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Abstract
E3 ubiquitin ligases have been more widely reported to mediate the degradation of target proteins. In our
research, one SIAH type E3 ligase was identi�ed, named RIP1, and there are �ve genes were found to be
highly homologous to it, named RIP2 to RIP6 dividedly. Y2H and BiFC were carried out to prove the
interaction between RIPs and OsFH5, moreover, homo- and hetero- oligomers can be formed among RIPs
and they all can affect the localization of OsFH5. Degradation experiments showed that RIP1 is able to
slow down the degradation rate of OsFH5, and also RIP5, RIP6. There was no obvious phenotype in both
RIP1 overexpression and mutant transgenic lines, whereas in rips multi-knock out lines showed up similar
defects to osfh5, such as, dwarf height; less smooth and rounder seeds; leaves width became wilder.
Otherwise, rips also exhibit some special phenotypes, for instance, the angles between leaves and stems
were appreciable enlarged; spiral crimped roots. In addition, micro�laments organization in rips appeared
disordered than wild type. All above illustrate that RIPs in�uence morphology by interacting with OsFH5
and affecting its subcellular localization, stability or maybe involved in other pathways in rice.

Introduction
E3 ubiquitin ligases are the most abundant proteins in quantity in eukaryote (Mazzucotelli et al, 2006b,
Liyuan et al, 2013, Michael et al, 2015), E3s catalyze the covalent attachment of ubiquitin to substrates
with the help of E1 (ubiquitin-activating enzyme) and E2 (ubiquitin-conjugating enzyme) (Buetow and
Huang, 2016). It is well know that the critical function of E3s are mediating degradation of substrates
(Mazzucotelli et al, 2006a), but different kinds of ubiquitination, including mono-ubiquitination, poly-
ubiquitination or ubiquitin chains formed by different lysine of ubiquitin will produce different outcomes
(Buetow and Huang, 2016, French et al, 2021, Swatek and Komander, 2016), including directing
substrates into endocytic pathway; regulating kinase activation; monoubiquitylation participate in DNA
repair; chromatin remodeling and other cellular signals (Nakazawa et al, 2020). In addition, ubiquitin can
also be acetylated on Lys, or phosphorylated on Ser, Thr or Tyr residues, and every kind of modi�cation
has the potential to alter the signaling outcomes (Swatek and Komander, 2016). Moreover, ubiquitin-like
molecules modi�cations, such as, SUMO (small ubiquitin-like modi�er), NEDD (Neural precursor cell-
Expressed Developmentally down-regulated) or ATG (autophagy-related gene) 8, also add signi�cant
complexity to the system (Miura and Hasegawa, 2010, Ghimire et al, 2020, Mergner and Schwechheimer,
2014, Bu et al, 2020). Last, modi�cations of E3 ligases also affect theirs’ activity (Chen et al, 2018).

OsFH5 (also named RMD and BUI1) belongs to type II formin in plant, contains one PTEN (phosphatase
and tensin homolog), one FH1 and one FH2 domain (Zhang et al, Yang et al), previous study showed that
the mutants showed severe de�ciency in most tissues of rice, such as, waved roots, dwarf lines, aberrant
seeds shape, stronger sensitivity to gravity (Zhang et al, Huang et al, Song et al, 2019). PTEN domain of
formins play important role in attaching with membrane, for instance, plasma membrane and chloroplast,
mitochondrion, endoplasmic reticulum and so on (van Gisbergen and Bezanilla, Cvrckova, 2012,
Cvrcková, 2013), while FH (formin homology domain)1 is used for binding pro�lin/actin complex, FH2 is
essential for nuclear activity (Cao et al, 2016).
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The E3 is an C3HC4 RING �nger E3 ligase, named RIP1 (RMD/OsFH5 interacting protein 1), also belongs
to SINA/SIAH (SINA, seven in absentia; SIAH, seven in absentia homologue) E3 ligases. This kinds of E3
ligases are highly conserved in evolution, not only in animals (Pepper et al, 2017) but also in plants (Den
Herder et al, 2008), SINA ubiquitin ligases are members of the RING �nger E3 ligases (Qi et al, 2013), RING
domain in N terminus is used for binding E2 proteins (Matsuzawa et al, 2003), while the C terminus
contains SBS (substrate binding site) and DIMER (the dimerization) domain (Siswanto et al, 2018). SINA
E3s engage in a variety of life activities, as drought response in rice (Ning et al, 2011a); SINAT (SINA of
Arabidopsis thaliana) 5 in�uences lateral root number and involved in auxin and brassinosteroid signals
in Arabidopsis (Xie et al, 2002, Yang et al, 2017); cold stress in banana (Fan et al, 2017); different types of
stress in apple (Li et al, 2020) and the like.

