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One-sentence summary: GLKSs transcriptionally regulate photosynthetic pigment synthesis in a
GBF-dependent manner and are associated with the formation of phase separation-mediated
nuclear condensates.
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ABSTRACT

Carotenoids are vital photosynthetic pigments for plants and provide essential nutrients for
humans. However, our knowledge of the regulatory control of carotenoid biosynthesis remains
limited. Golden2-like transcription factors (GLKs) are widely recognized as essential and
conserved factors for chloroplast development and the major regulators of chlorophyll
biosynthesis. Yet the molecular mechanisms by which GLKs transcriptionally activate their
target genes are unclear. Here, we report that GLKs directly regulate carotenoid biosynthesis in a
G-box Binding Factor (GBF)-dependent manner. Both in vitro and in vivo studies reveal that
GLKSs physically interact with GBFs. Through the direct binding of GBFs to the G-box motif,
the GLK-GBF regulatory module transcriptionally activates phytoene synthase (PSY), the gene
encoding the rate-limiting enzyme for carotenoid biosynthesis. The ability of GLKS to promote
carotenoid and chlorophyll biosynthesis is greatly diminished in the Arabidopsis gbf1/2/3 triple
knockout mutants, showing the requirement of GBFs for GLK function. GLKs and GBFs form
liquid-liquid phase separation-mediated nuclear condensates as the compartmented and
concentrated transcriptional complexes. Our findings uncover a novel and conserved regulatory
module for photosynthetic pigment biosynthesis through formation of GLK-GBF transcriptional

complexes and nuclear biomolecular condensates in plants.
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INTRODUCTION

Carotenoids play critical roles in the photosynthesis of all green plants as antenna and
photoprotection pigments, and provide essential nutrients and phytonutrients for human health.
Nearly all of the major genes and the enzymes catalyzing the core reactions of carotenoid
biosynthesis had been characterized by the end of the last century (Cunningham Jr and Gantt,
1998). However, the regulatory control of carotenogenesis is not well understood (Sun and Li,
2020). Because transcriptional regulation represents the first and primary layer of control,
transcriptional regulation of carotenoid structural gene expression has been a main focus of
carotenoid research. In recent years, a number of transcription factors (TFs) have been reported
to regulate the expression of carotenoid biosynthetic genes (Toledo-Ortiz et al., 2010; Toledo-
Ortiz et al., 2014; Bou-Torrent et al., 2015; Xiong et al., 2019; Wu et al., 2020; Lu et al., 2021;
Zhu et al., 2021a). However, most of these TFs appear to be species-specific regulators with little
consensus across plant species (Stanley and Yuan, 2019; Sun et al., 2022a). Therefore, the
common master regulators of carotenoid biosynthesis remain to be elucidated.

Phytoene synthase (PSY) catalyzes the first committed step of carotenoid biosynthesis
and is considered to be a rate-limiting bottleneck in the pathway (Zhou et al., 2022). As such,
transcriptional and post-transcriptional regulation of PSY has been intensively studied (Toledo-
Ortiz et al., 2010; Zhou et al., 2015b; Alvarez et al., 2016; Welsch et al., 2018). In green leaves,
light signaling is the most important environmental cue to affect photosynthetic pigment
biosynthesis in chloroplasts. Phytochrome-interacting factors (PIFs), a family of bHLH
transcription factors, and the bZIP transcription factor LONG HYPOCOTYL 5 (HYS) have been
shown to mediate light-regulated carotenogenesis by binding to a G-box motif in the PSY
promoter in antagonistic ways during deetiolation (Toledo-Ortiz et al., 2010; Toledo-Ortiz et al.,
2014; Bou-Torrent et al., 2015).

Golden2-like (GLK) transcription factors belong to a conserved plant-specific GARP
(Golden2, ARR-B, Psrl) family of MYB transcription factors. They are established as essential
and conserved factors with pivotal roles in regulating chloroplast development in the plant
kingdom (Chen et al.,, 2016). GLKs exert their functions by regulating the expression of
chloroplast-targeted and photosynthesis-related nuclear genes (Rossini et al., 2001; Fitter et al.,
2002; Waters et al., 2009; Powell et al., 2012; Nguyen et al., 2014; Yeh et al., 2022). Through a

