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The polymerase-associated factor 1 complex modulates
the growth-defense tradeoff in Arabidopsis

Yuyu Guo''%345¢, Cunliang Li"%3%5¢, Yao Liu"%345, Hanyi Mao"%**3, Yin Zhang1'2'3’4’5,

Pascal GenschikS, Lili Wang1’z’3’4'5, Shunping Yan'-2345%

Plants have evolved sophisticated mechanisms to balance growth and defense. The evolutionarily conserved
polymerase-associated factor 1 complex (PAF1C) plays multiple roles in transcription. Here, we show that PAF1C
regulates the growth-defense tradeoff by repressing defense genes expression in Arabidopsis. Loss of PAF1C leads
to increased expression of defense genes, enhanced disease resistance, but compromised growth. Mechanisti-
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cally, PAF1C binds to defense genes, where it interacts with histone deacetylases, such as HDA6, to promote his-
tone deacetylation, thereby repressing defense genes expression. The plant immune hormone salicylic acid (SA)
promotes the interaction between PAF1 and the SA receptor NPR1, which functions as an E3 ubiquitin ligase to
mediate the polyubiquitination and degradation of PAF1. Genetically, loss of PAF1 suppresses the immune de-
fects of the npr1 mutant, supporting the notion that PAF1 functions downstream of NPR1. Collectively, this study
identifies the NPR1-PAF1C-HDA6 module that regulates the growth-defense tradeoff.

INTRODUCTION

Plants are frequently attacked by various types of pathogens, includ-
ing bacteria, fungi, oomycetes, and viruses (I, 2). To defend against
pathogens, plants have evolved complex and elaborate disease resis-
tance mechanisms including pattern-triggered immunity, effector-
triggered immunity, and systemic acquired resistance (3, 4). Disease
resistance mechanisms prevent or limit pathogen infection and
growth and thus are energy-consuming processes, often causing re-
duced growth, which is called the growth-defense tradeoff (5-8).
Therefore, disease resistance mechanisms must be tightly controlled
to ensure efficient activation in the presence of pathogens and kept
inactive in the absence of pathogens. Unlike disease resistance
mechanisms, plant disease tolerance mechanisms are distinct im-
mune strategies for maintaining plant health by alleviating the host
fitness costs from pathogens without limiting infection and thus at-
tract more and more attentions (9-12).

Salicylic acid (SA) is one of the most important plant immune hor-
mones (13). Upon pathogen infection, plants synthesize more SA and
thus induce the expression of genes involved in immune responses
(14-16). Through genetic and biochemical studies, nonexpresser of PR
genes 1 (NPR1), and its paralogs NPR3/4 were identified as SA recep-
tors (17-21). Basically, NPR1/3/4 function through two mechanisms.
On one hand, they function as transcriptional coregulators by interact-
ing with transcription factors such as TGACG motif-binding factors
(TGAs) (22, 23). While NPR1 promotes gene expression, NPR3/4 in-
hibit gene expression (17, 24). On the other hand, they function as
ubiquitin E3 ligases by interacting with Cullin 3 (25-28). Compared
with their functions in transcription, their roles in ubiquitination are
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far less well-understood. NPR3/4 has been shown to ubiquitinate
NPRI and promotes its degradation (19). Recently, it was reported that
NPR1 mediates the ubiquitination and degradation of immune regula-
tors including EDS1, NIMIN1, WRKY54, and WRKY70 (27). Previ-
ously, we found that NPR1 mediates the ubiquitination and degradation
of the gibberellin receptor GA insensitive dwarf 1 (GID1) to inhibit
plant growth (29).

The polymerase-associated factor 1 (PAF1) complex (PAF1C) is
evolutionarily conserved in eukaryotes (30, 31). The Arabidopsis
PAF1C contains six subunits, namely, PAF1, VIP3, VIP4, VIP5,
VIP6, and CDC73 (32-36). The most well-studied function of PAF1
is to regulate gene expression by interacting with RNA polymerase
II (RNA Pol II) (37, 38). For example, PAF1C can promote the ex-
pression of FLC, which inhibits flowering (33, 39-41). Recently, we
showed that PAF1C interacts with the SMC5/6 complex to facilitate
DNA double-strand break repair in Arabidopsis (42).

In this study, we found that the Arabidopsis paf] mutant showed
retarded growth, enhanced expression of immune-related genes, and
increased resistance to pathogens. PAF1C binds immune-related
genes such as PATHOGENESIS-RELATED 1 (PR1), where PAF1C
recruits the histone deacetylases (HDACs) HDA6 to promote H3
deacetylation and thus inhibit gene expression. SA promotes NPR1-
mediated polyubiquitination and degradation of PAF1 to derepress
immune-related gene expression. In conclusion, our study identi-
fied the NPR1-PAF1C-HDA6 module that regulates the growth-
defense tradeoft.

RESULTS

Loss of PAF1C enhances disease resistance

In a previous study, we performed a genetic screen for DNA damage
response mutant (DDRM) in Arabidopsis and found that ddrm4-1,
which contained a T-DNA insertion in the first exon of PAFI, was
hypersensitive to DNA damage-inducing agents (42). We renamed
ddrm4-1 as pafI-1. To investigate the role of PAF1 in transcriptional
regulation, we carried out RNA sequencing (RNA-seq) analysis,
which revealed that 1702 genes were up-regulated and 1920 genes
were down-regulated (|log,foldchange| > 1, P value < 0.05) in pafi-1
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compared to the wild-type Col-0 (Fig. 1A and dataset S1). Gene On-
tology (GO) analysis on the up-regulated genes revealed that the
immune-related GO terms (e.g., defense response, immune response,
response to bacterium, and response to SA) were significantly en-
riched (Fig. 1B and dataset S2). Among them, some were well-known
defense genes such as PR1, EDS5, WRKY48, and WRKY54. GO analy-
sis on the down-regulated genes revealed that the growth-related GO
terms (e.g., photosynthesis, fatty acid biosynthesis, and organic acid
biosynthesis) were significantly enriched (fig. S1 and dataset S3). This
result indicated that PAF1 may regulate the growth-defense tradeoff.
Because PRI is commonly used as a defense gene marker, we
performed reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) analysis on PRI to verify the RNA-seq results.
Consistently, the expression of PRI was significantly up-regulated in
pafl-1 and pafl-2 compared to Col-0 (Fig. 1C and fig. S2A). The

enhanced expression of defense genes suggested that the pafl mu-
tant may be more resistant to pathogens than Col-0. To test this, we
infected Arabidopsis leaves with Pseudomonas syringae pv. maculic-
ola ES4326 (Psm ES4326). The disease symptoms of pafI-1 and pafl-
2 were less severe than those of Col-0 (Fig. 1D and fig. S2B).
Consistently, the growth of Psm ES4326 was significantly reduced in
pafl-1 and pafl-2 mutants compared to Col-0 (Fig. 1E and fig. S2C).
As a result of enhanced immune responses, the growth of the pafI-1
and pafl-2 mutant plants was compromised, as evidenced by the
smaller rosette size and reduced fresh weight (fig. S2, S and T).
These data suggested that PAF1 negatively regulates plant immune
responses to facilitate growth in the absence of pathogens.