In our research, RIPs were all proved to interact with OsFH5, all can form homo or hetero oligomers and
are able to relocate OsFH5, they can slow down degradation rate of OsFH5 in half in vivo experiments.
Rips multi mutants showed serious phenotype as expected, such as dwarf phenotype and seeds defect,
which are similar with osfh5 mutants, micro�laments in rips also became tangled compared with wild
type. Beyond that, rips also exhibit some other speci�c phenotypes, including the �ag leaf angle and
primary branch of panicle angle were appreciable enlarged, spiral crimped roots, indicate that rips mutant
may cause effects on other processes.

Results

OsFH5 interacts with RIP SIAH domains in heterologous
systems
To discover proteins that may interact with OsFH5, we used a yeast two hybrid (Y2H) screen with the
OsFH5 N-terminal P2 fragment (821 amino acids) as bait (Fig. 1a). The most common interacting protein
(63%) was the SIAH domain from RIP1 (Fig. 1b). Further analysis with full-length and truncated OsFH5
and RIP1 constructs con�rmed that the SIAH domains from RIP1 interacts with the P3 domain of OsFH5
(aa 338–821), with no currently recognized functional domain (Fig. 1a–c). Intriguingly, full-length OsFH5
could interact with the truncated SIAH domain and the full-length RIP1 protein could interact with the
truncated P2 and P3 domains from OsFH5; but the two full-length OsFH5 and RIP1 proteins could not
interact in the Y2H assay, suggesting possible steric hindrance of two large proteins interfering with the
GAL4 activation domain (Fig. 1c), and though P3 showed self-activating in 3SD medium but not in 4SD
medium. However, the full-length proteins were observed to interact in bimolecular �uorescence
complementation (BiFC) assays in tobacco leaves (Fig. 1d).

In silico analyses using the full-length RIP1 protein sequence revealed 5 RIP1 homologs in rice (RIP2–6),
and six homologs in Arabidopsis. Phylogenetic analysis revealed similar arrangements in the two
species, where RIP1, RIP2, and RIP3 orthologs appeared to form one clade, while the remaining 6 proteins
(RIP4, RIP5, and RIP6 orthologs) formed a second clade (Fig. 1e). Due to the high homology of rice RIP
proteins, we tested whether their SIAH domains could interact with OsFH5, and all 5 SIAH domains
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(labelled SIAH2–6 from RIP2–6, respectively) could interact with both P2 fragments and full-length
OsFH5 (Figure S1a). Interaction between full-length RIP2,4,5,6 and OsFH5 proteins was veri�ed using
BiFC assays in tobacco leaves (Figure S1b); however, cloning of full-length RIP3 failed, possibly due to
high GC content, and its protein expression and interaction assays could not be performed.

RIP proteins can form homo- and hetero-oligomers
Previous reports from Arabidopsis and human systems have indicated that E3 ligases can form dimers,
mediated by SIAH domains (Xie et al, 2002, Depaux et al, 2006)., We used both Y2H and BiFC assays to
examine whether this function is conserved in rice RIP proteins. Y2H assays revealed that RIP1 could
form homo-oligomers when co-expressed with itself or its SIAH1 domain, and with the SIAH domains of
the other 5 RIP proteins (Figure 2a). BiFC con�rmed that all full-length proteins, when co-expressed either
with themselves of with other RIP proteins, also interacted in tobacco leaves (Figure 2b, S2). These
results suggest that there may be functional redundancies between rice RIP homologs.