large-scale ChIP-seq analysis in maize leaves, GLKs were identified as top level regulators of
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86 the chlorophyll biosynthetic pathway (Tu et al., 2020). Overexpression of GLKs results in
87  chloroplast development ectopically in non-photosynthetic organs of roots (Kobayashi et al.,
88 2012; Kobayashi et al., 2013) and calli (Nakamura et al., 2009), and promotes chloroplast
89 development to produce dark-green tomato fruit (Powell et al., 2012; Nguyen et al., 2014).
90  Overexpression of GLKsS has also been shown to boost chloroplast development and
91  photosynthesis resulting in increased biomass and grain yield in rice (Li et al., 2020; Yeh et al.,
92  2022).
93 GLKs were initially defined by GOLDEN?2 in maize (Zea mays) (Rossini et al., 2001). In
94  many plant species such as Arabidopsis, maize, and moss, GLK genes exist as paralogous pairs
95 and GLK1 and GLK2 are functional redundant (Rossini et al., 2001; Fitter et al., 2002; Yasumura
96 et al., 2005; Waters et al., 2008). In Arabidopsis, the glkl glk2 double mutant exhibits a pale
97  green phenotype with small chloroplasts lacking thylakoid grana (Waters et al., 2009). The
98 impaired chloroplast development likely results from defective binding to a set of nuclear-
99 encoded photosynthetic genes, in particular the light harvesting and chlorophyll biosynthetic
100  genes (Waters and Langdale, 2009). Although GLKs are well established to regulate chlorophyll
101  biosynthesis, whether GLK1 and GLK2 directly regulate genes involved in carotenoid
102  biosynthesis to coordinate photosynthetic pigment synthesis is not known. Moreover, the
103  molecular mechanisms by which GLKs transcriptionally activate their target genes is also not
104  fully understood despite having been subjected to intensive investigations.
105 Previous studies showed potential interactions between GLKs and the bZIP transcription
106  factors GBF1, GBF2, and GBF3 (Tamai et al., 2002). GBF1, GBF2, and GBF3 belong to group
107 G bZIP transcription factors (Corréa et al., 2008; Droge-Laser et al., 2018). Among the group G
108 bZIP transcription factors, GBF1 has been known for its role in light response and leaf
109  senescence (Smykowski et al., 2010; Singh et al., 2012). In-silico analysis of the light response
110  and leaf senescence genes, including chlorophyll and carotenoid biosynthetic pathway genes,
111 reveals the high frequency of G-box motifs (Jin et al., 2021). Previous studies show that the
112  function of group G bZIP transcription factors largely depends on the interaction partners (Llorca
113 et al.,, 2015). Therefore, the potential interaction between GLKs and GBFs suggests a possible
114 synergistic effect of these two groups of transcription factors in regulating photosynthetic genes

115 with G-box motifs in the promoter regions.
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116 Many nuclear processes such as gene transcription, RNA processing, and chromatin
117  remodeling occur within condensates or non-membrane compartments, which compartmentalize
118 and concentrate the required biomolecules for each process in the nucleus (Banani et al., 2017;
119  Sabari et al., 2020). Recent research on liquid-liquid phase separation (LLPS) highlights the
120  prominent role of LLPS in driving the formation of condensates in cells and facilitating the
121 dynamic assembly and concentration of biomolecules such as RNA and proteins for
122  transcriptional regulation (Emenecker et al., 2021; Kim et al., 2021). Emerging evidence
123 suggests that nuclear condensates formed via LLPS directly regulate gene expression in plants
124  (Fangetal., 2019; Zhu et al., 2021b), and represent a widespread mechanism to spatiotemporally
125  coordinate transcriptional activity in cells (Emenecker et al., 2021).

126 In this study, we show that GLKSs directly regulate carotenoid biosynthesis and elucidate
127  aregulatory module in which GLKs and GBFs mediate photosynthetic pigment synthesis. GLKs
128  physically interact with GBFs to activate transcription of PSY, the first committed step of
129  carotenoid biosynthesis. GBFs directly bind to the G-box motifs of the PSY promoter and form a
130 GLK-GBF regulatory module. The GLK-GBF complexes promote the formation of nuclear
131  condensates via LLPS. Loss of GBFs impairs GLK function in regulating carotenoid and
132 chlorophyll biosynthesis. These findings reveal a novel mechanism of transcriptional regulation
133  of photosynthetic pigment biosynthesis through formation of GLK-GBF transcription complexes
134  and nuclear biomolecular condensates via LLPS.

135

136 RESULTS

137  GLKs regulate carotenoid biosynthesis independent of chlorophyll synthesis

138 To examine the function of GLKs in photosynthetic pigment biosynthesis, we first revisited the
139  phenotypes of GLK overexpression lines 35S GLK1, 35S.GLK2 and the glkl glk2 double mutant
140  (Waters et al., 2009). Compared to Col-0 wild type (WT), glkl glk2 exhibited a clear pale green
141 phenotype, whereas 35S GLK1 and 35S GLK2 showed slightly darker green phenotype (Figure
142  1a), which were consistent with previous reports (Waters et al., 2009).

143 We next measured the chlorophyll and carotenoid content in 35S GLK1, 35S GLK2 and
144 glkl glk2 lines. As expected, the glkl glk2 double mutant had less chlorophylls compared to WT
145  (Figure 1b). A significant increase in total chlorophyll was observed in 35S GLK1 and
146 35S GLK2 lines (Figure 1b). Noticeably, the total carotenoid level showed a similar trend,
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147  decreased in the glkl glk2 double mutant and increased in the 35S GLK1 and 35S GLK2 lines
148  (Figure 1c¢). The carotenoid level in the glkl glk2 double mutant was less than half of that in WT
149  while GLK1 and GLK2 overexpression lines had 20% more, indicating a coordinated alteration
150  of both carotenoid and chlorophyll biosynthesis.