PAF1 is the core subunit of PAF1C, which contains PAF1, VIP3,
VIP4, VIP5, VIP6, and CDC73 subunits. To determine whether the
enhanced disease resistance of pafl is attributed to the specific
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Fig. 1. PAF1 is involved in plant immunity by inhibiting defense genes expression. (A) Volcano plot analysis of gene expression in paf1-1 and Col-0 in RNA-seq assays.
Up, up-regulated. Down, down-regulated. No-diff, no difference. (B) GO analysis of the up-regulated genes in pafi-1. The top 14 significantly enriched GO terms are
shown. (C) Relative expression of PRT determined through RT-gPCR analysis. The data are represented as means + SD (n = 3). (D) Representative leaves at 3-days postinfec-
tion (dpi) by Psm ES4326 [optical density at 600 nm (ODggo) = 0.001]. Scale bar, 0.5 cm. (E) Growth of Psm ES4326 in the leaves at 3 dpi. The data are represented as means +
SD (n = 8). (F) Schematic representation of the constructs used in the dual-luciferase reporter assays. 35S, the 35S promoter; proPR1, the PR1 promoter; LUC, firefly lucifer-
ase; REN, renilla luciferase. (G) Dual-luciferase reporter assays. The reporter and effector were co-expressed in Arabidopsis protoplasts. The relative LUC activities normal-
ized to the REN activities are shown (LUC/REN). The data are represented as means =+ SD (n = 3). (H) eChlIP-seq assays. The 35S:PAF1-GFP/Col-0 seedlings were used for
eChlIP-seq analysis. The immunoprecipitation was carried out using an a-GFP antibody. Both the immunoprecipitated DNA and the input DNA were subjected to next-
generation sequencing analysis. P1, P2, and P3 represent the regions used in the enhanced chromatin immunoprecipitation (eChlIP)-quantitative polymerase chain reac-
tion (qPCR) assays. (1) eChIP-gPCR assays. The ratios of eChIP and input are shown. UBQ5 serves as a negative control. The data are represented as means + SD (n = 3).The
statistical significance was determined using a two-tailed Student’s t test. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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function of PAF1 or the general function of PAF1C, we examined
the expression of PRI and the resistance to Psm ES4326 in other
PAF1C mutants. Similar to pafl, vip3-2, cdc73-5, vip4-cl, vip5-2,
and vip6-cl showed enhanced PRI expression (fig. S2, D, G, J, M,
and P), less severe disease symptoms (fig. S2E, H, K, N, and Q), and
reduced growth of Psm ES4326 (fig. S2, F, I, L, O, and R). The growth
of these mutants was also compromised (fig. S2, S and T). Therefore,
the whole PAF1C is involved in the growth-defense tradeoff.

PAF1 binds to defense genes and represses their expression
To exclude the possibility that the enhanced defense genes expres-
sion in the pafl mutant is only indirectly linked to plant growth de-
fects, we examined the role of PAF1 on the transcription of PRI
using the dual-luciferase reporter assays in Arabidopsis protoplasts.
The effector constructs contain GFP or PAFI-GFP driven by the
CaMV 35S promoter (Fig. 1F). The reporter construct contains fire-
fly luciferase (LUC) driven by the PRI promoter, and renilla lucifer-
ase (REN) driven by the 35S promoter. The ratio of LUC to REN
represents the activity of PRI promoter. Compared with the green
fluorescent protein (GFP) control, PAF1-GFP significantly reduced
the ratio of LUC and REN (Fig. 1G).

To further confirm the direct role of PAF1 in defense genes ex-
pression, we performed enhanced chromatin immunoprecipitation
(eChIP) assays using a 355:PAFI1-GFP transgenic Arabidopsis line.
Sequencing analysis revealed that PAF1 bound to 6117 genes
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(dataset S4), among which 561 genes were up-regulated and 395
genes were down-regulated in pafI-1 (fig. S3A and dataset S5). GO
analysis on the 561 up-regulated genes revealed that the immune-
related GO terms (e.g., defense response, response to bacterium,
and immune system process) were significantly enriched (fig. S3B
and dataset S6). As expected, PAF1 bound to PRI (Fig. 1H), which
was confirmed through eChIP-qPCR analysis (Fig. 1I). Collectively,
these data demonstrated that PAF1 binds to defense genes and re-
presses their expression.

PAF1 physically interacts with HDA6

PAF1C is well known to promote gene expression. Therefore, the
finding that PAF1C represses defense genes is very interesting. We
reasoned that PAF1 may recruit some proteins involved in gene re-
pression. In a previous study, many proteins that copurified with
PAF1 were identified (43). Among them, several HDACs including
HDA19, HDT1, HDT2, HDT3, and HDT4 attracted our attention
because HDACs are well-known to repress gene expression (44, 45).
Among 18 HDACs in Arabidopsis, HDT1, HDT2, HDT3, and HDT4
belong to the plant-specific HD2 family, and HDA19 together with
HDA6, HDA7, and HDA9 forms a subfamily in the RPD3/HDA1
super-family (46, 47). To investigate the molecular interactions be-
tween PAF1 and HDACs, we performed yeast two-hybrid (Y2H) as-
says, which revealed that PAF1 could interact with HDA6, HDA7,
HDA9, HDA19, and HDT4 (Fig. 2A and fig. S4). Because HDAG6
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Fig. 2. PAF1 physically interacts with HDA6. (A) Y2H assays. AD, activation domain. BD, DNA binding domain. DDO, double dropout (SD/-Trp/-Leu) medium. QDO, quadruple
dropout (SD/-Trp/-Leu/-His/-Ade) medium. The yeasts were grown for 4 days. (B) BiFC assays. The proteins were fused to either the C- or N-terminal half of YFP (cYFP or nYFP) and
were transiently expressed in N. benthamiana. GUS serves as a negative control. The YFP fluorescence detected by confocal microscopy indicates interaction. Scale bars, 40 pm.
(€) Split luciferase assays. The proteins were fused to either the C- or N-terminal half of luciferase (cCLUC or nLUC) and were transiently expressed in N. benthamiana. The lumines-
cence detected by a charge-coupled device (CCD) camera indicates interaction. (D) ColP assays. PAF1-FLAG was coexpressed with HDA6-YFP or GFP in N. benthamiana. The im-
munoprecipitation was carried out using a-GFP beads. (E) Pull-down assays. The MBP or MBP-HDAG6 coupled with the dextrin beads were incubated with His-PAF1.
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was recently found to repress PRI expression (48), we focused on
HDAG6 in the subsequent experiments. We performed bimolecular
fluorescence complementation (BiFC) assays (Fig. 2B), split lucifer-
ase assays (Fig. 2C), and co-immunoprecipitation (ColP) assays
(Fig. 2D). All these assays revealed that PAF1 interacts with HDA6
in vivo. To test whether the interaction is direct or indirect, we car-
ried out in vitro pull-down assays using purified recombinant pro-
teins. Consistently, His-PAF1 was specifically pulled down by
MBP-HDAG, but not the MBP control (Fig. 2E). Therefore, PAF1
directly interacts with HDA6 both in vitro and in vivo.