RIPs affect localization of OsFH5
To determine the intracellular location of RIP1, we expressed a RIP1-eGFP fusion protein in rice
protoplast. Punctate distribution in the cytoplasm was observed that did not coincide with chloroplasts
(Figure 3a), similar to the distribution of the RIP1 homo-oligomer in tobacco leaves (Figure 2b). The GFP-
OsFH5 fusion protein also localized to the cytoplasm, but in a more diffuse distribution, and to the
plasma membrane, both in rice protoplasts (Figure 3b) and tobacco leaves (Figure 3d). Attempts to co-
transfect OsFH5-cYFP with full length RIP1-nYFP into rice protoplasts were unsuccessful, but co-
transfection of OsFH5-cYFP and the shorter SIAH1-nYFP revealed protein interaction in the cytoplasm
(Figure 3c). into rice protoplast due to hardly successful to co-transfect the result also showed out
speckled �uorescence signals in cytoplasm (Figure 3c), similar to the pattern observed with full-length
RIP1-eGFP (Figure 3a). To further test this �nding, we co-expressed eGFP-OsFH5 and RIP proteins in
tobacco leaves, and observed the same punctate distribution in all protein combinations (Figure 3e–i),
quite distinct from the pattern observed with eGFP-OsFH5 was expressed by itself (Figure 3d). These
results demonstrate that interaction with RIP proteins appears to alter the intracellular distribution of
OsFH5.

RIPs inhibit degradation of OsFH5
The known function of RIP proteins as E3 ubiquitin ligases suggests that interaction between RIPs (RIP
proteins) and OsFH5 may target OsFH5 for ubiquitin-mediated protein degradation via the proteasome
system (Liyuan et al, 2013), so we did degradation experiments. OsFH5 and RIP-eGFP were expressed
separately in from tobacco leaves, all proteins were extracted, and then mixed in different ratios. Presence
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of the OsFH5 and RIP proteins was detected by anti-OsFH5 and anti-eGFP antibodies, respectively, at 0
min and 10 min after mixing.

In the absence of RIP1, OsFH5 was nearly completely degraded after 10 min (Figure 4a-4c). However,
OsFH5 degradation was slowed as RIP1 concentration increased (Figure 4a-c), contrary to expectations
that RIP1 would increase OsFH5 degradation. Addition of the proteasome inhibitor MF132 didn’t change
the pattern (Figure 4a, 4d and 4e), this suggests that RIP1's function is not to degrade OsFH5.

These experiments were repeated using RIP5 or RIP6 instead of RIP1 (Figure S3a and S3d). With the
increase of RIP5 and RIP6 concentration, the law that the degradation rate of OsFH5 slowed down did not
change (Figure S3b and S3d).

rips mutants have a similar phenotype to osfh5 mutant
plants
To study the functions of RIP proteins in vivo, different RIP genes were knocked out or overexpressed in
transgenic rice. First, RIP1 knock out (Figure 5c) and overexpression (Figure S4) lines did not show any
obvious phenotype. Given the potential for functional redundancy, the rip2 rip3 double mutant was
obtained and also similar to wild type plants (Figure 5c). rips (rip1-rip6 genes) multiple knockout lines
were constructed and gained different types mutant lines (Figure 5a and 5b), rips mutant lines exhibited
signi�cant developmental defects, similar to the osfh5 mutant: plant height decreased about 25% (Figure
5c and 5d), and mature rice seeds were shorter and less smooth (Figure 5e, S5a–c) than wild type. Leaf
width, increased in osfh5 leaves, was further increased in rips leaves (Figure S5d and S5e); lag leaf angle
and primary branch of panicle angle were enlarged to varying degrees in rips plants (Figure S5f).