151 To identify the key pathway genes affected by GLKs, transcript levels of genes in both
152  the carotenoid and chlorophyll biosynthesis pathways were analyzed. Consistent with the
153  previous report (Waters et al., 2009), the chlorophyll biosynthesis pathway genes, i.e, GIUTR
154  (glutamyl-tRNA reductase), CHLI (magnesium chelatase | subunit), GUN4 (GENOMES
155 UNCOUPLED4), GUNS5 (magnesium chelatase H subunit), CHLM (Magnesium protoporphyrin
156  IX methyltransferase), and CAO (chlorophyll a oxygenase) were down-regulated in the glkl glk2
157  double mutant and some were up-regulated in the overexpression lines 35S GLK1 and 35S GLK?2
158  (Figure 1d). PSY catalyzes the first committed step of carotenoid biosynthesis and is responsible
159  for the overall carotenoid synthesis capacity in plants (Zhou et al., 2022). PSY transcript level
160  was over 3-fold higher in the 35S GLK1 and 35S GLK2 lines and reduced by more than half in
161  the glkl glk2 double mutant compared to WT (Figure 1d). DXS (deoxy-D-xylulose 5-phosphate
162  synthase), PDS (phytoene desaturase), and LCYB (lycopene beta-cyclase) also displayed altered
163  expression in these lines (Figure 1d). These results suggest a possible role for GLKs in the
164  transcriptional regulation of carotenoid biosynthesis.

165 Direct regulation of chlorophyll biosynthesis by GLKs has been well-established (Waters
166 et al., 2009; Tu et al., 2020). Because chlorophyll and carotenoid biosynthesis are tightly co-
167  regulated, the impact of GLKs on carotenoid biosynthesis can be either a primary effect or an
168  indirect consequence caused by the altered chlorophyll biosynthesis. To differentiate the two
169  possibilities, we examined the regulation of carotenoid biosynthesis by GLKs in non-green
170  tissues.

171 Callus system has been frequently used to examine carotenoid accumulation (Maass et al.,
172 2009; Yuan et al., 2015; Schaub et al., 2018; Sun et al., 2020). In dark-grown callus, chlorophyll
173  biosynthesis is inactive and thus carotenoid accumulation can be visualized. We induced calli
174  from WT, glklglk2 double mutant, 35S GLK1, and 35S GLK2 lines and found that the glklglk2
175  double mutant showed less color while 35S GLK1 and 35S GLK2 lines exhibited a more intense
176  yellow color than WT (Figure 1e). Analysis of carotenoid pigments confirmed that the GLK

177  overexpression lines accumulated significantly more carotenoids whereas glklglk2 accumulated
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178  less compared to WT (Figure 1f). Examination of carotenoid biosynthesis pathway gene
179  expression in these calli also revealed that PSY was significantly up-regulated in GLK
180  overexpression lines but down-regulated in the double mutant (Figure 1g). Other pathway genes
181  such as PDS and LCYB also showed up-regulation in GLK overexpression lines and down-
182  regulation in the double mutant, but to a lesser extent than PSY (Figure 1g).

183 To further investigate the specific regulation of carotenoid biosynthesis by GLKs,
184  etiolated seedlings of the WT, glklglk2 double mutant, 35S GLK1, and 35S GLK2 lines were
185  examined. All lines showed yellow cotyledons without green chlorophyll accumulation. While
186  the etiolated glk1glk2 double mutant was pale, the overexpression lines exhibited a darker yellow
187  color than WT (Figure 1h). Pigment analysis confirmed that GLK overexpression lines
188  accumulated significantly more and glk1glk2 significantly less carotenoids than WT (Figure 1i)
189  without detectable chlorophyll accumulation. Moreover, PSY expression was significantly up-
190  regulated in GLK overexpression lines and down-regulated in glk1glk2 (Figure 1j).

191 Taken together, these results support the specific regulation of carotenoid biosynthesis by
192  GLKSs in the absence of chlorophyll accumulation in both callus and etiolated seedling systems,
193  which led us to further explore the regulatory mechanism of carotenoid biosynthesis by the GLK
194  transcription factors.

195

196  Interaction between GLK and GBF transcription factors

197  Although GLKSs are known to regulate chlorophyll biosynthesis pathway genes (Waters et al.,
198  2009; Tu et al., 2020), how they associate with the promoters of the pathway genes to activate
199  their expression remains to be elucidated. GLK1 and GLK2, also named GBF'S PRO-RICH
200 REGION-INTERACTING FACTORI1 & 2 (GPRI1 & 2), were initially found to interact with the
201  Pro-rich domain of G-box Binding Factors GBFs by in vitro experiments (Tamai et al., 2002).
202  Thus, we hypothesized that GLKs form regulatory complexes to activate the expression of their
203  target genes. The search of known and predicted protein—protein interactions with STRING
204  (Szklarczyk et al., 2019) indicated that both GLK1 and GLK2 can interact with GBF1 (Figure
205 2a). Another common interaction partner, the NAC family transcription factor ORE1, was
206  previously shown to repress the activities of GLKs (Rauf et al., 2013). Because of the strong
207  self-activation activity of GLKs (Tamai et al., 2002), the interactions between full length GLKs

208 and GBFs have not been assessed. Moreover, whether they interact in vivo is yet to be
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209  determined. Since the G-box motif is one of the enriched motifs in the promoters of GLK-
210 regulated genes (Waters et al., 2009) and is also frequently present in the promoter region of
211 carotenoid and chlorophyll biosynthetic pathway genes (Toledo-Ortiz et al., 2010; Toledo-Ortiz
212 etal,, 2014; Jin et al., 2021), we postulated that GBFs might be involved in the GLK regulatory
213  machinery. Therefore, the interactions between GLKs and GBFs were assessed.

