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Abstract

Ethylene plays its essential roles in plant development, growth, and defense responses by
controlling the transcriptional reprograming, in which EIN2-C-directed regulation of histone
acetylation is the first key-step for chromatin to perceive ethylene signaling. But how the nuclear
acetyl coenzyme A (acetyl CoA) is produced to ensure the ethylene-mediated histone acetylation
is unknown. Here we report that ethylene triggers the accumulation of the pyruvate
dehydrogenase complex (PDC) in the nucleus to synthesize nuclear acetyl CoA to regulate
ethylene response. PDC is identified as an EIN2-C nuclear partner, and ethylene triggers its
nuclear accumulation. Mutations in PDC lead to an ethylene-hyposensitivity that results from the
reduction of histone acetylation and transcription activation. Enzymatically active nuclear PDC
synthesize nuclear acetyl CoA for EIN2-C-directed histone acetylation and transcription regulation.
These findings uncover a mechanism by which PDC-EIN2 converges the mitochondrial enzyme
mediated nuclear acetyl CoA synthesis with epigenetic and transcriptional regulation for plant

hormone response.

Introduction

Ethylene is a pivotal plant hormone that plays pleiotropic roles in plant growth, development,
stress response and defense response to pathogens by controlling downstream gene
transcription, protein translation and posttranslational modifications, mitochondrial retrograde
signaling, chromatin remodeling, and epigenetic regulation of gene expression''*. Ethylene signal
is perceived by ethylene receptors embedded on the endoplasmic reticulum (ER) membrane'>®.
In the absence of ethylene, both the ethylene receptors and CONSTITUTIVE TRIPLE
RESPONSE 1 (CTR1), an ER membrane associated kinase that directly interacts with one of
ethylene receptors ETHYLENE RESPONSE1 (ETR1), are activated'”'®. CTR1 phosphorylates
ETHYLENE INSENSTIVE 2 (EIN2), the essential positive regulator of ethylene signaling, at its C-

terminal end (EIN2-C), leading to the repression of the EIN2 activity'®?°. Without ethylene
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signaling activation, EIN2 is localized to the ER membrane at which it interacts with two F-box
proteins EIN2 TARGETING PROTEIN 1/2 (ETP1/2) that mediate its protein degradation via the
ubiquitin-proteasome pathway?'. Upon the perception of ethylene, both ETR1 and CTR1 are
inactivated; the EIN2-C is dephosphorylated through an unknown mechanism®. The
dephosphorylated EIN2-C is cleaved and translocated into both the nucleus and the P-body?°2%%3,
In the P-body, EIN2-C mediates the translational repression of two F-box proteins EIN3-BINDING
F BOX PROTEIN 1/2 (EBF1/2) to promote the protein accumulation of ETHYLENE INSENSITIVE
3 (EIN3), the key transcription activator that is sufficient and necessary for activation of all
ethylene-response genes®?*?. In the nucleus, EIN2-C mediates the direct regulation of histone
acetylation of H3K14 and H3K23 via histone binding protein EIN2 NUCLEAR ASSOCIATED
PROTEIN 1/2 (ENAP1/2), leading to an EIN3 dependent transcriptional regulation for ethylene

response®?’.

Epigenetic regulation of gene expression plays critical roles in various plant developmental
processes and stress response?®2, Histone acetylation promotes the relaxation of nucleosome
between wrapped DNA and histone octamer by neutralizing the positive charges of lysine
residues in histones, which is crucial for all DNA-based processes, including DNA replication and

gene transcription®34

. Histone acetyltransferases (HATs) transfer acetyl group from acetyl
coenzyme A (acetyl CoA) to conserved lysine residues on histone N-terminal tails to acetylate
histones. In eukaryotes, the biosynthesis of acetyl CoA is thought to occur in the subcellular
compartment where it is required because of its membrane impermeability and high instability
due to the high-energy thioester bond that joins the acetyl and CoA groups®. The availability and
abundance of acetyl CoA are therefore crucial for HAT enzymatic activity and histone acetylation.
For most HATs, their Michaelis constants (Kms), the concentration of substrate which permits

the enzyme to achieve half Vmax, lie in the range within or greater than the cellular acetyl CoA

concentrations in order to sense and respond to the fluctuation of acetyl CoA production®.
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79  Therefore, the levels of histone acetylation are often linked with the availability of acetyl CoA.
80  Such metabolic regulation of histone acetylation by nuclear synthesis of acetyl CoA has been
81  reported to govern many major biological events including cell proliferation, cell fate determination,
82  and environmental response® 3. However, the relationship between the nuclear acetyl CoA and
83  histone acetylation in plant hormone response is completely unknown.
84
85 In this study, we report that functional pyruvate dehydrogenase complex (PDC) can translocate
86  from the mitochondria to the nucleus in the presence of ethylene, generating a nuclear pool of
87 acetyl CoA from pyruvate for the EIN2-directed acetylation of core histones for transcriptional
88  regulation in the ethylene response. In the presence of ethylene, the PDC complex translocates
89  to the nucleus where it interacts with EIN2-C. Mutations in PDC lead to a decreased ethylene
90 response at both at genetic level and transcriptional level. ChlP-seq assay reveals that ethylene-
91 induced elevation of histone acetylation is reduced in the PDC mutants. Biochemical assay
92  combined with Liquid Chromatography with mass spectrometry (LC-MS) demonstrates that PDC
93  regulates the nuclear acetyl CoA concentration and ethylene induced nuclear translocated PDC
94 is enzymatically active to generate acetyl CoA in the nucleus for histone acetylation, which is
95  necessary for EIN2-C’s function in the histone acetylation regulation. Both genetics and molecular
96 evidence show that EIN2-C is required for the nuclear translocation of PDC in the ethylene
97  response. Altogether, this study reveals a previously unidentified mechanism by which the PDC
98  complex is translocated to the nucleus where it interacts with EIN2-C to provide acetyl CoA for
99 the elevation of histone acetylation at H3K14 and H3K23 to modulate the transcriptional regulation

100 in the ethylene response.