Micro�laments organization of rips roots became tangled
Unlike osfh5 roots, rips roots were displayed spiral, crinkled growth compared with wild type (Figure 6a,
6b). Given the interaction between RIP proteins and OsFH5, and the role of OsFH5 in micro�lament
extending and bundling, we examined the morphology of root micro�laments. After staining with
phalloidin-488, wild type roots showed clear micro�lament morphology, compared with apparently
tangled micro�laments in rips roots (Figure 6c and 6d), with an obvious increase in actin �lament
abundance but no measurable change in actin architecture (Figure 6e, 6f). Previous studies have shown
that osfh5 cells exhibit more transversely arranged micro�laments (Zhang et al); our results indicate that
RIP proteins may affect micro�lament organization through OsFH5-independent pathways.

Discussion
In consideration of conservatism of Siah ubiquitin ligases, one peptide motif PxAxVxP (VxP, core
sequence; x, any amino acid) was reported is important for mediating the interaction among SINA type
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proteins and a range of partners (House et al, 2003), so we checked partial amino acid sequences of
reported SINA target proteins, such as, BES1, BZR1, FREE1, VPS23A and OsNek6, found that they are all
contain one or more VxP motif, especially, one PHAHVTP motif was found in VPS23A protein (Yang et al,
2017, Xia et al, 2020, Ning et al, 2011b), and just right, one PKAVKP motif was found in the P3 C-terminal
of OsFH5 (Fig. 1a). To prove this, we truncated P2 into P1 and P3, found that P1 can’t interacting with
RIP1, while on the contrary, P3 can interact with RIP1 (Fig. 1c), this indicate that PTEN domain has no
function in terms of protein interactions. Since no other speci�c domains or elements have been
identi�ed on P3 so far and in view of previous studies on SIAH E3 ligases binding substrates, PKAVKP
motif may play a key role in mediating the interaction between OsFH5 and RIP1. For SINA ligase proteins,
another obvious characteristic is to form homo or hetero oligomers, for instance, MtSINA in Medicago
truncatula (Den Herder et al, 2008); SISINA in tomato (Wang et al, 2018); MdSINA2 in apple (Li et al,
2020), and be no exception for RIP proteins in rice, were also con�rmed in our study (Fig. 2 and S2).

With regard to the location of SINA type E3 ligase, most are located in nucleus (Table 1), but different
proteins are different in plant. In Arabidopsis, SINATs, homologous of RIP1, were reported to locate in
nucleus and cytoplasm (Yang et al, 2017); and also for SINAL7, but nuclear localization is required
(Peralta et al, 2016); another report described SINATs primarily localized to the endosomal and
autophagic vesicles (Xia et al, 2020); MdSINA2 of apple was found to be localized in the nucleus as well
(Li et al, 2020); OsDIS1 of rice localized predominantly in the nucleus (Ning et al, 2011b); OsHIR1
localizes to the plasma membrane and nucleus (Lim et al, 2014), also some researches are reported to
involved in in�uence on target proteins localization. In one another investigation showed that SINA4
localized in the cytosol and/or cytosolic dots of variable size and could relocate SYMRK in Lotus
japonicus (Den Herder et al, 2012), SINAT5 could relocate FLC into nuclear bodies (Park et al, 2007), and
from that point of view, RIPs have same function on changing localization of target protein OsFH5 (Fig.
3), and that, one report in budding yeast, two RING type E3, Dma1 and Dma2 are required for proper
formin localization (Juanes and Piatti, 2016).