214 To examine potential interactions, we carried out a pull-down assay using the full-length
215 proteins of GLKs and GBFs. GLK1 and GLK2 were fused with a maltose binding protein
216  (MBP)-tag, while GBFI1, 2, and 3 were fused with a glutathione S-transferase (GST)-tag
217  (Supplemental Figure S1). Both GLK1 and GLK2 were captured by GST-tagged GBF proteins
218  as shown by an immunoblot with MBP antibody (Figure 2b). No signal was detected when GLK
219  proteins were incubated with GST only (Figure 2b).

220 To test whether GLKs and GBFs interact with each other in vivo, we employed the split
221 luciferase complementation assay, a convenient technique to detect live protein-protein
222  interactions in plants (Zhou et al., 2018). The binary vectors (pDEST-nLUC & pDEST-cLUC)
223  containing coding sequences of N-terminal and C-terminal firefly luciferase (nLUC & cLUC)
224  were first generated (Supplemental Figure S2). The coding sequences of GLK1 and GLK2
225 were fused to nLUC, and the coding sequences of GBFI1, 2, and 3 were fused to cLUC,
226  respectively. By transient expression of the paired constructs in Nicotiana benthamiana and live
227  imaging of the bioluminescence, we found that both GLK1 and GLK?2 interacted with GBFI1, 2,
228 and 3 in plants (Figure 2¢). BRAS- SINOSTEROID insensitive2 (BIN2), a recently reported
229  interacting partner of GLKs (Zhang et al., 2021), was used as a positive control and showed
230 interactions with GLK1 and GLK2 as expected (Figure 2c¢). PIF4 is another G-box binding
231  transcription factor regulating PSY expression (Toledo-Ortiz et al., 2010) and was used as a
232  control. No interaction was detected between GLKs and PIF4 (Figure 2c¢).

233 A bimolecular fluorescence complementation (BiFC) assay was also performed to further
234  validate the interactions between GLKs and GBFs in planta. Since GBF1 is the dominant
235  expressed GBF in most tissues (Supplemental Figure S3), the interaction between GLKs and
236 GBF1 was first examined (Figure 2d). As expected, all the GLK-GBF pairs showed the
237  reconstituted fluorescence signal in the nucleus (Figure 2d & Supplemental Figure S4). The
238  PIF4-YFP signal also indicates nuclear localization (Figure 2d). In contrast, the GLK1-PIF4 and
239  GLK2-PIF4 negative controls showed no fluorescence signals (Figure 2d). To confirm the
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240  nuclear localization of BiFC signal, a cell-permeant nuclear fluorescent stain Hoechst 33342 was
241  applied to the tissue. The fluorescent signal merged with the BiFC signal, confirming
242  interactions in nucleus (Supplemental Figure S5). These data demonstrate the in vivo
243  interactions between the full-length proteins of GLK and GBF transcription factors, raising the
244 possibility that GBFs participate in transcriptional regulation by GLKs. Noticeably, condensates
245  inside the nucleus were frequently observed when GLKs and GBFs interact (Figure 2d &
246  Supplemental Figure S4 & 5).

247

248  G-box motif is important for the transcriptional regulation of PSY expression

249  Since PSY is the major rate-limiting enzyme in the carotenoid biosynthesis pathway, regulation
250 of its expression directly affects carotenoid biosynthesis (Zhou et al., 2022). We next
251 investigated the potential association of these transcription factors to the PSY promoter to
252  activate PSY expression and regulate carotenoid biosynthesis. Genome-wide binding profiles of
253  GBFI, 2, 3 have been recently reported in Arabidopsis (Kurihara et al., 2020) and chromatin
254  immunoprecipitation combined with next-generation sequencing (ChIP-seq) analysis of GLK1
255 and GLK2 has also been accomplished
256  (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA682315). By examining the potential

257  binding of GLK or GBF transcription factors to the PSY promoter, we noticed that both GLK and
258  GBF transcription factors have binding peaks on the PSY promoter and that the peak regions
259  showed significant overlap (Figure 3a). Previously, a putative CCAATC motif was proposed as
260  the binding site of GLKs (Waters et al., 2009). A recent study suggested a similar GLK binding
261  motif GATTCT, which is the reverse complement of 5/6 bp of the originally defined sequence
262  (Zhang et al., 2021). However, no CAATC motif was found in the binding peak area of the PSY
263  promoter. Interestingly, two G-box motifs were located in this region (Figure 3a), which could
264  be the binding sites for GBFs.