101

102  Results

103 Nuclear localized pyruvate dehydrogenase complex interacts with EIN2-C
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104 By tandem co-immunoprecipitation coupled with mass spectrometry (Co-IP/MS) using anti-EIN2-
105  C native antibody and anti-HA antibody sequentially in the nuclear extracts from EIN2-YFP-HA
106  plants treated with 4 hours of ethylene gas, three subunits from pyruvate dehydrogenase complex
107  (PDC), E1-2, E2-2, and E3-2 (henceforth referred as E1, E2, and E3), were pulled down among
108  the top hits (Fig. S1A-1C). The direct interactions between EIN2-C and these three PDC subunits
109 identified in Co-IP/MS were confirmed by in vitro pull-down assays (Fig. 1A and Fig. S1D-F). In
110  prokaryotes and eukaryotes, PDC consists of three catalytic subunits: a pyruvate dehydrogenase
111 (E1), a dihydrolipoamide transacetylase (E2), and a dihydrolipoamide dehydrogenase (E3). This
112 complex is canonically localized in the mitochondrial matrix where it catalyzes the conversion
113 from pyruvate to acetyl CoA *. The interaction between EIN2-C and PDC complex led us to
114  examine whether it is possible that EIN2 is localized to the mitochondria. Co-localization assay of
115  EIN2 with MitoTracker Red, a cell-permeant mitochondria-selective dye, showed that EIN2 and
116  mitochondria were not co-localized either with or without the presence of ethylene (Fig. 1B). Given
117  that PDC complex was pulled down from the nuclear fraction by EIN2-C Co-IP/MS, we then
118  decided to confirm whether the interactions between EIN2-C and E1, E2, and E3 occur in the
119  nucleus in vivo. We generated EIN2-YFP-HA/E1-FLAG-BFP, EIN2-YFP-HA/E2-FLAG-BFP, and
120  EIN2-YFP-HA/E3-FLAG-BFP transgenic plants. By using EIN2-YFP-HA or PDC-FLAG-BFP as
121  bait, we performed reciprocal in vivo co-immunoprecipitation (Co-IP) assays both in the nuclear
122 fractions and in the cytosolic fractions from those 3-day-old etiolated transgenic seedlings treated
123 with or without 4 hours of ethylene gas. The efficiency of nuclear-cytoplasmic fractionation
124  procedure as well as the purity of cytosolic and nuclear fractions were assessed by multiple
125  marker proteins (Fig. S1G). The interactions between EIN2-C and all three PDC subunits were
126  detected only in the nuclear fractions with ethylene treatment, and no interactions were detected
127  from cytosolic fractions regardless of the ethylene treatment (Fig. 1C-1E). Similar results were
128  obtained by using the native EIN2-C antibody for the in vivo Co-IP assay in the E1-YFP-HA, E2-

129  FLAG-GFP, and E3-FLAG-GFP transgenic plants (Fig. S1H-1J). To further evaluate the
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130 interaction between EIN2 and PDC in response to ethylene in the subcellular context, we
131  conducted bimolecular fluorescence complementation (BiFC) assays by transient co-expression
132 of EIN2-nYFP and E1-cYFP, E2-cYFP, and E3-cYFP, respectively, in tobacco epidermal cells.
133 The result showed that EIN2-C physically interacts with PDC subunits only in the nucleus after
134 ethylene treatment (Fig. 1F-1H). Furthermore, we examined the subcellular localization of EIN2-
135 Cand PDC subunits in response to ethylene in 3-day-old etiolated seedlings of EIN2-YFP-HA/E1-
136  FLAG-BFP, EIN2-YFP-HA/E2-FLAG-BFP, and EIN2-YFP-HA/E3-FLAG-BFP plants. Clearly,
137  EIN2-C was co-localized with E1, E2, and E3 in the nucleus respectively with the ethylene
138  treatment (Fig. S1K-1P). Altogether, these results provide compelling evidence that PDC can
139  accumulate in the nucleus to interact with EIN2-C in response to ethylene.

140

141  Ethylene treatment induces the nuclear accumulation of PDC

142 We have observed the nuclear localization of PDC complex with the presence of ethylene (Fig.
143 1). To further confirm that the PDC nuclear translocation is induced by ethylene, we examined
144  the nuclear appearance of E1, E2, and E3 proteins over a time series of ethylene gas treatments.
145 E1 had a basal nuclear distribution in the absence of ethylene, but its nuclear levels were
146  significantly elevated by ethylene treatment and were positively correlated with the duration of
147  ethylene treatment while E1 cytoplasmic levels showed gradual decrease as the ethylene
148  treatment prolongs (Fig. 2A, Fig. S2A, and Fig. S2B). Neither E2 nor E3 proteins were detected
149  inthe nucleus in the absence of ethylene, but these two proteins were accumulated in the nuclear
150 fraction after 4 hours of ethylene treatment and their levels were also positively correlated with
151  the duration of ethylene treatments (Fig. 2B, Fig. 2C, and Fig. S2C-2F). Similar to cytoplasmic E1,
152  we also observed that cytoplasmic E2 and E3 protein levels decrease in response to ethylene
153  (Fig. 2B, Fig. 2C, and Fig. S2C-2F). Notably, the total E1 and E2 subunit protein levels were not
154  altered by the ethylene treatments but E3 total protein level showed slight elevation after 12h