Most report on function of SIAH ubiquitin ligases are about mediating degradation of target proteins to
participate in various organic activities in plant (Table 1) (Zhang et al, 2019), like OsDIS1 degrade OsNek6
via the 26S proteasome-dependent pathway to regulate drought response and OsHIR1 positive regulates
arsenic and cadmium metal in rice (Ning et al, 2011b, Lim et al, 2014); SINAT E3 ubiquitin ligases not only
mediate FREE1 and VPS23A degradation to modulate abscisic acid signaling but also regulate the
stability of the ESCRT component FREE1 in response to iron de�ciency in Arabidopsis (Xia et al, 2020,
Xiao et al, 2020); banana fruit SINA ubiquitin ligase MaSINA1 regulates the stability of MaICE1 to be
negatively involved in cold stress response (Fan et al, 2017) and the like. There is, however, a report
described that DET1 inhibits LHY proteolytic turnover which ubiquitinated by SINAT5 in Arabidopsis,
DET1 is also a substrate for SINAT5 but can’t be ubiquitinated (Park et al, 2010). In our investigation,
given the big relative molecular weight of OsFH5 (about 180kd), both detection of changes in OsFH5
protein levels in vivo and ubiquitination experiment in vitro are failed maybe due to di�culty extraction
and puri�cation of large and proline enriched proteins, so we adopted another methods degradation
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experiment, found that OsFH5 protein degradation directly were slowed down as RIPs concentration
increases, indicate that RIPs not only involved in slow OsFH5 degradation rate but also maybe improved
the stability by emulative interaction and/or ubiquitination, or through the in�uence on the OsFH5
localization in vivo, and phenotypes shown of rips seems also proved this in some way.

 
Table 1

SIAH E3 ligase research progress in plants
Gene Species Location Substrate Function

OsDIS1 (Ning et
al, 2011a)

rice nucleus OsNek6 degradation

OsHIR1 (Lim et
al, 2014)

rice plasma membrane,
nucleus

OsTIP4;1 degradation

SINAT E3 (Xia et
al, 2020)

Arabidopsis punctate structures
in the cytoplasm,
nucleus

FREE1,
VPS23A

degradation

MaSINA1 (Fan et
al, 2017)

banana nucleus MaICE1 degradation

SINAT5 (Park et
al, 2010, Park et
al, 2007)

Arabidopsis nuclear body LHY,
DET1

LHY is a substrate of
SINAT5, DET1 inhibits E3
ubiquitin ligase activity of
SINAT5

MdSINA2 (Li et
al, 2020)

apple nucleus - -

SINA4 (Den
Herder et al,
2012)

Lotus
japonicus

punctae at the
cytosolic interface of
plasma membrane

SYMRK affects SYMRK stability

“-” means none reported.

In addition, rips also showed some very different phenotypes that didn’t found in osfh5, for instance,
angle between leaf, primary branches and stems were enlarged (Figure S5f); the rips roots bend like twine
and circle of curls especially in root tips. The reason caused these results may be due to effect on the
expression of other genes. Sometimes E3 ligases are not limited to a single substrate, although it is
speci�c for substrate recognition, like OsDIS1, not only plays a negative role in drought stress tolerance
possibly through the posttranslational regulation of OsNek6 but also interacts with OsSKIPa, a drought
and salt stress positive regulator in rice (Ning et al, 2011c); SINAT E3 ubiquitin ligases mediate both
FREE1 and VPS23A degradation to participate in different regulatory pathways (Xia et al, 2020, Xiao et al,
2020). Given the complexity of regulatory networks in organisms, most often the same gene may also be
involved in different regulatory progresses, such as, RING �nger ubiquitin E3 ligase SDIR1 targets SDIR1-
INTERACTING PROTEIN1 for degradation not only to modulate the salt stress response but also ABA
signaling in Arabidopsis (Zhang et al, 2015).
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Conclusions
In summary, our research uncovered SINA protein RIP1 and homologous genes RIP2-RIP6, which can
form homo- and hetero- oligomers, to relocate OsFH5 by interactions, and control the morphology of rice
by inhibiting OsFH5 degradation.

Abbreviations
SUMO
small ubiquitin-like modi�er
NEDD
neural precursor cell-expressed developmentally down-regulated
ATG
autophagy-related gene
PTEN
phosphatase and tensin homolog
FH
formin homology domain
SINA
seven in absentia
SIAH
seven in absentia homologue
RMD
rice morphology determinant
BUI1
bent uppermost internode1
RIP
RMD interacting protein
RIPs
RIP proteins
Y2H
yeast two hybrid
BiFC
bimolecular �uorescence complementation

