its ubiquitination activity.

Ubiquitination of SYP61 is affected by C/N-nutrient availability

Finally, I investigated the relevance of SYP61 ubiquitination in the plant C/N-nutrient
responses (Fig. 14A). To check the gradual effect of the C/N-nutrient condition, the
Arabidopsis transgenic plants pSYP61:GFP-SYP61 grown in liquid medium containing
100 mM Glc/30 mM N for 10 days were treated with 6 different medium containing 0,
100 or 200 mM Glc and 30 or 0.3 mM N for 3 hours. Interestingly, the signal of the
ubiquitinated SYP61 was the highest in the 0 mM GIlc/30 mM N treated sample. The
difference of the signal of K63-linked chain was even more significant. The signal was
higher in the 0 mM Glc treated samples than the other glucose conditions with the same
nitrogen status. Comparing the two 0 mM Glc treated samples with different N
conditions, the one with 30 mM N showed higher band intensity than the one with 0.3
mM N. The overall ubiquitination profiles did not show this tendency, suggesting
SYP61 is specifically regulated (Fig. 14B). Because the ubiquitination signals of SYP61
were not decreased by the addition of the mannitol instead of glucose, it was confirmed
that the observed difference was not due to the osmotic conditions (Fig. 14C). As the
SYP61 ubiquitination was up-regulated in lower C/higher N condition, 0 mM Glc/60
mM N low C/high N condition was used in the following experiments. To test if ATL31
can mediate the low C/high N-induced SYP61 ubiquitination, we performed the
experiment with Arabidopsis transgenic plants expressing mRFP-SYP61 in ATL31
overexpressor background (pSYP61:mRFP-SYP61 in 2xp35S:ATL31-GFP). The plants
were grown in the liquid medium containing 100 mM Glc/30 mM N for 11 days, and

treated with the low C/high N medium containing 0 mM Glc and 60 mM N for 0, 45, 90
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or 180 minutes (Fig. 15). The total and the K63-linked ubiquitination of mRFP-SYP61
was the highest 45 minutes after the treatment, and gradually decreased in wild-type
background. This tendency was the same in the ATL31 overexpressor background, but
the amplitude was much higher. I also performed the experiment using the transgenic
plants expressing GFP-SYP61 in the double knockout mutant of A7L3/ and the closest
homologue ATL6 (pSYP61:GFP-SYP61 in atl31-1/6-1) to confirm their necessity (Fig.
16). However, SYP61 ubiquitination was not abolished in the mutant background, and
responded to the C/N-nutrient treatment as in wild-type background. Thus, ATL31 is not
an exclusive ubiquitin ligase in this process.

To test the possibility that the ubiquitination enhances the internalization of SYP61
from the plasma membrane, I quantified the amount of the mRFP-SYP61 in the plasma
membrane using the plant materials and the C/N-nutrient conditions mentioned above
(Fig. 17). As a result, the proportion of the plasma membrane-localized mRFP-SYP61
dropped accordingly to the lower C/higher N. However, the amount of the plasma
membrane localized SYP61 was not decreased by ATL31 overexpression. Therefore, the

ATL31-mediated ubiquitination of SYP61 is not likely serving as an endocytosis signal.

DISCUSSION

SNARE protein SYP61 is a mediator of post-Golgi membrane trafficking in
Arabidopsis (Sanderfoot et al., 2001; Uemura et al., 2004). In this study, I identified
SYP61 as an interactor of a ubiquitin ligase ATL31. My results suggested the
cooperative function of SYP61 with ATL31, including proper traffic regulation of
ATL31 by SYP61, is important for plant adaptations to disrupted high C/low N-nutrient

stress conditions. Because SYP61 is a Qc-SNARE, the suppressed expression of SYP61
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protein may have caused the low efficiency of membrane fusion at the TGN/EE and
resulted in the dispersion of ATL31-GFP positive compartments.

I also found SYP61 is ubiquitinated with K63-linked chain in plant cells. Furthermore,
low C/high N-nutrient condition enhances ubiquitination of SYP61, and ATL31 can
promote this process. ATL31 catalyzes mono and K63-linked ubiquitination of SYP61
in vitro and in plant cells, although it is not an exclusive ubiquitin ligase. The
ubiquitination of SYP61 detected in this study may contain multiple types with different
molecular meanings. Firstly, the mass spectrometry analysis identified several sites of
SYP61 directly ubiquitinated by ATL31 in vitro. In the in planta assays, while the
ubiquitination bands of higher molecular weight than di-Ub bands were detected by the
ubiquitination antibody, the bands were not clearly detected by the K63-chain specific
antibody. Thus, the bands upper than di-Ub may contain SYP61 with non-K63-linked
chain or multiple-mono-ubiquitination. These observations imply the heterogeneity of
the ubiquitination of SYP61. Both the physiological and molecular functions of the
SYP61 ubiquitination remain open questions, but there are a few things that can be
discussed from my results here. Firstly, it is not likely ATL31 targets SYP61 to enhance
plant growth under high C/low N-nutrient conditions, because these conditions
down-regulated SYP61 ubiquitination. Secondly, the ATL31-mediated ubiquitination of
SYP61 is not likely serving as an endocytosis signal, while the possibility that some
batch of the low C/high N-mediated ubiquitination works in this pathway cannot be
excluded. Because both ATL31 and SYP61 colocalize with the TGN/EE and the LE
markers, it will be interesting to examine if the ATL31-mediated ubiquitination modifies
the SYP61-mediated trafficking pathway on those compartments. A recent study