155 ethylene treatment. We then monitored the nuclear localization of PDC over a time series of
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156  ethylene treatments in living cells. In the absence of ethylene, a basal level of E1 was observed
157 in the nucleus, but no nuclear E2 and E3 were observed (Fig. 2D-2F and Fig. S2G-2L). Upon
158 ethylene treatment, E1, E2, and E3 accumulated in the nucleus, and their accumulation was
159  positively associated with the duration of ethylene treatment (Fig. 2D-2F and Fig. S2G-2L). This
160  provides an additional piece of cellular evidence that ethylene induces PDC nuclear accumulation.
161

162  PDC subunits are required for ethylene response

163  Given the interaction between PDC and EIN2-C occurs in the nucleus in response to ethylene,
164  we decided to investigate the functions of PDC in the ethylene response. We first obtained two T-
165 DNA insertion lines for E1 (e1-2-2 and e1-2-4) and two for E3 (e3-2-1 and e3-2-2). RT-qPCR
166  assays showed that the expression levels of these two genes were drastically reduced in their T-
167  DNA insertion mutants (Fig. S3A-3D). No E2 T-DNA homozygous plants were obtained due to
168  homozygous lethality *°. Using CRISPR-Cas9 mutagenesis, we generated two weak alleles of 2
169  mutants (e2-2 #17 and e2-2 #215) that were variable (Fig. S3E-3G). Phenotypical assay showed
170  that the e2 single mutants, but not e nor e3 single mutant, displayed a mild ethylene insensitivity
171  both in roots and in hypocotyls (Fig. 3A-3C). We then generated a variety of their higher order
172 mutants and examined their ethylene responses (Fig. S3E-3G). The mild ethylene insensitive
173 phenotype of the e2 single mutant was significantly enhanced in e1e2 (e1-2-2 e2-2 #17 and e1-
174  2-4 e2-2 #215) and e2e3 (e2-2 e3-2-1 #99 and e2-2 e3-2-2 #67) double mutants and in eTe2e3
175  triple mutants (e7-2-2 e2-2 e3-2-1 #167 and e1-2-2 e2-2 e3-2-2 #67) (Fig. 3D-3F). No significant
176  difference was observed between the e7e3 (e7-2-2 e3-2-1 and e1-2-2 e€3-2-2) double mutants
177 and et or e3 single mutants (Fig. 3A-3F). The e1e2, e2e3, and ef1e2e3 ethylene insensitive
178  phenotype were complemented by introducing proE2:gE2-FLAG-GFP into each mutant
179  background, respectively (Fig. S3H and S3l). These genetic results demonstrated that PDC is
180 involved in the ethylene response, E2 is the most important subunit genetically, and E1 and E3

181  enhance the function of E2 in the ethylene response.
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182

183  To further understand the functions of E1, E2, and E3 in the ethylene response, we generated
184  their gain-of-function mutants and selected two individual transgenic lines of each with similar
185  protein expression levels for further ethylene response analysis (Fig. S4A-4C). Compared to Col-
186 0, all the plants that overexpressed PDC E1, E2, and E3 subunits had enhanced ethylene
187  responsive phenotype in the presence of ACC, but the phenotypes of E2ox and E3ox did not
188  differ from Col-0 in the absence of ACC (Fig. S4D). This showed that the overexpression of PDC
189  EZ2 and E3 alone was not sufficient to trigger ethylene response in the absence of the hormone
190  when they were not accumulated in the nucleus. Interestingly, PDC E7fox displayed a mild
191  ethylene hypersensitivity in the absence of ACC compared to Col-0, which is in line with the
192  observation that there was a basal E1 in the nucleus without ethylene treatment (Fig. S4D). Next,
193  we expressed E1 and E2 fused with nuclear localization signal peptide (NLS) derived from EIN2-
194  C (E1-NLS-GFP and E2-NLS-GFP) in Col-0 (Fig. S4E). E1-NLS-GFP and E2-NLS-GFP fusion
195  proteins could be localized to the nucleus in the absence of ethylene; more importantly, the E71-
196  NLS-GFP and E2-NLS-GFP plants displayed a clear ethylene hypersensitivity phenotype even in
197  the absence of ethylene (Fig. S4F and S4G). Together, these data demonstrate that the nuclear
198 localization of PDC can trigger the ethylene response.

199

200  In order to evaluate the function of PDC in ethylene response at a molecular level, we performed
201  RNA sequencing (mMRNA-seq) using e1-2-2 e2-2 #17 and e2-2 e3-2-2 #67 double mutants treated
202 with or without 4 hours of ethylene gas (Fig. S5). We found that about 50% genes up-regulated
203 by ethylene in Col-0 were not differentially expressed in either of the two mutants in response to
204  ethylene (Fig. S6A and S6B). For further statistical quantification, we plotted the log. fold change
205  (log2FC) of each gene up-regulated by ethylene in Col-0 against that in each double mutant.
206  These genes were then divided into three groups: elevated group (log2FC in mutants is 30%

207  greater than in Col-0), unchanged group (log2FC in mutants is within 30% of that in Col-0), and
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208  compromised group (log2FC in mutants is 30% less than that in Col-0). We found that the elevation
209  of more than half of ethylene-up regulated genes in Col-0 was significantly compromised in both
210  double mutants (Fig. 3G-3l). Importantly, most of the compromised genes identified from e1-2-2
211  e2-2 #17 seedlings were also compromised in the e2-2 e3-2-2 #67 seedlings (Fig. 3J), and the
212 log2FC profile showed a high similarity (Fig. 31 and Fig. S6C). Further gene ontology analysis
213 using those upregulation compromised genes showed that the ethylene signaling genes were
214 overrepresented (Fig. 3K and Fig. S6D). Together, these data provide genetic and molecular
215 evidence that E1, E2, and E3 function coordinately to regulate ethylene response.