Methods
Mutant materials and growth conditions

Wild type rice (Oryza sativa cv. 9522) and mutant plants were grown in the paddy �elds of Shanghai Jiao
Tong University (30 °N 121 °E) from June to September (the natural growing season) according to
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standard local practice. Stem lengths were measured, and grains were harvested, at maturity. Differences
in mature plant height, �ag leaf width (7-day old seedlings) and seed length/width were analyzed using
ruler and Excel. The osfh5 mutant in the 9522 background was available from previous work (Zhang et
al., 2011). The rip1, rip2 rip3 and rips mutants were generated in 9522 via CRISPR-Cas9 as previously
described (Xie et al, 2015). CRISPR-Cas9 guide RNAs and screening primers are shown in Table S1.

Yeast two hybrid (Y2H) assays

Yeast two hybrid experiments were performed according to the manufacturer’s instructions (Clontech).
The coding sequences of OsFH5, P1, P2 and P3 were fused in-frame with the sequence encoding the
GAL4 DNA-binding domain of the bait vector pGBKT7 (BK). The coding sequences of RIP1 and SIAH1
were cloned in the prey vector pGADT7 (AD). Primers for cloning are given in Table S1. Each bait–prey
pair was co-transformed into Saccharomyces cerevisiae strain AH109 as previously described (Lecrenier
et al, 1998). Yeast was grown for 2–3 days in liquid YPDA medium (Yeast Extract Peptone Dextrose
Medium) at 28°C, then dilutions were spotted onto selective SD media containing 20 mg/ml X-gal, and
grown for a further 2–3 days. Three amino acid–-de�cient medium (–his –leu –trp) and four amino
acid–de�cient medium (–his –leu –trp –ade) was used to test the binding ability of protein interaction.

To analyze formation of homo- and hetero-oligomers between RIP proteins, RIP1 was cloned into
pGBKT7, and paired with prey vectors (pGADT7) encoding SIAH1–6 domains from RIP1 to RIP6,
respectively. Transfection and selective growth as above.

Bimolecular �uorescence complementation (BiFC)

DNA encoding RIP1–RIP6, SIAH1, and OsFH5 were ampli�ed and fused with nYFP, cYFP, and/or eGFP,
cloned into pXY104 and pXY106 vectors (From Prof. Hongquan Yang’s Lab of SJTU), using primers
shown in Table S1. Constructs were individually or co-transformed into 2-day Nicotiana benthamiana
leaves using Agrobacterium-mediated transformation as previously described (Li et al, 2017). After 24–
36 h in the dark, tobacco leaf cells were observed under 50 % glycerol with a Leica sp5 confocal laser
scanning microscope.

Phylogenetic analyses

The RIP1 protein sequence was used for BLASTp screening of other proteins from National Center for
Biotechnology Information (NCBI) and https://www.arabidopsis.org/. Matching protein sequences were
aligned with the software Molecular Evolutionary Genetics Analysis (MEGA) and used to create an
evolutionary tree. Branch support was assessed with 1000 bootstrap replicates (Felsenstein, 1985,
Sanderson and Wojciechowski, 2000).

Transient gene expression in rice protoplasts

Rice protoplasts were prepared according to Zhang et al (2011) with the following modi�cations. Wild
type 9522 seeds were germinated in dark for 2 weeks in the dark. 50–60 seedlings (no seeds) were
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harvested, cut into 0.5 mm lengths, and incubated in 0.6 M mannitol in the dark for 10 min. The mannitol
solution was discarded and replaced with enzymatic solution (1.5 % (w/w) cellulase RS, 0.75 % (w/w)
macerozyme R-10, 0.6 M mannitol, 10 mM MES (pH 5.7), 10mM CaCl2 and 0.1 % BSA), and vacuum
in�ltrated for 1 h, before shaking at 60–80 rpm in the dark for 4–5 h in room temperature. The enzymatic
hydrolysate was removed by 1ml syringe. Cells were gently resuspended in W5 solution (154 mM NaCl,
125 mM CaCl2, 5 mM KCl and 2 mM MES (pH 5.7)), and the protoplasts were released after shaking at
room temperature for 1 h in dark. Protoplasts were collected after �ltrated into small bottles through
40µm nylon mesh (Millipore) and washed 3 times with fresh W5 solution at 1500 RPM for 3 min.
Protoplasts were collected and precipitated with an appropriate amount of MMG solution (0.4 M
mannitol, 15 mM MgCl2 and 4 mM MES (pH 5.7)), and resuspended to a concentration of 2×106 cells/ml
in room temperature.