265 We first analyzed promoter activity by a luciferase reporter assay with different truncated
266  version of the PSY promoter. The 2221 bp (2.2 k) promoter upstream from the start codon (ATG)
267  of PSY included the GLK and GBF binding peak region with G-box motifs, whereas the 2000 bp
268 (2.0 k) promoter upstream from the ATG did not include this region. Fragments of the PSY
269  promoter were cloned in the binary vector pPCAMBIA1390-LUC generated in our previous study
270  (Sun et al., 2019). Significantly higher activity of the 2.2 k promoter was observed compared to
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271 the 2.0 k promoter-driven luciferase (Figure 3b), suggesting that the G-box containing region
272  contributed to the transcriptional activation of the PSY expression.

273 To identify the binding sites of GLKs and GBFs on the PSY promoter, four probes
274  covering the peak area were designed (Supplemental Figure S6) for electrophoretic mobility
275  shift assay (EMSA). The two G-box motifs are present in probe 2 and probe 4. No binding was
276  observed between GLKs and all four probes (Figure 3c, 3d & Supplemental Figure S7).
277  However, significant band shifts were observed when incubating probe 2 and 4 with GBF1,
278  GBF2, and GBF3 proteins (Figure 3¢ & 3d). To further validate the specific binding of GBFs to
279  probe 2 and 4, competitive probes without biotin label were added to the reaction. Meanwhile,
280 the mutant probes (probe 2M and probe 4M) with a mutated G-box motif (CACGTG to
281 CATCTG) were also used for EMSA. Competitors reduced the binding of GBFs to probe 2 and 4
282  while the mutant probes lost the binding ability (Figure 3e & 3f), confirming the binding of
283  GBFs to the G-box motif.

284 A yeast one-hybrid experiment was also conducted to examine the binding of GBFs to
285  the G-box motifs in the PSY promoter. The probe 2 and 4 fragments as well as the mutated
286  versions were used as baits. The growth of yeast on selective medium clearly indicated
287  interactions between GBFs and both probes (Figure 3g & 3h, Supplemental Figure S8). No
288  growth was observed when the G-box motif was mutated (Figure 3g & 3h). These protein-DNA
289 interaction results suggest that although GLKs and GBFs are associated with PSY promoters with
290 overlapping binding peaks, only GBFs have the ability to directly bind to the PSY promoter
291  through the G-box motif.

292

293  Trans-activation of PSY by GLKSs relies on GBF transcription factors

294  To investigate whether it is GBFs or GLKs that provide the transcriptional activation to promote
295 PSY gene expression, transcription activity assay was performed using a GAL4-responsive
296  system in yeast (Friedman et al., 2004). Constructs were designed as shown in Figure 4a and the
297  activity of each transcription factor was measured by quantifying the B-galactosidase activity
298  (Figure 4b). Surprisingly, we found that GBFs did not show any trans-activation activity.
299  Another G-box binding transcription factor PIF4 that was used as a control did show trans-
300 activation activity, which is consistent with the previous reports (Zhu et al., 2016; Martinez et al.,

301  2018). Interestingly, GLK1 and GLK2 showed strong trans-activation activities, more than 3-

10
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302 folds of that of the PIF4 (Figure 4b). Taken together, these findings suggest that GLKs trans-
303 activate PSY gene expression through interaction with GBFs, which directly bind to the G-box
304  motif of the PSY promoter region.

305 The trans-activation of the PSY promoter by the GLK-GBF regulatory module was
306 examined in planta. The PSY promoter-driven luciferase showed strong signal when co-
307 transformed with GLK1 and GBF1, while no increased signal was observed with GBF1 or GLK1
308 only compared to empty vector control (Figure 4c¢). To quantify the in vivo regulation by the
309  GLK-GBF regulatory module, a trans-activation assay with dual luciferase reporters of nanLUC
310 and fireflyLUC (Supplemental Figure S9) were introduced. The trans-activation activity was
311 normalized by the fireflyLUC activity. The promoter of PSY showed significantly higher activity
312  when GBF and GLK were co-expressed (Figure 4d).

313 Given the critical function of GBFs in interacting with GLKs and binding to target gene
314  promoters, we next looked for genetic evidence to verify that GBFs are required for the GLK
315  trans-activation of carotenoid pathway genes. Since overexpression of GLK1 and GLK2 resulted
316  in a darker green color with more pigment accumulation in leaves (Fig. 1a-c) and higher
317  carotenoid content in callus (Figure 1f), we knocked out GBF1, GBF2, and GBF3 in GLK1 and
318 GLK2 overexpression background by CRISPR/Cas9 (Supplemental Figure S10 & 11) to
319  examine the phenotype changes in leaf and callus. Decreased carotenoid content was observed in
320 the GLK1 gbf1/2/3 or GLK2 gbf1/2/3 triple knock-out lines as compared to the calli of GLK1 and
321  GLK2 overexpression lines (Figure 4e). Instead of dark green leaves in the GLK1 and GLK2
322 overexpression lines, the gbfl/2/3 triple knock-out lines in GLK1 and GLK2 over-expression
323  background showed normal or even reduced leaf color comparing to WT (Figure 4f). These
324  results show that knocking-out of GBF1, GBF2, and GBF3 reverses the phenotype of GLK1 and
325 GLK2 overexpressors, proving the essential role of GBFs in the GLK-GBF regulatory module
326  for the control of carotenoid biosynthesis.