216

217  PDC regulates ethylene-dependent elevation of histone acetylation at H3K14 and H3K23
218 PDC catalyzes the synthesis of acetyl CoA, the substrate of histone acetylation. Given that the
219  acetylation of histone at H3K14 and H3K23 is induced by ethylene, we compared their global
220  levels in Col-0 and in different pdc mutants. The ethylene-induced global elevation of H3K14ac
221  and H3K23ac in Col-0 was still detected in e1-2-2 e2-2 #17 but with lower levels. Whereas,
222 ethylene-induced global elevation was not detected in e2-2 e3-2-2 #67, nor in e1-2-2 e2-2 e3-2-
223 2 #67 (Fig. 4A). In contrast, the H3K14ac and H3K23ac levels were elevated in the plants that
224 overexpress E2 with ethylene treatment, and in the E2-NLS-GFP transgenic plants even without
225 ethylene treatment (Fig. 4B). We then conducted H3K14ac and H3K23ac chromatin
226  immunoprecipitation sequencing (ChlP-seq) in e1-2-2 e2-2 #17 (Fig. S7A-7D). H3K14ac and
227  H3K23ac levels were reduced in e1-2-2 e2-2 #17 compared to that in Col-0 over genes that were
228  transcriptionally compromised in both e71-2-2 e2-2 #17 and e2-2 e3-2-2 #67 plants, and the
229  ethylene-induced elevation was significantly impaired (Fig. 4C, 4D, and Fig. S7TE-7H). When the
230  ChIP signals within the first 500bp downstream of transcription starts sites was evaluated, an
231  even more significant reduction was detected in e1-2-2 e2-2 #17 both with and without ethylene
232 treatments (Fig. 4E and 4F). We then conducted H3K14ac and H3K23ac ChIP-gPCR assays in

233 the selected targets, and the results further validated the ChiP-seq data (Fig. S71 and S7J). Given
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234 that e2-2 e3-2-2 #67 and e1-2-2 e2-2 e3-2-2 #67 has a similar ethylene responsive phenotype as
235  e1-2-2e2-2#17, we also conducted ChIP-qPCR assays in those two mutants, and a similar result
236  was obtained (Fig. S71 and S7J). Altogether, these results suggest that PDC regulates the histone
237  acetylation H3K14ac and H3K23ac in response to ethylene.

238

239  Enzymatically active nuclear PDC regulates acetyl CoA production in the nucleus

240  Because the biological function of PDC is to generate acetyl CoA, we hypothesized that the
241  reduced histone acetylation level in the plants that lack PDC subunits results from the decreased
242 acetyl CoA in the nucleus. We first measured the nuclear acetyl CoA concentrations in Col-0 and
243 in the e1-2-2 e2-2 e3-2-2 #67 triple mutant treated with 4 hours of ethylene gas by liquid
244 chromatography—(LC) coupled to MS (LC-MS), and the levels of nuclear acetyl CoA were
245  significantly decreased in the pdc triple mutant compared to levels in Col-0 (Fig. 5A and 5B). We
246  then decided to examine whether the nuclear PDC was functional to synthesize acetyl CoA. It has
247  been shown that dephosphorylated E1 is required for the PDC activity ***¢, therefore, we first
248  examined the phosphorylation status of E1 in the nucleus in response to ethylene. Western blot
249  assay by anti-pSer antibody showed that most E1 was in a dephosphorylated state in the nucleus
250  after ethylene treatment (Fig. 5C). Phos-tag electrophoresis assay confirmed this result (Fig. 5D).
251  Next, we conducted LC-MS/MS analysis of E1 phosphorylation. We detected phosphorylation on
252 S292 (Fig. S8A), a residue that is evolutionary conserved with the reported inhibitory
253 phosphorylation site in human E1 (Fig. S8B)*. Further quantification of E1 phosphopeptides by
254  MS showed that the ratio of phosphorylated E1 to non-phosphorylated E1 in the nucleus was
255  significantly lower than that in the cytosol after 4 hours of ethylene treatment (Fig. 5E), suggesting
256  that the dephosphorylated E1 is the main species in the nucleus to function in the presence of
257  ethylene. Next, we assessed E1 activities in the nucleus using a pyruvate dehydrogenase (PDH)
258  activity assay. E1 activity was detected in the nucleus in Col-0 and its activity was elevated by the

259  ethylene treatment (Fig. 5F). But the ethylene-induced E1 activity was not detected in e71-2-2 e2-
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260  2#17 orin e1-2-2 e2-2 e3-2-2#67 (Fig. 5F and Fig. S8C). To further directly monitor PDC acetyl
261  CoA biosynthesis enzyme activity in the nucleus in response to ethylene, we employed a *C
262  isotopic tracing experiment. By feeding 2,3-"3C, pyruvate to the nuclear extracts and followed by
263  the LC-MS/MS, we are able to measure 1,2-"*C, labeled-acetyl CoA (1,2-"*C, acetyl CoA) that
264  will be converted from 2,3-"3C, pyruvate by PDC complex (Fig. 5G and Fig. S8D). This experiment
265  assesses the nuclear PDC activity since PDC is the only enzyme that synthesizes acetyl CoA
266  from pyruvate. As shown in Fig. 5H, we detected 1,2-"*C, acetyl CoA in the nuclear extracts of
267  Col-0 treated with 4 hours of ethylene gas, and the 1,2-"3C, acetyl CoA levels were significantly
268 increased in the presence of ethylene (Fig. 5H and Fig. S8E). This suggests that functional PDC
269  complex is accumulated in the nucleus in response to ethylene in Col-0. Further comparison
270  showed no significant differences in the levels of 1,2-'*C, acetyl CoA in the nuclei of Col-0
271  compared to that of e1-2-2 e2-2 #17 or of e1-2-2 e2-2 e3-2-2 #67 in the absence of ethylene (Fig.
272 5Hand Fig. S8E). However, the ethylene-induced elevation of 1,2-'*C, acetyl CoA detected from
273  Col-0 nucleus was significantly reduced from the nucleus of e1-2-2 e2-2 #17 or e1-2-2 e2-2 e3-
274  2-2#67 (Fig. 5H), providing further biochemical evidence that functional PDC is translocated into
275  the nucleus in response to ethylene to synthesize acetyl CoA.