PAF1 recruits HDA6 to promote H3 deacetylation at

defense genes

To test the genetic relationship between PAF1C and HDAS6, we gen-
erated the hda6-7 pafi-1 double mutant. Consistent with the previ-
ous study (48), the expression of PRI in hda6-7 was significantly
higher than that in Col-0, mimicking pafI-1 (Fig. 3A). The expres-
sion of PRI in hda6-7 pafl-1 was similar to that in pafi-1, indicating
that PAF1 and HDAG6 function in the same pathway. We also exam-
ined the disease resistance of pafl-1, hda6-7, and hda6-7 pafl-1 to
Psm ES4326. The disease symptoms of pafl-1, hda6-7, and hda6-7
pafl-1 were less severe than those of Col-0 (Fig. 3B). Consistently,
the growth of Psm ES4326 was significantly less in pafI-1, hda6-7,
and hda6-7 paf1-1 than in Col-0. Notably, the growth of Psm ES4326

in hda6-7 paf1-1 was similar to that of in paf1-1 and hda6-7 (Fig. 3C),
further supporting the notion that PAF1 and HDAG6 function in the
same pathway.

Given that both PAF1 and HDAG6 bind to PRI and they function
in the same pathway, we wondered whether the binding of HDAG6 at
PRI depends on PAFI. To this end, we performed eChIP-qPCR
analysis using the 35S:HDA6-YFP/paf1-1 transgenic plants, which
were obtained by crossing 35S:HDA6-YFP/Col-0 with pafi-1. We
found that the abundance of HDA6-yellow fluorescent protein
(YEP) at PRI in pafl-1 was significantly lower than that in Col-0
(Fig. 3D), suggesting that PAF1 is required for the recruitment of
HDAG6 to PRI.

Previously, it was reported that HDAG6 can effectively remove the
acetylation of histone H3 lysine 9 (H3K9ac) in vivo and in vitro
(47-50), and H3K9ac is considered to promote gene expression
(51, 52). Therefore, we tested whether H3K9ac is associated with the
enhanced defense genes expression in pafl-1. To this end, we per-
formed eChIP-seq analysis using the H3K9ac antibody in Col-0 and
pafl-1. Data analysis revealed that the abundance of H3K9ac at 1045
genes was higher in pafi-1 than in Col-0 (dataset S7). Among them,
156 genes were up-regulated (fig. S5A and dataset S8) in pafl-1
compared to Col-0. GO analysis on these 156 genes revealed that the
immune-related GO terms (e.g., defense response, response to bac-
terium, and response to SA) were significantly enriched (fig. S5B
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Fig. 3. PAF1 recruits HDA6 to promote H3 deacetylation at defense genes. (A) Relative expression of PR1 in Col-0, hda6-7, paf1-1, and hda6-7 paf1-1. UBQ5 serves as
areference gene.The data are represented as means + SD (n = 3). Different letters above each bar indicate significant differences determined by one-way ANOVA analysis,
followed by Tukey’s multiple comparison test (P < 0.05). (B) Representative leaves at 3 dpi by Psm ES4326 (ODggo = 0.001). Scale bar, 0.5 cm. (C) Growth of Psm ES4326 in
the leaves at 3 dpi. The data are represented as means + SD (n = 8). Different letters above each bar indicate significant differences determined by one-way ANOVA
analysis, followed by Tukey’s multiple comparison test (P < 0.05). (D and F) eChIP-qPCR assays. The immunoprecipitation was carried out using a-GFP (D) or a-H3K9%ac (F)
antibody, and the primers used for qPCR are shown in (E). The ratios of eChIP and input are shown. UBQ5 serves as a negative control. The data are represented as means +
SD (n = 3). The statistical significance was determined using a two-tailed Student’s t-test. ns, not significant; **P < 0.01; ***P < 0.001; and ***P < 0.0001. (E) eChIP-seq
assays. Col-0 and paf1-1 seedlings were used for eChIP-seq analysis. The immunoprecipitation was carried out using an a-H3K9ac antibody. Both the immunoprecipitated
DNA and the input DNA were subjected to next-generation sequencing analysis. P1, P2, and P3 represent the regions used in the eChIP-qPCR assays.
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and dataset S9). As expected, the abundance of H3K9ac at PRI in
pafl-1 was higher than that in Col-0 (Fig. 3E), which was further
confirmed using eChIP-qPCR analysis (Fig. 3F). Collectively, these
data demonstrated that PAF1 recruits HDA6 to promote H3 deacet-
ylation at defense genes.