reported the TGN/EE with SYP61 harbors both secretory-trafficking zone with an
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R-SNARE VAMP721 and vacuolar-targeting zone with VAMP727 (Shimizu et al.,
2021). In response to flg22 treatment, the proportion of the hybrid compartment of the
TGN/EE and the LE marked by SYP61 and ARA7/RABF2b increases temporary to
mediate endocytic trafficking of FLS2 (Choi et al., 2013). It is also reported that SYP61
localizes not only to the TGN/EE, but also to the plasma membrane and the vacuolar
membranes under specific conditions (Gendre et al., 2013; Hachez et al., 2014;
Rosquete et al, 2019; Heinze et al, 2020). This dynamic and seemingly
undiscriminating behavior of SYP61 suggests as-yet-unknown post-translational
mechanisms involved in the regulation of SYP61 localization and function in response
to environmental stimuli, and ubiquitination may be involved in the process. There are
not many reports on ubiquitination of SNARE proteins so far, but they have shown its
involvement in several different molecular pathways. In yeast, ubiquitination of Tlgl,
the SYP61 orthologue, and a Qa-SNARE Pepl2 serves as a signal for vacuolar
degradation through MVB (Reggiori and Pelham, 2002; Valdez-Taubas and Pelham,
2005). Poly-ubiquitination of a Rat Qa-SNARE Syntaxinl induces its proteasomal
degradation (Chin et al., 2002). On the other hand, mono-ubiquitination of a
Qa-SNARE Syntaxin3 triggers non-degradative endocytosis in human epithelial cells
(Giovannone et al., 2017). Also, K63-linked ubiquitination of Sncl, an yeast R-SNARE
that mediates trafficking between the plasma membrane and the TGN, functions as
non-degradative trafficking signal that facilitates its recycling back from the endocytic
pathway to the exocytic pathway (Xu et al., 2017). In case of a human Qa-SNARE
Syntaxin5, mono-ubiquitination and subsequent deubiquitination serve as a gate for the
time-specific formation of SNARE complex to regulate Golgi membrane fusion during

the cell cycle (Huang et al., 2016). In addition, K63-linked ubiquitination of a human
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R-SNARE Sec22b is also implied to be involved in SNARE complex formation during
interaction with a bacterial pathogen Legionella pneumophila (Kitao et al., 2020). In
plants, there is a report that identified a plasma membrane localized Qa-SNARE
SYP122 in a K63-linked ubiquitinome analysis in Arabidopsis (Johnson and Vert, 2016),
although its molecular upstream and downstream effect have not been characterized. It
seems SNARE ubiquitination functions as various molecular signals in a wide range of
species. Future experiments including analysis of ubiquitination-defective mutant of
SYP61 will reveal the detailed function of this post-translational modification.

The finding that ATL31 has multiple ubiquitination targets also suggested the
multifunctionality of ATL31. In addition to this, our MS-based analysis shown in
(Hasegawa et al., provisionally accepted) indicated that ATL31 has an ability to catalyze
multiple ubiquitin chain types. Ubiquitination chain is formed by the attachment of
ubiquitin (donor ubiquitin) onto the former ubiquitin (acceptor ubiquitin), and the
ubiquitin chain type is directly determined by the positioning of the donor and the
acceptor ubiquitin molecules (Deol et al., 2019). Therefore, in case the ubiquitination
chain is formed onto the ubiquitin which is already bound to the target, all of the
proteins in the complex in this process will serve as the determinants of the chain type.
In case of a RING type ubiquitin ligase like ATL31, the major determinants will be E2,
ubiquitin ligase itself, and the target proteins (Deol et al., 2019; Romero-Barrios et al.,
2019). Arabidopsis genome codes 37 E2 genes (Callis, 1995), and the ubiquitin chain
types mediated by ATL31 will be affected by which E2 protein it interacts with. It is
also possible that other co-factors and the post-translational modification of ATL31 have
effects on this process. As human UbcH5a was used as E2 in the in vitro assay here and