276

277  EIN2 is required for PDC nuclear translocation and function in response to ethylene

278  Given the fact that EIN2-C interacts with PDC in the nucleus, we next explored the genetic
279  relationship between EIN2-C and PDC subunits. By introducing E7ox, E20x, and E3ox into the
280 ein2-5 null mutant, we obtained E7ox/ein2-5, E2ox/ein2-5, and E3ox/ein2-5 plants with
281  comparable protein expression levels in E10x/Col-0, E20x/ Col-0, and E3ox/ Col-0 separately (Fig.
282  S9A-9C). We then compared their ethylene response with their parental plants and Col-0. The
283  ethylene hypersensitivity induced by PDC overexpression was entirely abolished in all E71ox/ein2-
284 5, E20x/ein2-5, and E3ox/ein2-5 plants; these plants displayed the same complete ethylene

285 insensitivity as ein2-5 mutant (Fig. 6A). Similarly, the ethylene hypersensitivity induced by PDC
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286  overexpression was entirely abolished in all E1ox/ein3-1eil1-1, E20x/ein3-1eil1-1, and E3ox/ein3-
287  1eil1-1 plants (Fig. S9A-9D). These two genetic results suggest that both EIN2 and EIN3/EIL1
288  are required for the function of PDC in the ethylene response.

289

290  To further confirm the EIN2 dependency of PDC in ethylene response, we examined the cellular
291  localization of PDC in response to ethylene in the ein2-5 mutant. We found that the ethylene-
292 induced nuclear accumulation of E1, E2, and E3 was abolished in E1ox/ein2-5, E2ox/ein2-5, and
293 E3ox/ein2-5 (Fig. 6B-6J). Similarly, no obvious ethylene-induced nuclear accumulation of PDC
294  proteins was observed in E1ox/ein3-1 eil1-1, E2ox/ein3-1 eil1-1, and E3ox/ein3-1 eil1-1 (Fig. S9E-
295  9J). ChIP-gPCR analyses in selected ethylene-responsive target genes (Fig. S7TE-7H) showed
296  that the elevation of H3K14ac and H3K23ac levels detected in E20x were not detected in the
297  EZ2ox/ein2-5 plants, and the levels were similar to those in the ein2-5 mutant both with and without
298  ethylene treatments (Fig. S9K). In addition, the enhanced transcriptional activation in response to
299  ethylene in E2o0x was not detected in E2ox/ein2-5 plants (Fig. S9L). Thus, our genetic and
300  molecular evidence supports the conclusion that PDC functions in the ethylene response in an
301  EIN2 dependent manner.

302

303  Acetyl CoA is important for histone acetylation and EIN2-C is essential for the ethylene-induced
304 histone acetylation elevation; therefore, we further investigated whether PDC regulates the
305 function of EIN2-C. We crossed EIN2%%*4 in which a point mutation at Ser645 mimics EIN2
306  constitutive dephosphorylation resulting in EIN2-C cleavage and nuclear accumulation, into e7-
307 2-2 e2-2 e3-2-2 #67 (e1e2e3) background to generate EIN2°¢**/e1e2e3 plants (Fig. S10A).
308 Phenotypic analysis of EIN2%%*4/Col-0 and EIN2%**/e1e2e3 showed that the ethylene

309 hypersensitivity caused by E/N256%4

was partially rescued in the e1e2e3 mutant (Fig. 6H). But
310 the nuclear accumulation of EIN2-C was comparable in the EIN25%4/Col-0 and in

311  EIN25%**/e1e2e3 (Fig. S10B and S10C), showing that PDC participates in the downstream
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312  ethylene signaling and cellular response mediated by EIN2-C rather than the initial steps of EIN2-
313  C cleavage and translocation into the nucleus in ethylene signaling pathway. We then compared
314  the H3K14ac and H3K23ac levels at selected ethylene-responsive genes in EIN25%“4/Col-0 and
315  EIN25%*4/ge1e2e3 plants by ChIP-gPCR. We found that the enhanced H3K14ac and H3K23ac in
316  EIN25%%%/Col-0 was reduced in EIN2%**/e1e2e3, although levels were still higher than that in
317  Col-0 (Fig. 6l). Consistently, the enhancement of target gene expression in EIN25%4*/Col-0 was
318 also partially rescued in EIN2°***/e1e2e3 (Fig. S10D). These findings suggest that PDC in the
319  nucleus produces acetyl CoA that is necessary for EIN2-C-regulated histone acetylation to
320  mediate the ethylene response.

321

322  Discussion

323  This study reveals a novel molecular mechanism by which mitochondria resided PDC complex
324  translocates into the nucleus to provide acetyl CoA necessary for EIN2-C mediated histone
325 acetylation and subsequent transcription activation in response to ethylene (Fig. S11). In the
326  presence of ethylene, PDC subunits E1, E2, and E3 accumulate in the nucleus to provide acetyl
327 CoA for EIN2 mediated histone acetylation elevation at H3K14 and H3K23 through their
328 interaction with EIN2-C, initiating the downstream ethylene-induced transcriptional cascade (Fig.
329  S11). Our research establishes a direct link between cell metabolism and histone modification in
330 the ethylene response that is mediated by the key factor EIN2, opening a new avenue for the
331  study of how plant hormone and metabolisms function to ensure the chromatin and transcription
332 regulation.