SA promotes the polyubiquitination and

degradation of PAF1

Next, we want to know how the repression of PAF1 on PRI is dere-
pressed upon pathogen infection. Because SA plays a central role in
immune response, we speculated that SA might negatively regulate
PAF1. First, we investigated whether SA inhibits the transcription
level of PAF1. We did SA treatment on the proPAF1:GUS transgenic
seedlings, in which the GUS (B-glucuronidase) gene was driven by
the PAFI promoter. Based on the GUS staining results (fig. S6A), SA

did not affect PAFI transcription obviously. This result was further
confirmed through RT-qPCR analysis (fig. S6B). Second, we exam-
ined whether SA affects the protein level of PAF1. The PAF1-LUC
fusion protein was transiently expressed in Nicotiana benthamiana
leaves. Compared with the mock treatment, the luminescence sig-
nals in the leaf half treated with SA markedly decreased (fig. S6C).
To further confirm this, we transiently coexpressed mCherry-PAF1
and GFP in N. benthamiana. Consistently, we found that after SA
treatment, mCherry-PAF1 signals markedly decreased, while the
GFP signals did not change obviously (fig. S6D). This result was
confirmed in the 35S:PAFI-GFP transgenic Arabidopsis leaves
(Fig. 4A). We also validated these results through immunoblotting
analysis in Arabidopsis protoplasts (fig. S6E) and transgenic lines
(Fig. 4B). To exclude the possibility that the decreased PAF1 protein
levels after SA treatment were due to the decreased PAFI mRNA
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Fig. 4. SA promotes the polyubiquitination and degradation of PAF1. (A) Representative images of PAF1-GFP in the 355:PAF1-GFP/Col-0 transgenic Arabidopsis
treated with or without 1 mM SA for 4 hours. Scale bar, 5 pm. (B) Protein level of PAF1-FLAG in the 355:PAF1-FLAG/Col-0 transgenic Arabidopsis treated with 1 or 5 mM SA
for 1 hour. The total proteins were subjected to immunoblotting analysis. (C) In vitro protein degradation assays. The recombinant His-PAF1 proteins were incubated with
total protein extracts of Col-0 treated with or without 1 mM SA for 4 hours. (D) In vivo protein degradation assays. The 355:PAF1-GFP/Col-0 transgenic Arabidopsis were
treated with cycloheximide (CHX; 50 pg/ml), T mM SA, or 50 pM MG132. (E) Semi-in vitro ubiquitination assays. The recombinant GST and GST-PAF1 proteins coupled with
glutathione beads were incubated with the total protein extracts of Col-0 treated with or without 1 mM SA in ubiquitination buffer for 4 hours. After washing, GST and
GST-PAF1 proteins were eluted and subjected to immunoblotting analysis using a-Ubiquitin (Ub) antibody. (F) In vivo ubiquitination assays. The 355:PAF1-GFP/Col-0
transgenic Arabidopsis were treated with 50 M MG132 and/or 1 mM SA for 4 hours. The proteins immunoprecipitated by a-GFP beads were subjected to immunoblotting
analysis. (G to I) eChIP-qPCR assays. The plants were treated with or without 1 mM SA for 4 hours. The immunoprecipitation was carried out using a-GFP [(G) and (H)] or
a-H3K9ac (1) antibodies, and the primers used for qPCR are shown in Fig. TH. The ratios of eChIP and input are shown. UBQ5 serves as a negative control. The data are
represented as means =+ SD (n = 3). The statistical significance was determined using a two-tailed Student’s t test. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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levels, we carried out RT-qPCR analysis, which revealed that SA
treatment did not significantly affect the expression of PAFI (fig. S7).
Together, these results strongly suggested that SA negatively regu-
lates the PAF1 protein level, most likely by promoting its degradation.

To investigate this hypothesis, we conducted protein degradation
assays. For the in vitro protein degradation assays, the recombinant
His-PAF1 proteins were incubated with Arabidopsis extracts in the
absence or presence of SA. As shown in Fig. 4C, the degradation of
His-PAF1 was faster in the sample with SA, indicating that SA pro-
motes the degradation of PAF1. Notably, the degradation of PAF1
could be blocked by MG132, suggesting that PAF1 is degraded by
the proteasome. Next, we monitored PAF1 degradation rate in planta.
For these assays, the 35S:PAF1-GFP transgenic Arabidopsis seed-
lings were treated with the translation inhibitor cycloheximide to
block protein synthesis. Consistent with the in vitro protein degra-
dation assays, the levels of PAF1-GFP decreased much more mark-
edly in the presence of SA (Fig. 4D). These results indicated SA
promotes the degradation of PAF1.

Given that SA promotes PAF1 degradation by the proteasome, we
investigated whether SA promotes the polyubiquitination of PAF1.
To test this, we first performed semi-in vitro ubiquitination assays.
The recombinant glutathione S-transferase (GST) and GST-PAF1 pro-
teins coupled with glutathione beads were incubated with Arabidopsis
extracts in the absence or presence of SA. As shown in Fig. 4E,
the polyubiquitination level of GST-PAF1 but not GST was much
higher in the sample with SA. To confirm this result in vivo, we tran-
siently expressed GFP and PAF1-GFP in Arabidopsis protoplasts in
the absence or presence of SA. The GFP and PAF1-GFP proteins im-
munoprecipitated by a-GFP beads were subjected to immunoblot-
ting analysis. We found that the polyubiquitination level of PAF1-GFP
but not GFP was higher in the sample treated with SA (fig. S6F). This
result was further confirmed in the experiment using the 35S:PAFI-
GFP transgenic Arabidopsis line (Fig. 4F). These results suggested
that SA promotes the polyubiquitination of PAF1.

Then, we examined the biological significance of the SA-promoted
degradation of PAF1. We performed eChIP-qPCR assays and found
that the PAF1 and HDAG6 abundance at PRI decreased after SA treat-
ment (Fig. 4, G and H), and the H3K9ac abundance at PRI increased
after SA treatment compared with mock treatment (Fig. 41).

PAF1 physically interacts with NPR1
Next, we aimed to identify which E3 ubiquitin ligase mediates the
polyubiquitination of PAF1. Given that the roles of NPR1 and PAF1
in PRI expression are opposite and NPR1 has been shown to func-
tion as an E3 ubiquitin ligase (21, 27, 29), we speculated that NPR1
may mediate the polyubiquitination of PAF1. Thus, we investigated
whether PAF1 interacts with NPR1 using different methods, such as
Y2H (Fig. 5A), BiFC (Fig. 5B), split luciferase (Fig. 5C), ColP
(Fig. 5D), and protein pull-down assays (Fig. 5E). All these experi-
ments strongly suggested that PAF1 physically interacts with NPR1.
Because NPRI1 is an SA receptor, we tested whether SA affects its
interaction with PAF1. To this end, we added SA in the interaction
assays. For Y2H assays, we used the previously reported SMC5-
PAF1 interaction (42) as a control. Strikingly, we found that SA
promotes the NPR1-PAF1 interaction, but this was not the case for
the SMC5-PAF1 interaction (Fig. 5F). We also verified this result
through in vitro pull-down (Fig. 5G) and ColIP assays (Fig. 5H).
These data indicated that PAF1 interacts with NPR1 and that SA
enhances this interaction.