327

328 GBFs mediate nuclear condensate formation

329 In recent years, emerging evidence suggests that the formation of protein-nucleic acid
330 condensates as concentrated transcriptional complexes in the nucleus plays an important role in
331  spatiotemporally regulating gene expression in plants (Fang et al., 2019; Xie et al., 2021; Zhu et
332 al., 2021b). Intriguingly, nuclear condensates were observed in the BiFC assay when GLKs and

11
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333  GBFs interacted (Figure 2d & Supplemental Figure S5). Liquid-liquid phase separation (LLPS)
334  of certain proteins drives the formation of biomolecular condensates as non-membranous
335 compartments. To analyze which transcription factor triggers a phase separation, the phase
336  separation property of GLKs and GBFs was predicted by their sequences for the presence of
337 intrinsically disordered domains prone to undergo phase separation (Paiz et al., 2021; Chu et al.,
338  2022). GLK1 and GLK?2 are not phase separation proteins; however, GBF1, 2, and 3 have large
339  disordered protein structures which are prone to undergo LLPS (Figure Sa). Therefore, we
340  hypothesized that GBFs mediate the LLPS of GLKSs to form nuclear condensates.

341 To examine the observed phenomena, the nuclear localization pattern of each GLK and
342  GBF protein was first examined. When GBFs or GLKs fused with YFP tag were expressed
343  individually, nuclear condensates were rarely detected (Figure Sb, Supplemental Figure S12),
344  indicating GBFs and GLKs alone are insufficient to form the nuclear condensates. Noticeably,
345 nuclear condensates were clearly observed when GBF1 and GLK1 or GLK2 were interacted
346  (Figure 5b). Since GLKs also regulate carotenoid biosynthesis in non-green tissues such as
347  callus and etiolated seedlings, the assay was also conducted in onion epidermal cell to examine
348 the interaction in non-green tissue. Similarly, nuclear condensates could be clearly observed
349  when GLKs and GBFs interacted with each other (Supplemental Figure S13).

350 BIN2, which phosphorylates GLKs (Zhang et al., 2021), was confirmed to interact with
351  GLKSs by our luciferase complementation assay (Figure 2¢). BIN2 and GLK1 interaction also
352  induced nuclear condensates (Figure Sb). Conversely, the NAC family transcription factor
353 ORE]l, which was previously shown to repress the activities of GLKs (Rauf et al., 2013), and
354  another transcription regulator LSD1 that was recently reported to inhibit the DNA binding
355 activity of GLK1 (Li et al., 2022), did not form nuclear condensates with GLKs (Figure Sb). The
356  phase separation protein predictions for BIN2, LSD1, and OREI suggested that none of them is a
357  phase separation protein (Supplemental Figure S14). The observation of nuclear condensates
358 when BIN2 and GLKI interacted may indicate additional factors being responsible for the
359  condensate formation.

360 To confirm that the GLK-GBF condensates are formed via LLPS, we first tested whether
361 they have liquid-like properties by performing fluorescence recovery after photobleaching
362 (FRAP) experiments. The nuclear GLK1 or GLK2 and GBF1 condensate signals from epidermal
363 cells of Nicotiana benthamiana were used for the FRAP assay. After bleaching of the selected

12


https://doi.org/10.1101/2022.09.09.507346

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507346; this version posted September 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

364 region of interest, more than 50% of fluorescent signals within the condensates gradually
365 recovered in 40 s, indicating a redistribution of these proteins into condensates in the nucleus
366  (Figure 5c-e, S. videol and 2). GLK1-BIN2 nuclear condensates also showed similar recover
367  properties (Figure 5c&f, S. video 3). These findings suggest that GLK-GBF regulatory modules
368 as well as GLK-BIN2 are in nuclear condensates.

369 Since GBF1 is a predicted phase separation protein and represents the most abundant
370  GBF protein in Arabidopsis tissues (Figure 5a, Supplemental Figure S3), we tested the
371  hypothesis that GBF1 mediates the phase separation and condensate formation of the GLK
372  complex. We first expressed and purified recombinant GST-GBF1 and GLK1-YFP proteins. The
373  GST tag of GST-GBF1 fusion protein was removed by thrombin cleavage to obtain GBF1
374  protein. After incubation of GBF1 and GLK1-YFP together, GLK1-YFP droplet formation was
375 induced and observed by fluorescent signal (Figure Sg). When GST tag only and GLK1-YFP
376  were mixed, no GLK1-YFP droplet formation was observed (Figure 5g). This result indicates
377  that GBF1 is responsible for phase separation of the GLK1-GBF1 complex.

378 Besides the natural tendency of protein to undergo phase separation, the concentration of
379  biomolecular condensate components is another factor to control the assembly and disassembly
380 of biomolecular condensates (Banani et al., 2017). Essentially, the formation of the condensed
381 phase is determined by the concentrations of its components when their solubility limits are
382  exceeded. Thus, the expression of GLKs and GBFs in various Arabidopsis tissues, which affects
383  protein concentration, was examined. Both GLK1 and GBF1 expressed highly in rosette leaves,
384  which peaked during early stages of leaf development (Figure Sh), when chloroplast
385 development including chlorophyll and carotenoid biosynthesis is active. It is likely that the
386 coupled expression patterns of GLK1 and GBF1 enable the phase separated condensate
387  formation and active GLK-GBF complex function to regulate photosynthetic pigment
388  Dbiosynthesis at the proper developmental stage.