333

334  Cellular metabolism is a series of important biochemical reactions fueling development with
335 energy and biomass, and chromatin is a mighty consumer of cellular energy generated by
336  metabolism. The balance between metabolism and chromatin activities ensures cell homeostasis

337 and normal cell growth. PDC functioning as a partner of EIN2-C to regulate histone acetylation
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338 levels at H3K14 and H3K23 marks in response to ethylene treatment suggests that EIN2-C
339  recruits translocated PDC to the ethylene-responsive gene loci to provide a sufficient level of local
340  acetyl CoA to achieve histone acetylation at H3K14 and H3K23 by HATSs. Production of acetyl CoA
341  within the nucleus may promote its availability to histone acetyltransferase to facilitate a rapid ethylene
342 response. Thus, identification of the histone acetyl transferases that function together with EIN2-
343  C and PDC complex will be an immediate goal.

344

345  Inthe nucleus, acetyl CoA production machineries are finely tuned to control the local metabolite
346 levels at certain gene loci to regulate chromatin modification by interacting with different partners.
347  For instance, PDC E2 subunit has been reported to function in the same complex with pyruvate
348  kinase M2 (PKM2), histone acetyltransferase p300, and the transcription factor AhR to regulate
349 histone acetylation for transcription regulation to facilitate cell proliferation*’. Nuclear metabolic
350 enzyme Acetyl CoA Synthetase 2 (ACSS2) associates with the histone acetyltransferase CREP
351 binding protein (CBP) to regulate the expression of key neuronal genes through histone
352  acetylation in the mouse hippocampus®®. In response to glucose deprivation, ACSS2 can also
353  constitute a complex with the transcription factor EB to activate lysosomal and autophagosomal
354  genes after its nuclear translocation*2. In ethylene response, EIN3 is the key transcription factor
355 thatdetermines the target gene for transcription regulation®>?’; thus, it will be interesting to explore
356 the connection between EIN3 and PDC complex.

357

358 In mammal, three main cytosolic enzymes that synthesize acetyl CoA, including PDC, Acyl-CoA
359  Synthetase Short Chain Family Member (ACSS2) and ATP Citrate Lyase (ACLY or ACL), were
360  shown to localize to the nucleus for different biological functions384°42434749 ' PDC complex was
361 first reported to localize to the nucleus in cell division and synthesize acetyl CoA to regulate cell
362  proliferation through histone acetylation®®. ACSS2 catalyzes the conversion of acetyl CoA from

363 acetate in the nucleus for the regulation of long-term spatial memory and glucose starvation
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364 response*?*®; the nuclear ACLY utilizes citrate to produce acetyl CoA to promote histone
365 acetylation at double strand break sites for DNA repair®®. Recently, ACL subunit A2 (ACLA2) has
366  been reported to function with HAT1 in rice to regulate cell division in developing endosperm,
367 suggesting the evolutionarily conserved mechanism of metabolic regulation on epigenetic
368  modification in both plant and mammal species®®. We have noticed that although the ethylene
369 induced elevation of H3K14ac and H3K23ac is compromised in the pdc mutant, some extent of
370  ethylene response still remains. It is possible that since we could not obtain the e2 null mutant
371  because of its lethality, the weak alleles we obtained still have partially functional E2 and therefore
372  manifest a rather weakened ethylene response. However, we could not exclude the possibility
373  thatthe other acetyl CoA producing enzymes will be functioning in the nucleus to modulate histone
374  acetylation in response to ethylene in the absence of the nuclear PDC in pdc mutants.

842,48 and

375 Investigating the involvement of other acetyl CoA synthesis pathways, such as ACS
376  ACLY?®, in the ethylene response will potentially address the question.

377

378 In this research, we found that ethylene treatment triggers the translocation of PDC from the
379  cytosol to the nucleus to facilitate H3K14ac and H3K23ac elevation for ethylene responsive
380 transcriptional regulation. However, the question remains how the translocation of PDC complex
381  occurs at molecular level because PDC is a large protein complex without known nuclear
382 localization signal (NLS). Recent studies have shown that specialized contact points between
383  mitochondria and nucleus aid in the exchanges of metabolites and proteins between these two
384  organelles, and more importantly, mammalian PDC directly enters the nucleus at those contact
385  points across the nuclear envelop through mitofusin 2 (MFN2)-mediated mitochondria-nucleus
386 tethering, which is independent from the nuclear pore complex (NPC)*'%2, However, whether it is
387  possible that nuclear PDC proteins are transported into the nucleus from the cytosol following

388  their protein synthesis is unknown. Investigating how Arabidopsis PDC enters the nucleus and

389  whether its nuclear entry follows the similar NPC-independent mechanism to regulate histone
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390 acetylation in response to ethylene will provide more insights into the mitochondria and nucleus
391  retro-communication in the establishment of the proper ethylene response, providing a new
392  perspective of metabolic regulation in plant hormone response research.

393
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610 Figure 1. PDC interacts with EIN2-C in the nucleus in response to ethylene.