Guo et al., Sci. Adv. 11, eady5876 (2025) 26 September 2025

NPR1 promotes the polyubiquitination and

degradation of PAF1

To determine whether NPR1 promotes the polyubiquitination of
PAF1, we performed ubiquitination assays. In a semi-in vitro ubiq-
uitination assays, GST and GST-PAF1 proteins coupled with the
glutathione beads were incubated with protein extracts of either
the nprl-1 mutant or Col-0. We found that the polyubiquitination
level of GST-PAF1 but not GST was lower in nprl-1 than that in
Col-0 (Fig. 6A). To further confirm this, we incubated GST and
GST-PAF1 with the npri-1 extracts adding MBP or MBP-NPRI1.
Compared to the MBP control, the presence of MBP-NPRI in-
creased the polyubiquitination level of GST-PAF1 but not GST
(Fig. 6B). To investigate whether NPR1 directly mediates the poly-
ubiquitination of PAF1, we conducted in vitro ubiquitination as-
says using purified GST-PAF1, GST, MBP-CUL3-RBX1, UBA1-His
(E1), UBC8-His (E2), His-FLAG-UBQ (Ub), MBP, and/or MBP-
NPRI proteins. We found that the polyubiquitination level of
PAF1 increased in the presence of MBP-NPR1 compared with MBP
(Fig. 6C), suggesting that NPR1 can directly mediate the polyubiq-
uitination of PAF1.

To test whether NPR1 promotes the polyubiquitination of PAF1
in vivo, we transiently expressed GFP and PAF1-GFP in Col-0 or
nprl-1 protoplasts. GFP and PAF1-GFP were immunoprecipitated
by a-GFP beads and subjected to immunoblotting analysis. We
found that the polyubiquitination level of PAF1-GFP but not GFP
was much lower in nprI-1 than that in Col-0 (fig. S8A). To further
confirm this result, we compared the polyubiquitination levels of
PAF1-GFP in the 35S:PAFI-GFP/Col-0 and 35S:PAF1-GFP/nprl-1
transgenic Arabidopsis. As shown in Fig. 6D, the polyubiquitination
level of PAF1-GFP in 35S:PAF1-GFP/nprl-1 was much lower than
that in 35S:PAF1-GFP/Col-0.

The NPR1-promoted polyubiquitination of PAF1 indicated that
NPRI1 may promote PAF1 degradation. To test this, we transiently
expressed PAF1-FLAG driven by the 35S promoter in Col-0 or npr1-
1 protoplasts. The cyan fluorescent protein (CFP)-hemagglutinin
(HA) in the same vector of PAF1-FLAG was used as a control for
transfection efficiency. We found the protein level of PAF1-FLAG in
nprl-1 was higher than that in Col-0 (fig. S8B). This difference was
not due to the altered mRNA level of PAFI in npri-1 (fig. S9). To
further confirm this result, we obtained the 35S:PAFI-GFP/nprl-1
transgenic plants by crossing 35S:PAF1-GFP/Col-0 with npr1-1 and
compared the protein levels of PAF1-GFP. As expected, the protein
level of PAF1-GFP was higher in npr1-1 than in Col-0 (Fig. 6E). Fur-
thermore, we carried out in vitro protein degradation assays by in-
cubating the recombinant His-PAF1 proteins with plant extracts of
Col-0 or nprl-1. As shown in Fig. 6F the level of His-PAF1 de-
creased much more markedly in the Col-0 extracts than in the npri-
I extracts, suggesting that NPR1 promotes the degradation of PAFI.
Altogether, these results provide evidence that NPR1 functions as an
E3 ubiquitin ligase to promote the polyubiquitination and degrada-
tion of PAFI.

PAF1 functions downstream of NPR1

To further investigate the relationship between NPR1 and PAF1, we
compared the transcriptomes regulated by NPR1 or PAF1. We ana-
lyzed the previously reported RNA-seq data (20) and found that
1026 genes were significantly down-regulated in nprl-1 compared
with Col-0 after SA treatment (dataset S10). These 1026 genes were
considered NPR1-activated genes. The 1702 genes up-regulated in
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Fig. 5. SA promotes the interaction between PAF1 and NPR1. (A and F) Y2H assays. The yeasts were grown for 4 days (A) or 3 days (F). (B) BiFC assays. The proteins were
fused to either the cYFP or nYFP and were transiently expressed in N. benthamiana. The YFP fluorescence detected by confocal microscopy indicates interaction. Scale
bars, 10 um. (C) Split luciferase assays. The proteins were fused to either the cLUC or nLUC and were transiently expressed in N. benthamiana. The luminescence detected
by a CCD camera indicates interaction. (D and H) ColP assays. NPR1-FLAG was coexpressed with PAF1-GFP or GFP in Col-0 protoplasts. The immunoprecipitation was car-
ried out using a-GFP beads. The protoplasts were treated with or without 1 mM SA for 4 hours (H). (E and G) Pull-down assays. The MBP-NPR1 or MBP coupled with dextrin
beads were incubated with His-PAF1, respectively. 1 mM SA (+) or 5 mM SA (++) was added to the reaction (G).
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Fig. 6. NPR1 promotes the polyubiquitination and degradation of PAF1. (A and B) Semi-in vitro ubiquitination assays. The recombinant GST and GST-PAF1 proteins
coupled with glutathione beads were incubated with the total protein extracts of Col-0 or npri1-1 treated with 1 mM SA for 4 hours in ubiquitination buffer for 4 hours.
After washing, GST-PAF1 and GST proteins were eluted and subjected to immunoblotting analysis. (C) In vitro ubiquitination assays. The recombinant GST and GST-PAF1
proteins coupled with glutathione beads were incubated with the purified MBP-CUL3-RBX1, UBA1-His, UBC8-His, His-FLAG-UBQ, MBP-NPR1, or MBP in the in vitro ubig-
uitination buffer with 1 mM SA for 2 hours. After washing, GST and GST-PAF1 proteins were eluted and subjected to immunoblotting analysis. (D) In vivo ubiquitination
assays. The 355:PAF1-GFP transgenic plants were treated with 50 pM MG132 and 1 mM SA for 4 hours. The proteins immunoprecipitated by a-GFP beads were subjected
to immunoblotting analysis. (E) Protein level of PAF1-GFP in 35S:PAF1-GFP/Col-0 and 35S:PAF1-GFP/npri-1 transgenic plants treated with 1 mM SA for 4 hours. The total
proteins were subjected to immunoblotting analysis. (F) In vitro protein degradation assays. The recombinant His-PAF1 proteins were incubated with total protein extracts

of Col-0 or npri-1 treated with or without 1 mM SA for 4 hours in protein degradation buffer.

the paf1-1 (dataset S1) were considered PAF1-repressed genes. Venn
diagram analysis revealed that 419 genes were activated by NPR1
and repressed by PAF1 (fig. S10A and dataset S11). GO analysis on
these 419 genes revealed that the immune-related GO terms (e.g.,
defense response, response to bacterium, immune system process,
and response to SA) were significantly enriched (fig. SI0B and da-
taset S12).