the MS-based chain type analysis mentioned above, the ubiquitination types catalyzed
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by ATL31 in plant cell needs further investigation. Nevertheless, the MS-based chain
type analysis showed the potential of ATL31 to catalyze those multiple types of
ubiquitination, and this suggested a possibility that ATL31 may mediate multiple
cellular signals via ubiquitination of distinct target proteins. Previous studies reported
that ATL31 targets 14-3-3 proteins for proteasomal degradation through the
phosphorylation by CIPK7/12/14 kinases under high C/low N-nutrient stress conditions
(Sato et al., 2011; Yasuda et al., 2014, 2017). Thus, the activity of ATL31, including the
target interactions and possibly the type of ubiquitin linkages, seems to be tightly
regulated in response to environmental conditions. The SYP61 ubiquitination by ATL31
might be also activated by as-yet-unknown upstream signals.

In addition to C/N-nutrient responses, ATL31 and SYP61 may interact in other
environmental responses. Not only high C/low N-nutrient stress, ATL31 positively
regulates plant resistance to pathogen attacks and possibly to salt stress (Maekawa et al.,
2012, 2014; Peng et al., 2014; Wibowo et al., 2016). In plant immunity, ATL31
enhances callose deposition (Maekawa et al., 2012, 2014). ATL31 targeted to fungal
penetration sites in association with SYP121/PENI1, and accelerated the formation of
rigid cell walls called papillae (Maekawa et al., 2014), suggesting that ATL31 possibly
mediates vesicle trafficking of cell wall material and/or the related enzymes. SYP61 is
also reported to be involved in salt stress tolerances and cell wall secretion. The osm/
mutant is hypersensitive to the salt and osmotic stresses (Zhu et al., 2002), and shows
disrupted localization pattern of the plasma membrane aquaporin PIP2;7 (Hachez et al.,
2014). Proteomics on SYP61 compartment has identified cell wall relating enzymes as
potential cargos (Drakakaki et al., 2012), and recent advanced glycomic analysis

reported that SYP61 also mediates trafficking of cell wall materials, such as
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polysaccharides and glycoproteins (Wilkop et al., 2019). In addition to the overlap in
the subcellular localization and the physical interaction, these functional similarities of
ATL31 and SYP61 suggest their possible relevance in diverse physiological processes
in plants.

This study demonstrated the importance of membrane traffic regulation by a SNARE
protein in plant nutrient responses. In addition, it also suggested a possibility that
SNARE proteins are regulated via ubiquitination in response to nutrient conditions.
Future studies should reveal the downstream effect of the SNARE ubiquitination, as
well as how common this modification is among SNARE proteins. It will also be
interesting to find out further cargos whose localization is regulated in response to
C/N-nutrient conditions. The findings in this research provided new insights into the

membrane trafficking machinery and ubiquitin signaling in plant nutrient responses.
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Fig. 1 Recognition of SYP61 protein by anti-SYP61 antibody.

Proteins were extracted from N. benthamiana leaves transiently expressing GFP (27
kDa) or GFP-SYP61 (56 kDa), and detected with anti-GFP and anti-SYP61 antibodies.
The same amount of proteins were applied. Closed arrowheads indicate GFP-SYP61,

and open arrowhead indicates GFP.
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Fig. 2 ATL31 localizes to the plasma membrane and endosomal compartments.

(A) Representative confocal images of FM4-64 stained Arabidopsis root epidermal cells
expressing ATL31-GFP. The root was stained with 2 uM FM4-64 for 2 minutes and
washed with the medium without dye. The picture was taken 18 minutes after the
staining. Bar = 10 um.

(B) Representative confocal images of Arabidopsis root epidermal cells co-expressing
ATL31-GFP with ST-mRFP (trans-Golgi), mRFP-SYP43 (TGN/EE), mRFP-SYP61
(TGN/EE), VHAal-mRFP (TGN/EE), mRFP-ARA7 (LE), and tagRFP-VAMP727 (LE)
(F1 generation). Right panels show enlarged view of the dot-like structures. LE, late
endosome. Bars = 10 um.

(C) Quantification of B. Percentage of the dot-like structures of ATL31-GFP
colocalizing with the indicated markers were plotted. The center-center distance of the
nearest dot-like structures were calculated by an ImageJ plugin DiAna, and the
endosomes with distance closer than 0.2 pm (approximate theoretical resolution limit of
the confocal microscope) were considered as colocalizing. n = 15 cell slices from 5
roots were analyzed. Box plots definition: center line, median; box limits, lower and
upper quartiles; +, mean; dots, individual data points; whiskers, highest and lowest data
points (The whiskers extend to data points that are less than 1.5 x IQR away from
1st/3rd quartile).