611  (A) In vitro pull-down experiment to validate the interaction between EIN2-C and PDC E1, E2,
612 and E3 subunits. (B) Subcellular localization of EIN2-YFP fusion protein in Arabidopsis leaf
613  epidermal cells with MitoTracker Red staining without (upper panel) and with (lower panel) the
614  presence of 10uM ACC. Red arrowhead indicates mitochondria signal by MitoTracker staining;
615  yellow arrowhead indicates EIN2-YFP fluorescence signal. Scale bar is 20 um. (C-E) /n vivo co-
616  immunoprecipitation assay to examine the interaction between EIN2-C and E1(C), E2 (D), and
617 E3 (E) in the indicated transgenic plants. 3-day-old etiolated seedlings carrying both PDC and
618  EINZ2 fusion proteins treated with air or 4 hours of ethylene gas were fractionated to isolate cytosol
619  and nuclei for the immunoprecipitation with either Flag-Trap magnetic agarose (DYKDDDDK Fab-
620  Trap) or anti-HA magnetic beads, respectively. The immunoprecipitation with IgG beads serves
621  as anegative control. Phospho Enol Pyruvate Carboxylase (PEPC) was used as cytosolic marker
622  protein; Cytochrome C (CytC) is a mitochondrial marker protein, BiP is an ER marker to assess
623  nuclear extraction purity. Histone H3 is a loading control for nuclear fractions. (F-H) Confocal
624  microscopy images of BiFC assay showing the interaction between EIN2 and PDC E1, E2, and
625  E3 subunits in the nucleus after ethylene treatment. Agrobacteria containing indicated paired
626  constructs was co-infiltrated into tobacco leaves and the YFP fluorescence was observed two
627  days after infiltration with or without 4 hours of ACC treatment. NLS-BFP was used as nuclear
628  marker. Scale bars is 50um.
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633  Figure 2. PDC accumulates in the nucleus in response to ethylene.

634  (A-C) Fractionation western blot to examine the subcellular localization of PDC in of E1-YFP-HA
635 (A), E2-FLAG-GFP (B), and E3-FLAG-GFP (C) transgenic plants with time series of ethylene gas
636  treatments. PDC E1 was probed with anti-HA, and E2 and E3 were probed with anti-FLAG in total
637  protein extracts, cytoplasmic fractions, and nuclear fractions. PEPC, ATPB, FUM1/2, Cyt C, and
638  histone H3 were used to assess purities of nuclear and cytosolic fractionations and loading
639  controls. Blue number indicates PDC band intensity that normalized to cytoplasmic PEPC signal.
640  Red number indicates PDC band intensity that normalized to histone H3 signal. (D-F) Confocal
641  microscopy images showing the subcellular localization of E1-YFP-HA (D), E2-FLAG-GFP (E),
642  and E3-FLAG-GFP (F) with time series of ethylene gas treatments. DAPI staining labels nuclei.
643  Scale bars is 20pm.
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646  Figure 3. PDC is involved in the ethylene response.

647  (A) Photographs of seedlings with mutations in individual PDC subunits and Col-0 grown on MS
648  medium containing 1 uM, 2 uM, and 5 uM ACC or without ACC. (B and C) Measurements of
649  hypocotyl lengths (B) and root lengths (C) of indicated mutants. Values are means + SD of at
650 least 30 seedlings. Different letters represent significant differences between each genotype
651  calculated by a One-way ANOVA test followed by Tukey’s HSD test with P <0.05. (D) Photographs
652  of representative double and triple PDC subunit mutants and Col-0 grown on MS medium
653  containing 1 uM, 2 uM, and 5 uM ACC or without ACC were selected for the photograph. (E and
654  F) Measurements of hypocotyl lengths and root lengths from indicated plants. Each value is
655 means = SD of at least 30 seedlings. Different letters indicate significant differences between
656  different genotypes with P <0.05 that calculated by a One-way ANOVA test and followed by
657  Tukey’s HSD test for multiple comparisons. (G and H) Scatter plots to compare the log»(Fold
658  Change) of ethylene up-regulated genes in Col-0 with that in e1-2-2 e2-2 #17 (G), or in e2-2 e3-
659  2-2# 67 (H) in mRNA-seq. Each dot represents a gene that its transcription level is significantly
660 elevated by ethylene gas treatment in Col-0 (log>(Fold Change) > 1, p-adjust < 0.05). (I) Violin
661  plot of the distributions of logz(Fold Change) of ethylene up-regulated genes in Col-0 and in the
662 indicated plants. P values were determined by a two-tailed ¢ test. (J) Venn diagram to show the
663  ethylene up-regulated genes that were compromised in e7-2-2 e2-2 #17 and in e2-2 €3-2-2 # 67.
664  (K) Gene ontology analysis of the genes that are transcriptionally co-compromised in both e7-2-
665 2e2-2#17 and in e2-2 e3-2-2 #67. Top 15 GO categories ranked by P values were plotted. Dot
666  size represents the percentage of genes from each GO category of all co-compromised genes
667  (Gene ratio %) and dot colors indicate the P value of the GO categories.
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Figure 4. PDC is involved in the ethylene-induced histone acetylation.

(A) Western blot analysis of total histone acetylation of H3K14 and H3K23 in response to ethylene
in different genetic backgrounds as indicated in the figure. Anti-H3 western blot served as a
loading control. (B) H3K14ac and H3K23ac levels in Col-0, E20x, and E2-NLS-GFP treated with
air or 4 hours of ethylene gas. Histone H3 served as a loading control. Red number indicates the
quantification of H3K14ac and H3K23ac western blot signal intensity normalized with that of
histone H3. (C and D) Heatmaps of H3K14ac (C) and H3K23ac (D) ChlP-seq signal (log> ChIP
signal) from the genes that their ethylene-induced expressions are co-compromised in e7-2-2 e2-
2 #17 and e2-2 e3-2-2 #67. TSS, transcription start site; TTS, transcription termination site. (E
and F) Violin plots illustrating log> normalized H3K14ac ChIP signal (E) and H3K23ac ChlP signal
(F) from 500bp downstream of TSS that in the genes that were co-compromised in the pdc double

mutants in the indicated genotypes and conditions. P values were calculated by a two-tailed ¢ test.


https://doi.org/10.1101/2023.10.25.564010
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.25.564010; this version posted October 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