To further validate the above results, we tested the effects of PAF1
and NPR1 on the transcription of PRI using dual-luciferase reporter
assays. As expected, PAF1-GFP repressed the expression level of
PR1, whereas NPR1-GFP promoted its expression (Fig. 7, A and B).
Compared with NPR1-GFP, the coexpression of both NPR1-GFP
and PAF1-GFP significantly reduced the expression level of PRI,

Guo et al., Sci. Adv. 11, eady5876 (2025) 26 September 2025

supporting that PAFI functions downstream of NPR1. To test this
further, we investigated PRI expression in the nprl-1 pafl-1 double
mutant plants. Under both mock and SA-treated conditions, the ex-
pression level of PRI in nprI-1 pafl-1 was significantly higher than
that in nprI-1 (Fig. 7C).

We have shown that PAF1 bound to PRI through eChIP-qPCR
assays (Fig. 1H). Since NPR1 promotes PAF1 degradation after
SA treatment (Fig. 6), we thus wondered whether the binding
of PAF1 to PRI is regulated by NPR1. Therefore, we performed
eChIP-qPCR assays using the SA-treated 35S:PAFI-GFP/Col-0
and 35S:PAF1-GFP/nprl-1 transgenic plants and found that the
PAF1 abundance at PRI in nprl-1 was significantly higher than
that in Col-0 (Fig. 7D).
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Fig. 7. PAF1 functions downstream of NPR1. (A) Schematic representation of the constructs used in the dual-luciferase reporter assays. (B) Dual-luciferase reporter as-
says. The reporter and effectors were coexpressed in Arabidopsis protoplasts. The relative LUC activities normalized to the REN activities are shown (LUC/REN). The data are
represented as means + SD (n = 3). Different letters above each bar indicate significant differences determined by one-way ANOVA analysis followed by Tukey’s multiple
comparison test (P < 0.05). (C) Relative expression of PRT in Arabidopsis treated with or without 1 mM SA for 4 hours. The data are represented as means SD (n = 3). Differ-
ent letters above each bar indicate significant differences determined by one-way ANOVA analysis followed by Tukey’s multiple comparison test (P < 0.05). (D) eChIP-gPCR
assays. 35S:PAF1-GFP/Col-0 and 35S:PAF1-GFP/npri-1 were treated with 1 mM SA for 4 hours. The immunoprecipitation was carried out using a-GFP antibody, and the
primers used for qPCR are shown in Fig. TH. The ratios of eChIP and input are shown. UBQ5 serves as a negative control. The data are represented as means + SD (n = 3).
The statistical significance was determined using a two-tailed Student’s t test. *P < 0.05 and ***P < 0.001. (E) Representative leaves at 3 dpi by Psm ES4326 (ODggo = 0.0001).
Scale bar, 0.5 cm. (F) Growth of Psm ES4326 in the leaves at 3 dpi. The data are represented as means + SD (n = 8). Different letters above each bar indicate significant
differences determined by one-way ANOVA analysis followed by Tukey’s multiple comparison test (P < 0.05). (G) Proposed working model.

Last, we examined the disease resistance of npr1-1 pafl-1to Psm
ES4326. Compared with npri-1, the disease symptoms of nprl-I
pafl-1 was less severe, and the growth of Psm ES4326 was signifi-
cantly reduced (Fig. 7, E and F). Consistently, the plant size and
fresh weight of the nprl-1 pafi-1 were reduced in comparison to
nprl-1 (fig. S11). All these results supported that PAF1 functions
downstream of NPR1.

DISCUSSION

We proposed a simplified working model to illustrate how PAF1
balances plant defense and growth (Fig. 7G). Under normal growth
conditions, PAF1 interacts with and recruits HDACs to defense
genes such as PRI, where HDACs promote histone deacetylation,

Guo et al., Sci. Adv. 11, eady5876 (2025) 26 September 2025

thereby repressing the expression of defense genes to inhibit defense
and promote growth. When plants are attacked by pathogens, the
increased SA level promotes the interaction between PAF1 and
NPR1, which mediates the polyubiquitination and degradation of
PAF1 to derepress defense genes, thereby promoting defense and
inhibit growth.

Plants regulate growth-defense tradeoff through multiple mech-
anisms. One of the key aspects is to repress defense genes expres-
sion in the absence of pathogen infections, and this repression
needs to be rapidly removed upon pathogen infection. We showed
here PAF1 can repress defense genes expression and is degraded
after SA treatment. In this view, PAF1 is an ideal regulator of the
growth-defense tradeoff, which can potentially offer important ag-
ronomical perspectives.
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PAFIC is highly conserved in eukaryotes (36). However, the
function of PAF1C is still not well-studied, especially in plants. In
Arabidopsis, the best-characterized function of PAF1C is to repress
flowering by promoting the expression of FLC (33). We recently
found that PAFIC is also involved in DNA damage repair (42). In
the current study, we found that PAFIC is a negative regulator of
plant immunity. Given the conservation of PAFIC in plants, this
function of PAF1C may apply to other plant species.

It is well-known that PAF1 can promote gene transcription by
mediating H2B mono-ubiquitination (37, 43, 53-56). In sharp con-
trast, here we found that PAF1 can also repress gene transcription by
mediating H3K9 deacetylation (Fig. 3). In addition to H3K9ac, there
are other forms of histone acetylation such as H3K4ac, H3K14ac,
H3K27ac, and H3K36ac (47). We found that PAF1 interacted with
several HDAC:s (fig. $4). These HDACs may function with PAF1 to
regulate different forms of histone acetylation and participate in dif-
ferent biological processes. It remains to be determined whether the
repression activity of PAF1C is conserved in other eukaryotes. Nev-
ertheless, our study challenges the current view on the molecular
function of PAFCI in gene expression.