(D) Representative confocal images of Arabidopsis root epidermal cells expressing
ATL31-GFP treated with 50 uM Brefeldin A (BFA) or DMSO for 30 minutes. Cells
were stained with 5 uM FM4-64 15 minutes before BFA treatment. Right panels show
enlarged view of the BFA bodies. Bars = 10 um.

(E) Representative confocal images of Arabidopsis root epidermal cells expressing
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ATL31-GFP treated with 33 uM Wortmannin (WM) or DMSO for 1 hour. Arrowheads
indicate the ring like structures representing the vacuolized late endosomal
compartments. Bars = 10 um.

(F) Representative confocal images of Arabidopsis root epidermal cells expressing

ATL31-GFP after light or dark treatment for 18 hours. Bars = 10 um.
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Fig. 3 ATL31-GFP was accumulated in the vacuole after 18-hr dark treatment,
whereas mRFP-SYP61 was not.

Representative confocal images of Arabidopsis root cells co-expressing ATL31-GFP
with mRFP-SYP61 (TGN/EE) (F1 generation) after light or dark treatment for 18 hours.

Bars = 10 um.
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Fig. 4. ATL31-GFP is sensitive to Concanamycin A.

(A) Representative confocal images of Arabidopsis root epidermal cells expressing
ATL31-GFP after 3 hours treatment of 1 uM Concanamycin A (ConcA) or DMSO
(mock). Bars = 10 um.

(B) Western blotting analysis after ConcA treatment. Arabidopsis plants expressing
ATL31-GFP were incubated with 1 uM ConcA or DMSO for 3 hours. Immunoblot was
performed with anti-GFP and anti-Tubulin (loading control) antibodies. Open
arrowhead, ATL31-GFP (71 kDa); arrow, free GFP (about 27 kDa). CBB staining is
shown as a loading control.

(C) Quantification of the western blotting analysis shown in (B). The ratio between the
band intensity of full length ATL31-GFP and degraded free GFP was calculated. Data
are means + s.e.m. (n = 4 independent batches of plants). Statistical significance was

determined by two-tailed Welch's t-test. (**P<0.01).
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Fig. 5 Subcellular localization of ATL31 in response to C/N-nutrient conditions.
(A, C) Representative confocal images of Arabidopsis root epidermal cells
co-expressing ATL31-GFP with VHAal-mRFP (TGN/EE marker) (A) or
tagRFP-VAMP727 (LE marker) (C). 6 days-grown plants were treated with liquid MS
medium containing 0 mM glucose/60 mM nitrogen, 100 mM glucose/30 mM nitrogen
or 200 mM glucose/0.3 mM nitrogen, and pictures were taken 90-110 minutes after the
treatment. Bars = 10 pm.

(B, D) Percentage of the dot-like structures of ATL31-GFP colocalizing with
VHAal-mRFP (B) or tagRFP-VAMP727 (D) were plotted. The center-center distance
of the nearest dot-like structures was calculated by an ImageJ plugin DiAna, and the
endosomes with distance closer than 0.2 pm (approximate theoretical resolution limit of
the confocal microscope) were considered as colocalizing. Box plots definition: center
line, median; box limits, lower and upper quartiles; dots, individual data points;
whiskers, highest and lowest data points (The whiskers extend to data points that are
less than 1.5 x IQR away from 1st/3rd quartile). n = 15 cell slices from 5 roots were
analyzed. Statistical differences were inferred by analysis of variance (ANOVA)
followed by Tukey’s honestly significant difference (HSD) test (n.s., P>0.05; *P<0.05;

**P<0,01).
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Fig. 6 ATL31 interacts with SYPG6L1.

(A) Co-immunoprecipitation of GFP-SYP61 (56 kDa) with ATL31-FLAG or
ATL31cuss-FLAG (43 kDa, indicated by arrowhead). Proteins were expressed in N.
benthamiana leaves, and immunoprecipitated with anti-FLAG antibody beads, followed
by immunoblotting with anti-SYP61 and anti-FLAG antibodies. Asterisks, nonspesific
bands and 1gG heavy chain.

(B) Split ubiquitin yeast-two hybrid assays of ATL31-Cub and ATL31c13s-Cub with
Nub-SYP61 or empty vector. Yeast cultures were diluted to 1 or 10 times (indicated 1.0
or 0.1 each), and grown on solid medium with or without histidine (His). Cub,
C-terminal half of ubiquitin; Nub, N-terminal half of ubiquitin.

(C) Co-immunoprecipitation of endogenous SYP61 with ATL31-GFP in Arabidopsis.
Proteins were extracted from Arabidopsis plants expressing GFP (27 kDa, indicated by
arrow) or ATL31-GFP (71 kDa, indicated by open arrowhead), and subjected to
immunoprecipitation with anti-GFP antibody beads, followed by immunoblotting with

anti-SYP61 and anti-GFP antibodies.
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Fig. 7 Subcellular localization of ATL31 was affected by induced knockdown of
SYPG61.