>

mCol-04h CH,
We1-2-2 02-23-2-2 #67 4h CH,

T 4
(o) -
2 P=0.0015
a .
2 s 2
3
£
c
S 2 :
X
<
o
° 4
>
3
(8]
<
0
D Efox 4h C,H,
O & "0)@\
A W o°
=
pPE1 — 8 3
PE1 —»| D
I
E1— za
ma
Anti-HA “
kDa
. =75
Anti-HA | e -l Py
«Q
<
Anti-PEPC | — w100 “;’)
@
Anti-CytC | wm— - 15| 4
>
o)
G

o
ooty
o

PDC

®\ /S
i

> CoA

689

w

Malonyl CoA (X10*nmol/mg protein)

m

Ratio of pE1/E1 peptide peak area

1,2-"3C, Acetyl CoA

2,3-*C, Pyruvate

Efox4h CH,

C S @ ’(0)@\
02 O A0
mCol-04h CH, kpa O WY o
Me1-2-2 62-2 63-2-2 #67 4h CH, o
5 p 75 | Anti-pSer
P=0.81 a
| —— [T
4 D170 - - Anti-HA
3 [l P — Anti-HA
2 100 | - s | Anti-PEPC
5
e
1 | 15 -| - @, | Anti-CytC
0 15 | @ -~ |Anti-H3

- ©1-2-2 €2-2 €3-2-2 #67 4h CH,
F < e1-2-262-203-2-2#67Air
*01-2-202-2#17 4n CH,

P =0.027 3.0 | = e1-2-2 2-2#17 Air
12 +Col-0 4h CH,
—_ < Col-0 Air
°
225
o
1S
5 T T
| Y e
O 2.0 ) phgmnEEETI OO NI
<
z FSES!
151 7
" ¢ 0 10 20 30 40 50
3 2 Ti i
0 \@& ime (min)
o W
Col-0 Air
H Col-0 4h CH,
e1-2-2 e2-2 #17 Air
e1-2-2€2-2 #17 4h C,H,
4 e1-2-2 e2-2 e3-2-2 #67 Air
c e1-2-2 e2-2 €3-2-2 #67 4h C H,
Q0
S
o
[o)]
£ 3
()]
C
)
Y
< 2
[e]
O
>
©
®
g
&
0
Col-0 e1-2-2 e1-2-2 e2-2
e2-2 #17 e3-2-2 #67


https://doi.org/10.1101/2023.10.25.564010
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.25.564010; this version posted October 27, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

690  Figure 5. Nuclear PDC is enzymatically active to produce acetyl CoA.

691 (A and B) LC-MS detection of acetyl CoA (A) and malonyl CoA (B) in purified nuclei from Col-0
692 and e1-2-2 e2-2 e3-2-2 #67 etiolated seedlings treated with 4 hours of ethylene gas. Total protein
693  mass was used to normalize metabolite concentration. P values were calculated by a two-tailed ¢
694 test and each data point was plotted as a dot in the bar graph. (C) Western blot analysis of the
695  phosphorylation status of E1 using anti-pSer antibody in the cytosolic fraction and nuclear
696  fractions from E7ox seedlings treated with 4 hours of ethylene gas. (D) Phos-tag phosphoprotein
697  mobility shift gel of E1 phosphorylation status in the cytosolic fraction and nuclear fractions of
698 Efox etiolated seedlings treated with 4 hours of ethylene gas. Black arrow shows non-
699  phosphorylated E1; red arrow indicates phosphorylated E1 protein. PEPC, CytC, and H3 were
700  used to assess purities of nuclear and cytosolic fractionations. (E) The ratios of phosphorylated
701  to non-phosphorylated YHGHpSMSDPGSTYR E1 peptides in the cytosolic versus in the nuclear
702 fractions from E1ox with 4 hours of ethylene gas treatment. Peak area values were collected from
703  three replicates. P value was calculated by t-test. (F) Pyruvate dehydrogenase activity assays in
704  the nuclear fraction from Col-0 and indicated pdc mutants treated with 4 hours of ethylene gas.
705  (G) Schematic diagrams to show the conversion of 2,3-"*C, pyruvate to 1,2-"3C, acetyl CoA. (H)
706  Normalized LC MS/MS measured the concentration of 1,2-*C, acetyl CoA that converted from
707  2,3-"3C, pyruvate by using the nuclear extracts from indicated plants with or without 4 hours of
708  ethylene gas treatment. Quantification from four replicates were normalized by total protein input.
709  Different letters represent significant differences between each group calculated by a one-way
710  ANOVA test followed by Tukey’s HSD test.
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714 Figure 6. PDC functions in the ethylene response in an EIN2-C-dependent manner.

715  (A) Epistasis analysis of PDC E7ox, E20x, and E3ox in the ein2-5 mutant. The seedlings were
716 grown on MS medium containing with or without 10uM ACC in the dark for 3 days before being
717  photographed. (B-D) Examination of the protein levels of E1 in E71ox/Col-0 and E7ox/ein2-5 (B),
718  E2 in E20x/Col-0 and E2ox/ein2-5 (C), and E3 in E30x/Col-0 and E3ox/ein2-5 (D) with 0 or 12-

719  hour ethylene gas treatment. PEPC is cytoplasmic marker; CytC is a mitochondrial marker;
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histone H3 is a nuclear marker for a loading control. (E-J) Subcellular localization of E1-YFP-HA
(E and F), E2-FLAG-GFP (G and H), and E3-FLAG-GFP (I and J) in Col-0 or ein2-5 mutant
without or with 12 hours of ethylene gas treatment, respectively. Scale bars is 20um. (K)
Photographs of 3-day old etiolated EIN2°¢4*4/Col-0 and EIN2°°**/e1e2e3 seedlings grown on MS
medium containing indicated ACC in the dark for 3 days before being photographed. (L) ChlP-
gPCR to evaluate H3K14ac (upper panel) and H3K23ac (lower panel) enrichment over selected
genes in the indicated etiolated seedlings treated with air or 4 hours of ethylene gas. Different
letters represent significant differences between each genotype and treatment condition that are

calculated by a one-way ANOVA test followed by Tukey’s HSD test with P <0.05.
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