As an SA receptor, NPR1 is the master regulator of plant immune
responses (21). NPR1 can function as a transcriptional co-activator
to promote the expression of defense genes by interacting with tran-
scription factors. NPR1 can also function as an E3 ubiquitin ligase
to mediate protein polyubiquitination and degradation. Compared
with transcription regulation, the role of NPR1 as an E3 ubiquitin
ligase is less understood. So far, only a few proteins have been iden-
tified as substrates of NPR1, including EDS1, NIMIN1, WRKY54,
WRKY70, and GID1 (27, 29). Here, we revealed that PAF1 was an-
other substrate of NPR1. Notably, the loss of PAF1 did not fully sup-
press npri-1 (Fig. 7), suggesting that NPR1 functions by mediating
the polyubiquitination and degradation of other proteins that still
need to be identified.

MATERIALS AND METHODS

Plant materials and growth conditions

All Arabidopsis mutants used in this study are in the Columbia-0
(Col-0) background. The vip3-2 (SALK_139885) and cdc73-1
(SALK_150644) were obtained from Arashare (www.arashare.cn/).
The paf1-1 (ddrm4-1), nprl-1, vip5-2 (SALK_062223), vip4-c1, vip6-
cl, and hda6-7 mutants were described previously (29, 42, 57). All
the transgenic plants were generated using the floral-dip method
(58). Seeds were sterilized with 2% plant preservative mixture (Plant
Cell Technology), stratified at 4°C in the dark for 2 days, and then
plated on half-strength (one-half) Murashige and Skoog (MS) me-
dium containing 1% sucrose and 0.35% phytagel (#CP8581Z, Coo-
laber). Plants were grown under long-day conditions (16 hour of
light and 8 hour of dark) in a growth chamber at 22°C.

Pathogen infection

Pathogen infection was carried out as previously described (59).
Briefly, P. syringae pv. maculicola ES4326 (Psm ES4326) was infil-
trated into 3- to 4-week-old leaves using a needle-less syringe. The
number of Psrm ES4326 was determined 3 days after infection.

RNA extraction, RT-qPCR, and RNA-seq
The total RNA was isolated using the RNA Purification Kit (#RN2802,
Aidlab Biotech). The cDNA was synthesized using the First-Strand
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cDNA Synthesis Kit (#DLR101, Beijing Tsingke Biotech). The qPCR
was performed using ArtiCan““°SYBR qPCR Mix (#DLQ101, Beijing
Tsingke Biotech) and detected by Fluorescent Quantitative PCR Detec-
tion System (#Q2000B, LongGene). UBQ5 was used as the reference
gene. Relative expression levels were calculated using the 24T meth-
od. For RNA-seq, 10-day-old seedlings of Col-0 and pafi-1 grown ver-
tically on one-half MS medium were used. The sequencing library was
constructed using the DNA Library Prep Kit for Illumina (#¥ND627,
Vazyme). The sequencing was completed by JMDNA (Shanghai) Bio-
Medical Technology using the HiSeq4000 system. Raw reads were pro-
cessed and aligned to the Arabidopsis reference genome TAIR 10
(www.arabidopsis.org) using STAR (version 2.7.11b). Genes with over
20 reads were filtered and processed using DESeq2 to identify the dif-
ferentially expressed genes (P < 0.05, |Log,FoldChange| > 1). GO anal-
ysis was carried out using PANTHER Classification System database
(http://pantherdb.org/).

Vector construction

All constructs were generated using the Lighting Cloning Kit
(#BDIT0014, Biodragon Immunotechnology). The primers used for
cloning are listed in dataset S13. For Y2H assays, the coding se-
quences (CDSs) of HDT1/2/3/4, HDA6/7/9/19, and NPRI were
cloned into the pGBKT7 vector digested with Eco RI/Bam HI, and
the CDS of PAFI was cloned into the pGADT? vector digested with
Eco RI/Bam HI. For BiFC assays, the CDS of HDA6 and NPR1 were
cloned into the pSPYNE-35S vector digested with Bam HI/Sal I. For
split luciferase assays, the CDS of HDA6 and NPR1I were cloned into
the pJW771 vector digested with Kpn I and Sal I. For ColP assays,
the CDS of HDA6 and YFP were cloned into the pFGC5941 vector
digested with Nco I and Xba I, and the CDS of NPRI was cloned into
the pCambia2306-FLAG vector digested with Bam HI/Sal I. For pro-
tein expression in Escherichia coli, the CDS of HDA6 was cloned
into the pMAL-C2X vector digested with Eco RI and Sal I. For in vi-
tro ubiquitination assays, the CDS of PAFI was cloned into the
PGEX-6P-1 vector digested with Bam HI/Not I. For B-glucuronidase
(GUS) staining, the 2-kb promoter of PAFI was cloned into the
pCambia2300-GUS vector digested with Bam HI/Kpn I. For protein
expression assays, the CDS of PAFI fused with FLAG was cloned
into the pFGC5941-CFP-HA vector digested with Nco I/Pac 1. For
dual-luciferase reporter assays, the 2-kb promoter of PRI was cloned
into the pGreenlII-0800-LUC vector digested with Kpn I/Sal I.

Transient expression

Transient expression in Arabidopsis protoplasts was performed as
described previously (60). For transient expressionin N. benthamiana,
the Agrobacterium tumefaciens GV3101 containing the indicated
vectors was resuspended in infiltration buffer [10 mM MES (pH
5.7), 10 mM MgCl,, and 0.1 mM acetosyringone], incubated at 28°C
for 2 hours, and infiltrated into 3- to 4-week-old leaves using a
needle-less syringe. The leaves were sampled for subsequent experi-
ments 2 days after infiltration.

Dual-luciferase reporter assays

The dual-luciferase reporter assays was carried out as described pre-
viously (61). The assays was performed using the Dual Luciferase
Reporter Assay Kit (#E1980, Promega). The luciferase activities were
measured using a multimode microplate reader (Mithras LB940,
Berthold Technologies). The relative LUC activities normalized to
the REN activities were calculated.
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eChIP-qPCR and eChIP sequencing

The eChIP assays were performed as previously described with some
modifications (62). Chromatin was sonicated using the Bioruptor
Plus sonication system (Diagenode, Belgium). The immunoprecipi-
tation was performed using the protein G beads (#C600022-0001,
BBI) coupled with an a-GFP antibody (#11814460001, Roche) or an
a-H3K9ac antibody (#ab10812, Abcam). The purified DNA samples
were subjected to qPCR analysis or next-generation sequencing. The
sequencing library was constructed using the DNA Library Prep Kit
for Illumina (#ND627, Vazyme). The sequencing was completed by
JMDNA (Shanghai) Bio-Medical Technology using the HiSeq4000
system. The sequencing data were analyzed as follows: The low-
quality reads were excluded after quality control by fastqc, and adapt-
ers were removed by fastp; high-quality reads were mapped to the
Arabidopsis reference genome TAIR 10 (www.arabidopsis.org) using
Burrows-Wheeler Aligner (version 0.7.17); duplicate reads were re-
moved by Sambamba; MACS2 was used to detect peaks; HOMER
was used to annotate Peaks. The eChIP-seq data were normalized on
the basis of reads per kilobase per million mapped reads.