(A) Relative expression levels of of SYP61 and ATL31 mRNA transcript normalized by
18S rRNA. Total RNA was extracted from wild-type (WT, Col-0) and F1 plants of
ATL31 overexpressor (2xp35S:ATL31-GFP) and syp61 inducible knockdown lines
(syp61 Ind amiRNA #4 and #10) grown for 16 days on 100 mM glucose/30 mM
nitrogen with ethanol or 10 uM B-estradiol. Data are means + s.e.m (n = 4 plants).
Statistical differences were inferred by analysis of variance (ANOVA) followed by
Tukey's honestly significant difference (HSD) test. Different letters are indicating
significant difference (P<0.05).

(B) Representative confocal images of Arabidopsis root epidermal cells expressing
ATL31-GFP in syp61 inducible knockdown mutant (syp61 Ind amiRNA) (F3 generation,
homo) or in wildtype (WT) background. Plants were grown for 7 days on medium
containg ethanol (EtOH) or 10 uM B-estradiol. Bars = 10 um. The induction of SYP61
knockdown by B-estradiol in the used lines is confirmed in (A).

(C) Quantification of the intensity ratio of ATL31-GFP in the cytosol and the dot-like
structures. The intracellular region excluding the dot-like structures was considered as
“cytosol” here. n = 14-15 cell slices from 5 roots were

analyzed. **P<0.01 by two-tailed Welch’s t-test. n.s., not significant. Different
characters are showing significant difference defined by post-hoc Tukey HSD Test
(P<0.05). Box plots definition: center line, median; box limits, lower and upper
quartiles; +, mean; dots, individual data points; whiskers, highest and lowest data points
(The whiskers extend to data points that are less than 1.5 x IQR away from 1st/3rd

quartile).
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Fig. 8 syp61 knockdown mutants are hypersensitive to C/N-nutrient stress.
C/N-nutrient responses during post-germination growth.

(A) Relative expression levels of of SYP61 mRNA transcript normalized by 18S rRNA.
Total RNA was extracted from WT (Col-0) and syp61 constitutive knockdown mutant
(syp61 amiRNA) seedlings grown for 7 days. Data are means + s.e.m (n = 4 independent
batches of plants). Asterisks indicate significant differences compared with the WT as
determined by two-tailed Dunnett’s test (**P<0.01).

(B) Representative images of WT (Col-0) and syp61 constitutive knockdown mutant
(syp61 amiRNA) seedlings grown for 8 days on 50 mM glucose/30 mM nitrogen, 150
mM glucose/0.3 mM nitrogen or 150 mM mannitol/0.3 mM nitrogen.

(C) Percentage of seedlings with green cotyledons after growth for 8 days. Glc, glucose;
N, nitrogen; Man, mannitol; unit, mM. WT, wild-type. Data are means + s.e.m. (n =3
independent batches of plants). Statistical significance was determined by two-tailed

Dunnett's test. (*P<0.05, **P<0.01). n.s., not significant.
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Fig. 9 The osm1 mutant is hypersensitive to C/N-nutrient stress.

C/N-nutrient responses during post-germination growth. Seedlings were grown on
medium containing the indicated concentrations of glucose, nitrogen and mannitol
(osmotic control).

(A) Representative images of WT (C24) and osm1 seedlings grown for 10 days on 100
mM glucose/30 mM nitrogen, or 14 days on 300 mM glucose/0.3 mM nitrogen or 300
mM mannitol/0.3 mM nitrogen.

(B) Percentage of seedlings with green cotyledons after growth for 14 days. Glc,
glucose; N, nitrogen; Man, mannitol; unit, mM; WT, wild-type. Data are means + s.e.m.
(n = 3 independent batches of plants). Statistical significance was determined by

two-tailed Welch's t-test. (*P<0.05).
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Fig. 10 Overexpression of ATL31 did not rescue the C/N-nutrient stress
hypersensitive phenotype of SYP61 knockdown mutants.

(A) Representative images of WT (Col-0), ATL31 overexpressor (2xp35S:ATL31-GFP),
syp61 inducible knockdown mutant (syp61 Ind amiRNA) and the F1 generation of the
crossed plants grown for 12 days on 300 mM glucose/0.3 mM nitrogen with ethanol or
[-estradiol.

(B) Percentage of seedlings with green cotyledons after growth for 12 days on 300 mM
glucose/0.3 mM nitrogen with ethanol (-) or 10 uM B-estradiol (+). WT, wild-type. Data
are means + s.e.m. (n = 3 independent batches of plants). Statistical significance was

determined by two-tailed Welch's t-test. (*P<0.05, **P<0.01).
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Fig. 11 SYP61 is ubiquitinated in plants.