For transient protoplast transformation, 10 µg of plasmid DNA and 200 µl of protoplast solution were
combined in a 2 ml Eppendorf tube, to which 220 µl (w/v) PEG was gentled added, and mixed gently at
room temperature for 20 min. 1 ml of W5 solution was added, and protoplasts gently pelleted at 200 g for
1 min. The supernatant was discarded, and 1 ml W5 solution was used to resuspend the protoplasts and
transfer them to a 12-well plate (moistened in advance with 1 mL 5% BSA). Plates were incubated in the
dark at 22°C overnight, and again pelleted gently at 200 g for 1 min. The supernatant was discarded, and
the �uorescence signal was observed by confocal �uorescence microscopy, eGFP excitation is 488 nm,
YFP excitation is 514 nm, chloroplasts can �uoresce spontaneously.

In vitro protein stability assays

Protein expression expressing OsFH5, RIP1-eGFP, RIP5-eGFP, and RIP6-eGFP were introduced separately
into N. benthamiana leaves via Agrobacterium-mediated transformation, as described above. After 36–48
h in the dark, tobacco leaves were harvested, ground under liquid nitrogen, and extracted with a non-
denaturing extraction buffer (50 mM Tris-MES (pH 8.0), 0.5 M sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM
DTT, protease inhibitor cocktail (Sigma, 1 complete Mini tablet per 10 ml of extraction buffer)).

OsFH5 extract was mixed with different ratios (0, 1, 2, 4, or 8× vol) of RIP1 extract, and incubated to 0
min, or for 10 min at room temperature in the presence and absence of 20 µM MG132 (Sigma), a
proteosome inhibitor. A OsFH5 negative control was also used (a 9× vol of RIP1 extract). Mixtures were
immediately run on a protein gel, transferred to a western blot, and probed with anti-OsFH5 antibody
(Zhang et al) or anti-eGFP antibody to detect RIP protein, as previously described.

Root and micro�lament observation

Roots from 3 d seedlings grown in light incubator were used for picture with Asana mirror (Leica).
Micro�laments from cv. 9522 and rips roots were stained using the glycerol method (Olysla egers and
Verbelen, 1998). Roots from 3 d seedlings grown in light incubator were incubated in PEM buffer (100
mM PIPES, 10 mM EGTA, 5 mM MgSO4, and 0.3 M mannitol, pH 6.9) that contains 1% (w/v) glycerol
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(Sigma Aldrich) and 6.6 mM Alexa Fluor 488-phalloidin staining (Invitrogen). After a 30 min incubation,
root tips were observed in 50% glycerol with a Leica TCS SP5 confocal laser scanning microscope
equipped with a 363 1.46–numerical aperture HC PLANs objective to determine micro�lament lengths in
lateral root cells. Actin �lament abundance and bundling (skewness) were measured using image J.

Accession numbers

RIP1, Os02g0293400; RIP2, Os05g0238200; RIP3, Os01g0234900; RIP4, Os02g0128800; RIP5,
Os03g0356414; RIP6, l Os07g0659800. Arabidopsis RIP homologs: At2g41980, At3g13672, At3g58040,
At5g53360, At4g27880, At3g61790.
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Figure 1