Protein interaction analysis

The Y2H assays, BiFC assays, split luciferase assays, CoIP assays, and
pull-down assays were performed as described previously (59, 63, 64).
For Y2H assays, the corresponding constructs were cotransformed into
the yeast strain AH109. For ColP assays, the fusion proteins were tran-
siently expressed in N. benthamiana or Arabidopsis protoplasts. The o-
GFP beads (#L-1016, Biolinkedin) were used for immunoprecipitation.
For pull-down assays, all recombinant proteins were expressed in E. coli
BL21 (DE3). The MBP-tagged proteins coupled to Dextrin beads
(#SA026005, Smart-Lifesciences) were used to pull down His-tagged
proteins. For BiFC assays, the fusion proteins were coexpressed in
N. benthamiana. The YFP fluorescence was examined using confocal
laser scanning microscopy (TCS SP8, Leica). For split luciferase assays,
the fusion proteins were coexpressed in N. benthamiana. The lumines-
cences were captured using the Lumazone Imaging System equipped
with a 2048B charge-coupled device camera (Roper).

In vivo protein degradation assay

The 35S:PAF1-GFP/Col-0 transgenic Arabidopsis were treated with
cycloheximide (50 pg/ml; #T1225, TargetMol, USA), 1 mM SA,
and/or 50 pM MG132 (#133407-82-6, Aladdin) for 0, 4, or 16 hours.
The total proteins were subjected to immunoblotting using a-GFP
and a-actin (#AC009, ABclonal) antibodies.

In vitro protein degradation assays

The recombinant His-PAF1 proteins were incubated with the total
protein extracts in protein degradation buffer [25 mM tris-HCl
(pH 7.5), 10 mM NaCl, 10 mM MgCl,, 1 mM phenylmethylsulfo-
nyl fluoride (PMSF), 1 mM dithiothreitol (DTT), 2 mM adenos-
ine 5’-triphosphate (ATP)] at 22°C for the indicated time. The total
protein extracts were sampled from 8-day-old Col-0 or nprI-1 treat-
ed with or without 1 mM SA for 4 hours. The samples were sub-
jected to immunoblotting analysis using a-His (#2366, Cell Signaling
Technology) or a-actin antibodies.

In vivo ubiquitination assays
The plant samples were treated with 50 pM MG132 and/or 1 mM SA for
4 hours. The total proteins extracted with radioimmunoprecipitation
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assay lysis buffer [50 mM tris-HCI (pH 7.5), 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 1x protease inhibitor, 2
mM PMSE 2 mM DTT, and 50 pM MG132] were incubated with a-
GFP beads at 4°C for 2 hours. The beads were washed three times with
washing buffer [50 mM tris-HCI (pH 7.4), 1 M NaCl, 1% Triton X-100,
1% sodium deoxycholate, 0.1% SDS, and 50 pM MG132] and boiled in
1x SDS loading buffer, followed by immunoblotting analysis using o-
ubiquitin (#3936, Cell Signaling Technology) or a-GFP (#11814460001,
Roche) antibodies.

Semi-in vitro ubiquitination assays

The GST and GST-PAF1 proteins coupled with glutathione beads
(#SA008005, Smart-Lifesciences) were incubated with total pro-
tein extracts in ubiquitination buffer [25 mM tris-HCI (pH 7.5),
10 mM NaCl, 10 mM MgCl,, 2 mM PMSF, 2 mM DTT, 4 mM ATP,
50 pM MG132, and 1X protease inhibitor cocktail] at 22°C for
4 hours. The total protein extracts were sampled from 8-day-old
Col-0 or nprl-1 treated with or without 1 mM SA for 4 hours.
MBP-NPR1 or MBP was added to the ubiquitination buffer. The
beads were washed three times with washing buffer [50 mM tris-
HCI (pH 7.4), 1 M NaCl, 1% Triton X-100, 1% sodium deoxycho-
late, 0.1% SDS, and 50 pM MG132] and boiled in 1x SDS loading
buffer, followed by immunoblotting using an «-ubiquitin anti-
body. The input samples were subjected to immunoblotting using
a-actin, a-GST (#AE001, ABclonal), or a-MBP (#AE016, AB-
clonal) antibodies.

In vitro ubiquitination assays

In vitro ubiquitination assays was carried out as described previously
(29). The recombinant UBA1-His (E1), UBC8-His (E2), and His-FLAG-
UBQ (Ub) proteins were purified using Ni-agarose beads (#SA052005,
Smart-Lifesciences). MBP-NPR1, MBP, and MBP-CUL3-RBX1 were
purified using dextrin beads (#SA026005, Smart-Lifesciences). The GST
and GST-PAF]I proteins coupled with glutathione beads were incubated
with the purified UBA1-His, UBC8-His, His-FLAG-UBQ, MBP-CUL3-
RBX1, and MBP-NPR1 or MBP in the in vitro ubiquitination buffer
[80 mM tris-HCI (pH 7.5), 12 mM ATP, and 1 mM SA] at 24°C for
2 hours. The beads were washed three times with washing buffer
[50 mM tris-HCI (pH 7.4), 1 M NaCl, 1% Triton X-100, 1% sodium
deoxycholate, and 0.1% SDS] and boiled in 1x SDS loading buffer,
followed by immunoblotting using a-GST or a-FLAG (#AE126,
ABclonal) antibodies. The input samples were subjected to immunob-
lotting using a-His, a-GST, or a-MBP antibodies.

Statistical analysis

The statistical analysis was performed using GraphPad Prism
version 8 (GraphPad Software; www.graphpad.com). Significance
analysis was performed with two-tailed Student’s ¢ test or one-way
analysis of variance (ANOVA), followed by Tukey’s multiple com-
parison tests.

Supplementary Materials
The PDF file includes:

Figs.S1to S11

Legends for datasets S1to S13

Other Supplementary Material for this manuscript includes the following:
Datasets S1to S13
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