(A) Proteins were extracted from wild-type (WT) or GFP-SYP61 (55 kDa) expressing
Arabidopsis plants (pSYP61:GFP-SYP61) in the presence or absence of
deubiquitination enzyme inhibitors (DUBI). Proteins were immunoprecipitated with
anti-GFP antibody beads, and detected by anti-ubiquitin (FK2) or anti-GFP antibodies.
Arrowheads indicate ubiquitinated GFP-SYP61.

(B) FLAG-GFP (30 kDa) or FLAG-SYP61 (30.7 kDa) was transiently expressed in N.
benthamiana leaves. Extracted proteins were immunoprecipitated with anti-FLAG
antibody beads, and detected with anti-FLAG and anti-ubiquitin (FK2) antibodies. The
FLAG-SYP61 bands were detected at higher position than expected. Arrowheads
indicate ubiquitinated SYP61, and asterisks indicate unknown bands.

(C) GFP-SYP61 (56 kDa) was transiently expressed in N. benthamiana leaves.
Extracted proteins were immunoprecipitated with anti-GFP antibody beads, and
detected with anti-GFP, anti-ubiquitin (FK2), anti-K48-linked ubiquitin (Apu2), and
anti-K63-linked ubiquitin (Apu3) antibodies. Arrowheads indicate ubiquitinated
GFP-SYP61. The molecular weight of GFP-SYP61 for transient expression in N.
benthamiana is higher than that of GFP-SYP61 in Arabidopsis stable plant, as it

contains longer linker.
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Fig. 12 ATL31 ubiquitinates SYP61 in vitro and in planta.

(A) In vitro ubiquitination assay of SYP61 by ATL31. GST-SYP61 or GST was
incubated with MBP-ATL3L1 in the presence of ubiquitin, E1, E2 and ATP for the
indicated time. Immunoblot was performed with anti-MBP, anti-GST, anti-ubiquitin
(FK2) and anti-K63-linked ubiquitin (Apu3) antibodies. Closed arrow, MBP-ATL31
(81 kDa); open arrow, GST (28 kDa); open arrowhead, GST-SYP61 (53 kDa); closed
arrowheads, ubiquitinated SYP61.

(B) Schematic diagram of the primary structure of SYP61 protein. Arrowheads indicate
the ATL31-catalyzed ubiquitination sites of SYP61, as determined by mass
spectrometry analysis following in vitro ubiquitination assay as in

A. Numbers are showing the amino acid positions. SNARE, SNARE domain; TM,
transmembrane domain. The original data is shown in Supplemental Table 3.

(C) GFP-SYP61 (56 kDa) was transiently expressed alone or with ATL31-3XFLAG or
ATL31cu3s-3XFLAG (45 kDa) in N. benthamiana leaves. Extracted proteins were
immunoprecipitated with anti-GFP antibody beads, and detected with anti-GFP,
anti-ubiquitin (FK2), and anti-K63-linked ubiquitin (Apu3) antibodies. Arrowheads
indicate ubiquitinated GFP-SYP61. The numbers are showing the relative intensity of
the di-Ub bands (the lower bands indicated in anti-ubiquitin) normalized by the band

intensity of GFP-SYP61.
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Fig. 13 ATL31 ubiquitinates SYP61 in vitro.

(A, B) In vitro ubiquitination assay of SYP61 by ATL31. GST-SYP61 or GST was
incubated with MBP-ATL31 for 1 hour in the presence of E1, E2 and ATP, with or
without indicated ubiquitin mutants: native ubiquitin (Ub) or K63R ubiquitin for A, and
K63-only ubiquitin for B. Immunoblotting was performed with anti-MBP, anti-GST,
anti-ubiquitin (FK2) and anti-K63-linked ubiquitin (Apu3) antibodies. Closed arrows,
MBP-ATL31 (81 kDa); open arrows, GST (28 kDa); open arrowheads, GST-SYP61 (53

kDa); closed arrowheads, ubiquitinated SYP61.
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Fig. 14 Ubiquitination of SYP61 is affected by C/N-nutrient availability.
GFP-SYP61 (55 kDa) expressing Arabidopsis plants (pSYP61:GFP-SYP61) were
grown for 10 days in 100 mM glucose/30 mM nitrogen containing liquid medium, and
treated with the medium containing indicated concentration of nitrogen and glucose (A,
B), or nitrogen, glucose and mannitol (C) for 3 hours. Extracted proteins were
immunoprecipitated with anti-GFP antibody beads, and detected with anti-GFP,
anti-ubiquitin (FK2), and anti-K63-linked ubiquitin (Apu3) antibodies (A, C). Input
samples of the immunoprecipitation in A were detected with anti-ubiquitin (FK2) and
anti-K63-linked ubiquitin (Apu3) antibodies (B). Arrowheads indicate ubiquitinated
GFP-SYP61. The numbers are showing the relative intensity of the di-Ub bands (the
lower band indicated in anti-ubiquitin) normalized by the band intensity of GFP-SYP61.