389

390 GLK-GBF regulatory module likely serves as a conserved mechanism underlying GLK
391  targeted photosynthetic pigment synthesis

392 To investigate whether GLK-GBF regulatory module functions widely in regulating PSY
393  expression, we examined the distribution of G-box motif in promoters of PSY genes from several

394  representative genomes. By analyzing 3000-bp promoter regions (upstream of start codon) of
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395  PSY genes, we identified a wide distribution of the G-box motif in PSY promoters (Figure 6a).
396  The widely distribution of G-box motif in PSY promoters implies that the GLK-GBF regulatory
397  module may serve as a conserved mechanism in regulating carotenoid biosynthesis.

398 By examining Arabidopsis (Arabidopsis thaliana) co-expression data (http://atted.jp),
399 (Obayashi et al., 2018), we found that both chlorophyll and carotenoid biosynthetic pathway
400  genes exhibited high co-expression with GLK1 and GLK2 levels (Figure 6b). GLKs have been
401  reported to regulate chlorophyll biosynthesis pathway genes including Glutamyl-tRNA Reductase
402 (GIUTR, or HEMA1), Mg-Chelatase H subunit (CHLH/GUN5), GENOMES UNCOUPLED 4
403 (GUN4), and Chlorophyllide a Oxygenase (CAO) (Waters et al., 2009). Those genes showed
404  high correlations with GLK1 and GLK2 expression (Figure 6b). Similarly, PSY as well as other
405 carotenoid biosynthesis pathway genes also showed high correlation with GLK1 and GLK2
406  (Figure 6b). Therefore, it is likely that the regulation of chlorophyll and carotenoid biosynthesis
407 by GLKSs shares a common mechanism.

408 A recent ChIP-seq analysis of GLK1 and GLK2 uncovered the potential target sites of
409 GLKs in Arabidopsis (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA682315). We

410  examined these data sets and compared them with the genome-wide binding sites of GBF1, 2, 3
411  in Arabidopsis (Kurihara et al., 2020). We found that more than two-thirds of the GLK1 or
412  GLK2 targets are also the targets of either GBF1, GBF2, or GBF3 (Figure 6¢, Supplemental
413  Table S1). A total of 3918 genes were identified as common target genes of GLK1, GLK2, and
414  GBFs (Figure 6¢). In addition to PSY for carotenoid biosynthesis, CAO and GUNS, two critical
415  genes for chlorophyll biosynthesis, were also present among the common target genes. Similarly,
416  the G-box motif was present in the GLK and GBF overlapping binding peaks of GUNS and CAO
417  promoters (Figure 6d&e). Since their expression is greatly altered in GLK overexpression and
418  glklglk2 lines (Figure 1d), it is likely that the GLK-GBF regulatory machinery also functions in
419  regulating these genes to regulate chlorophyll biosynthesis.

420

421  DISCUSSION

422  GLKs are widely recognized with a conserved function in regulating chloroplast development,
423  particularly regulating the expression of photosynthetic-related nuclear genes including those for
424  chlorophyll biosynthesis (Rossini et al., 2001; Fitter et al., 2002; Waters et al., 2009; Powell et
425 al, 2012; Nguyen et al., 2014; Yeh et al., 2022). However, whether GLKs directly regulate
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426  carotenoid biosynthesis and how GLKSs transcriptionally activate their targeted genes are less
427  understood. Here, we provide evidence that GLKs are the major transcriptional regulators of PSY
428  for carotenoid biosynthesis, therefore the master regulators in orchestrating both chlorophyll and
429  carotenoid pigment production for photosynthesis in chloroplasts. GLKs physically interact and
430 form a regulatory module with GBFs, which serve as liquid-liquid phase separation proteins to
431  induce nuclear condensates of the GLK-GBF transcription complex for function, unravelling a
432 novel regulatory mechanism underlying the GLK regulated transcriptional activation of
433  photosynthetic-related nuclear genes.

434

435  GLKSs function as the major transcriptional regulators of PSY for carotenoid biosynthesis
436  PSY is the main rate-limiting enzyme for carotenoid biosynthesis and its expression is highly and
437  multifacetedly regulated (Zhou et al., 2022). Transcriptional regulation is central to modulate
438  PSY activity for carotenogenesis (Ruiz-Sola and Rodriguez-Concepcion, 2012; Sun and Li, 2020;
439  Sun et al., 2022a). A number of transcription factors have been reported to directly bind to PSY
440 promoters in various plants (Xiong et al., 2019; Wu et al., 2020; Lu et al., 2021). Only a few
441  appear to exert a conserved function among plant species. PIFs and HY5 were found to form a
442  dynamic repression-activation module. They antagonistically bind to the same G-box motif in
443  the PSY promoter to suppress and activate carotenoid biosynthesis during de-etiolation (Toledo-
444  Ortiz et al., 2010; Toledo-Ortiz et al., 2014; Bou-Torrent et al., 2015).