The SIAH domain of RIP1 protein interacts with OsFH5. (a) Full-length OsFH5 protein, indicating PTEN-C2,
FH1, and FH2 domains, and the three truncated P1, P2, and P3 constructs. (b) Full-length RIP1 protein,
indicating RING and SIAH domains, and the truncated SIAH 1 construct. (c) Yeast 2 hybrid (Y2H)
experiment, combining OsFH5 full-length and truncated proteins expressed from the BK bait vector
(pGBKT7), and RIP1/SIAH1 proteins expressed from the AD prey vector (pGADT7). Yeast cells co-
transformed with each bait–prey pair were grown on selective medium, revealing that the P3 section of
OsFH5 is essential for interactions with the RIP1 SIAH1 domain. (d) Bimolecular �uorescence
complementation (BiFC) in tobacco leaves reveals that OsFH5 interacts with the SIAH1 domain and full
length RIP1. Bar = 50 µm. (e) Phylogenetic tree of rice RIP proteins. Bootstrap support values are
indicated on nodes (%).
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Figure 2

RIP1 forms oligomers with itself and its homologs via SIAH domains. (a) Y2H assays between full-length
RIP1 and itself, SIAH1, and SIAH domains from RIP2–RIP6 proteins. (b) BiFC assays con�rm that full-
length RIP1 (fused to cYFP) interacts with other full-length RIP proteins (fused to nYFP) in tobacco
leaves. Bar = 50µm.
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Figure 3

Interaction with RIP proteins in�uences OsFH5 intracellular localization. (a) RIP1-eGFP, expressed in rice
protoplasts, exhibits punctate distribution in the cytoplasm, distinct from chloroplasts (chl) indicated in
red via auto�uorescence. Bar = 10µm. (b) eGFP-OsFH5, expressed in rice protoplasts, occurs diffusely in
the cytoplasm and plasma membrane. Bar=10µm. (c) BiFC reveals that OsFH5 and SIAH1 interact when
co-expressed in rice protoplasts. Bar = 10µm. (d) eGFP-OsFH5, expressed in tobacco leaves, occurs
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diffusely in the cytoplasm and plasma membrane. Bar = 50µm. (e–i) eGFP-OsFH5, co-expressed with
either RIP1, RIP2, RIP4, RIP5, or RIP6 in tobacco leaves, exhibits punctate distribution in the cytoplasm.
Bar = 50µm.

Figure 4

RIP1 inhibits degradation of the OsFH5 protein. OsFH5 protein extract was mixed with different ratios (0,
1, 2, 4, or 8× vol) of RIP1-eGFP extract. The sixth lane contains a 9×vol of RIP1 extract with no OsFH5
extract. Anti-OsFH5 antibody (Ab) was used to detect osFH5; anti-eGFP antibody was used to detect
tagged RIP1. (a) Protein amounts immediately after mixing (0 min). (b) Protein amounts 10 min after
mixing. (c) Data statistic of OsFH5 10 min from (b). a.u., arbitrary unit. (d) Protein amounts 10 min after
mixing in the presence of MG132, a proteasome inhibitor. (e) Data statistic of OsFH5 10 min from (d).
a.u., arbitrary unit.
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Figure 5

Construction and phenotypes of rip single, double and multi-knockout lines. (a) All 6 RIP genes contain
three exons. Mutation sites (CRISPR) are marked with red triangles; the arrow represents the plus and
minus strands of the chromosome (Chr.). (b) Five independent mutants were generated for each RIP
gene. HO, homozygote; HE, heterozygote; X, amino acid(s) deletion; Y, detected many times but
unsuccessfully. (c) Phenotype of about 3-months old rip1, rip2 rip3, and rips plants compared with wild
type (WT) and osfh5 plants. Bar = 10 cm. (d) Height of mature WT, osfh5, and rips plants. n=15, **
P<0.01. (e) Phenotype of WT, osfh5, and rips seeds, showing defects in seed length and smoothness. Bar
= 0.5cm.
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Figure 6

Rips knockout lines exhibited micro�lament defects. (a, b) Roots of 5 days old wild type (WT) and rips
plants in asana mirror. Bar = 2mm. (c, d) Root tips micro�laments staining results of WT and rips.
Bar=50µm. (e) Actin �lament abundance, or percentage of occupancy, in WT and rips root tips. n = 40, **
P<0.005. (f) Actin �lament bundling, or skewness, in WT and rips root tips. n = 40.
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