WT, wild-type.
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Fig. 15 Low C/high N-nutrient responsive ubiquitination of SYP61 is enhanced by
overexpression of ATL31.

Arabidopsis plants expressing mMRFP-SYP61 (53 kDa) (pSYP61:mRFP-SYP61) in
wild-type or ATL31-GFP overexpressor background (2xp35S:ATL31-GFP) were grown
for 11 days in 100 mM glucose/30 mM nitrogen containing liquid medium, and treated
with the medium containing 0 mM glucose/60 mM nitrogen for the indicated time.
Wild-type and 2xp35S:ATL31-GFP plants were used as negative controls. Extracted
proteins were immunoprecipitated with anti-RFP antibody beads, and detected with
anti-mCherry, anti-ubiquitin (FK2), and anti-K63-linked ubiquitin (Apu3) antibodies.
ATL31-GFP in the crude extract was detected with anti-GFP antibody. Arrowheads
indicate ubiquitinated mMRFP-SYP61. The numbers are showing the relative intensity of
the di-Ub bands (the lower band indicated in anti-ubiquitin) normalized by the band

intensity of mRFP-SYP61. Glc, glucose; N, nitrogen; unit, mM.

82



pSYP61:GFP-SYP61 pSYP61:GFP-SYP61
in WT in atl31-1/6-1

200GIc/30N
=
_I
200GIc/30N

Z

=
e &£
1) ©
] ]
S o

0GlIc/0.3N
0GlIc/30N

IP: a-GFP
WB: a-Ub
(FK2)
IP: a-GFP 250
WB: a-K63 150
(Apu3) 100
75
053 100 045 061 090 033
Fe BHERF ——— - ——
WB: a-GFP 99—

Fig. 16

83



Fig. 16 Ubiquitination of SYP61 in atl31/6 double knockout mutant.

Arabidopsis plants expressing GFP-SYP61 (55 kDa) (pSYP61:GFP-SYP61) in
wild-type or atl31-1/6-1 double knockout mutant background (F5 generation, homo)
were grown for 10 days in 100 mM glucose/30 mM nitrogen containing liquid medium,
and treated with the medium containing indicated concentration of glucose and nitrogen
for 3 hours. Extracted proteins were immunoprecipitated with anti-GFP antibody beads,
and detected with anti-GFP, anti-ubiquitin (FK2), and anti-K63-linked ubiquitin (Apu3)
antibodies. Arrowheads indicate ubiquitinated GFP-SYP61. The numbers are showing
the relative intensity of the di-Ub bands (the middle band indicated in anti-ubiquitin
blot) normalized by the band intensity of GFP-SYP61. Glc, glucose; N, nitrogen; unit,

mM. WT, wild-type.
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Fig. 17 The plasma membrane localization of SYP61 in response to C/N-nutrient
conditions in different genotype background.

(A) Representative confocal images of Arabidopsis root epidermal cells expressing
MRFP-SYP61 in wild-type (WT), ATL31 overexpressor (2xp35S:ATL31-GFP), or
atl31-1 knockout mutant. Plants were treated with liquid MS medium containing 0 mM
glucose/60 mM nitrogen, 100 mM glucose/30 mM nitrogen or 200 mM glucose/0.3 mM
nitrogen overnight, and the 6 day-old plants were observed. Bars = 10 um

(B, C) Mean signal intensity of the mRFP-SYPG61 in the plasma membrane (B) or the
dot-like structures (C).

(D) Signal intensity ratio of the plasma membrane to the dot-like structures.

(B, C, D) Box plots definition: center line, median; box limits, lower and upper
quartiles; dots, individual data points; whiskers, highest and lowest data points (The
whiskers extend to data points that are less than 1.5 x IQR away from 1st/3rd quartile).
n = 20 cell slices from 5 roots were analyzed. Statistical differences were inferred by
analysis of variance (ANOVA) followed by Tukey’s honestly significant difference

(HSD) test. Different letters are indicating significant difference (P<0.05).
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TABLES OF SUPPORTING INFORMATION
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Supplemental Table 1. Primer sequences used for the plasmid construction.

Gene Sequence (Forward, 5'=3") Sequence (Reverse, 5'—3")

SYP61 CACCATGTCTTCAGCTCAAGA GGTCAAGAAGACAAGAACGAA
uBQ1 CACCATGCAGATCTTCGTGAAA CTAACCTCCTCTAAGCCTCAACAC
ATL31-3xFLAG CACCATGGATCCCATAAAACACAT CTAAGATCTCTTGTCATCGTCATC

Supplemental Table 2. Primer sequences used for expression analysis.

Gene Sequence (Forward, 5'—3') Sequence (Reverse, 5'—3')
SYPé61 GATTCAGGATTCTATTGATAAGTTGC  CTCATCTACCTGCCACTCAATG
ATL31 ACCGGTGGGCTTTTCTTAG AACTGACGATGTTCCTTCACC
185 rRNA CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT

Supplemental Table 3.

Ubiquitinated SYP61 peptides detected by mass spectrometry analysis.

Peptide sequence® Position g-Value® XCorr®
SGVLAGKVSSGAGHASEVR K106 0 3.21
QMLLIKQQDEELDELSK K157 0 1.94
QQDEELDELSKSVQR K168 0 2.39
[IDELDTEMDSTKNR K202 0 3.50
[IDELDTEMDSTKNRLEFVQK K202 0 2.45
NRLEFVQKK K210 0 2.76

aUbiquitinated lysine (K) residue is indicated by bold letter with underline.
bThe scores assigned by SEQUEST software after database searching.
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CONCLUSION

In this study, I aimed to clarify the functional interaction of the ubiquitin ligase
ATL31 and its novel interactor SYP61, the crucial SNARE protein that mediates
post-Golgi membrane trafficking in Arabidopsis. Using molecular biological approaches
including biochemical, physiological, and cell biological analyses, I demonstrated that
SYP61 is necessary for the high C/low N-nutrient stress tolerance mediated by ATL31,
while ATL31 has an ability to ubiquitinate SYP61, which is transiently enhanced in low
C/high N-nutrient conditions. While the ubiquitination of SYP61 by ATL31 in plants
needs further confirmation, this research clearly illustrated the effect of nutrient
conditions on the SNARE ubiquitination, as well as the critical role of a SNARE protein
in plant nutrient responses.

Several recent reports showed ubiquitination-mediated regulations of SNARE proteins
in yeast and mammals. This research implicated ubiquitination in SNARE protein
regulations also in plants. This study also showed the SNARE ubiquitination that
responds to nutrient conditions in any organism. Further research should reveal the
downstream effect of this post-translational modification. Through the elucidation of the
molecular interactions between ATL31 and SYP61, this research widened our view of

the ubiquitin signaling and membrane trafficking machinery in plant nutrient responses.

89



PUBLICATION LIST

Yoko Hasegawa, Thais Huarancca Reyes, Tomohiro Uemura, Anirban Baral, Akari

Fujimaki, Yongming Luo, Yoshie Morita, Yasushi Saeki, Shugo Mackawa,
Shigetaka Yasuda, Koki Mukuta, Yoichiro Fukao, Keiji Tanaka, Akihiko Nakano,
Junpei Takagi, Rishikesh P. Bhalerao, Junji Yamaguchi and Takeo Sato. (2022)
The TGN/EE SNARE protein SYP61 and the ubiquitin ligase ATL31 cooperatively
regulate plant responses to carbon/nitrogen conditions in Arabidopsis. The Plant

Cell, Oxford University Press, https://doi.org/10.1093/plcell/koac014

90



1.

PUBLICATION LIST (APPENDIX)

Yongming Luo, Junpei Takagi, Lucas Claus, Chao Zhang, Shigetaka Yasuda,

Yoko Hasegawa, Junji Yamaguchi, Libo Shan, Eugenia Russinova, and Takeo

Sato (2022) Deubiquitinating enzymes UBP12 and UBP13 stabilize the
brassinosteroid receptor BRI1. EMBO Reports, Wiley-VCH,

https://doi.org/10.15252/embr.202153354

Shoki Aoyama, Saki Terada, Miho Sanagi, Yoko Hasegawa, Yu Lu, Yoshie Morita,

Yukako Chiba, Takeo Sato, Junji Yamaguchi (2017) Membrane-localized ubiquitin
ligase ATL15 functions in sugar- responsive growth regulation in Arabidopsis.
Biochemical and Biophysical Research Communications, ELSEVIER, 491,

pp33-39

Shigetaka Yasuda, Shoki Aoyama, Yoko Hasegawa, Takeo Sato, and Junji

Yamaguchi (2017) Arabidopsis CBL-Interacting Protein Kinases Regulate
Carbon/Nitrogen-Nutrient Response by Phosphorylating Ubiquitin Ligase ATL31.

Molecular Plant, Cell press, 10, pp605-618

Xingwen Li, Yoko Hasegawa, Yu Lu and Takeo Sato (2017) Ubiquitin related

enzymes and plant-specific ubiquitin ligase ATL family in tomato plants. Plant

Biotechnology, J-STAGE, 34, pp71-78 (Review paper)

91