445 In photosynthetic tissues, GLK transcription factors are the master regulator of
446  chloroplast development and the top regulators of chlorophyll biosynthesis (Tu et al., 2020).
447  Noticeably, revisiting of GLK overexpressors and glkl glk2 mutant showed that carotenoid levels
448  were also correlated with GLK expression in Arabidopsis leaves (Figure 1). Since the
449  chlorophyll and carotenoid biosyntheses in green leaves are highly coordinated, the alternation of
450 one pigment content often affects another. Therefore, the change of carotenoid content in leaves
451  could be the indirect effect of chlorophyll biosynthesis rather than direct regulation. By using
452  non-green tissues including etiolated seedling and callus systems, we were able to distinguish the
453  direct transcriptional regulation and the indirect effect by the change of chlorophyll biosynthesis,
454  and therefore document the genuine role of GLKs in direct regulation of the expression of
455  carotenoid biosynthetic genes, particularly PSY, for carotenoid synthesis.

456
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457  Molecular mechanism of the transcriptional regulation by GLKSs

458  GLKs are the key regulators of chloroplast development. GLKs as a small family of conserved
459 transcription factors in plants regulate the expression of photosynthesis-related genes as their
460 primary targets (Fitter et al., 2002; Yasumura et al., 2005; Waters et al., 2009). In recent years,
461  the functions of GLK transcription factors are expanded to response to many plant physiological
462  processes, including leaf senescence, plant defense, and stress responses (Murmu et al., 2014;
463  Martin et al., 2016; Ni et al., 2017; Zubo et al., 2018; Ahmad et al., 2019; Zhao et al., 2021; Yeh
464  etal., 2022). However, the transcriptional regulatory mechanism is not well defined.

465 Previously, a highly represented CCAATC motif in promoters of the GLK-regulated
466  genes was proposed as the potential binding site of GLKs (Waters et al., 2009). While some
467  reports support this interaction (Ahmad et al., 2019; Zhang et al., 2021), this motif is not
468  highlighted as a target site of GLKSs in a recent ChIP-seq analysis of GLK1 and GLK2 in maize
469 (Tu et al., 2020) and in Arabidopsis
470  (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA682315). We hypothesized that GLKs

471  may interact with transcriptional partners to bind specific motifs in activating the expression of
472  diverse subsets of target genes.

473 GBFs are known to bind to G-boxes in a context-specific manner to give diversity and
474  specificity in transcriptional regulation of plant gene expression (Menkens et al., 1995). G-box
475  motif is frequently found in promoter regions of carotenoid biosynthesis pathway genes (Toledo-
476  Ortiz et al., 2010; Toledo-Ortiz et al., 2014; Jin et al., 2021). By analyzing the genome-wide
477  binding of GBF1, 2, 3 and targets of GLKs in Arabidopsis (Kurihara et al., 2020; Shen, 2021)

478  (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA682315), protein-protein interaction,
479 and further supported by the genetic evidence, we found that GLKs transcriptionally activated
480  PSY expression through forming the GLK-GBF regulatory module, in which GLKSs rely on the
481  direct association of GBFs to the G-box motif in the PSY promoter. Regulatory complexes of
482  physiological processes are widespread in plants including circadian rhythm (Nusinow et al.,
483  2011), photomorphogenesis (Chen et al., 2013), immune response (Ding et al., 2018), and
484  metabolism (Gonzalez et al., 2008). The transcriptional regulatory complexes enable efficient
485 and delicately adjustment of the spatiotemporal gene expression, which is also applicable to the

486  GLK-GBF complex in the regulation of photosynthetic pigment biosynthesis. Moreover, our
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487  study revealed the presence of LLPS in the transcriptional regulatory complex, an emerging
488 fundamental mechanism underlying spatiotemporal transcriptional regulation in the nucleus.

489

490 The liquid-liquid phase separation of GLK-GBF complex

491  Increasing evidence suggests a critical role of formation of protein-nucleic acid condensates as
492  the concentrated transcriptional complexes in the nucleus to regulate gene expression in plants
493 (Fang et al., 2019; Xie et al., 2021; Zhu et al., 2021b). Proteins with intrinsically disordered
494  regions have the potential to form membrane-less phase-separated condensates (Alberti et al.,
495  2019). When GLKs and GBFs interacted, nuclear condensates could be clearly observed (Figure
496  5). While the interactions of GLKs and BIN2, a positive regulator of GLKs (Zhang et al., 2021),
497  also formed the nuclear condensates (Figure 5a), OREI that represses the activities of GLKs
498 (Rauf et al., 2013) and LSD1 that inhibits the DNA binding activity of GLK1 (Li et al., 2022)
499  showed no condensate formation when interacted with GLKs (Figure Sa), illustrating that only
500 active form of GLKs creates nuclear condensates.

501 The regulatory functions of LLPS processes have been discovered recently in plants
502  (Emenecker et al., 2021; Kim et al., 2021). Although hundreds of proteins in Arabidopsis have
503 the potential to undergo LLPS (Chakrabortee et al., 2016), only a limited number have been
504  shown to transcriptionally regulate major physiological processes in plants (Fang et al., 2019;
505  Xie et al., 2021; Zhu et al., 2021b). We show here that GBFs mediate LLPS with GLKs to form
506  nuclear condensates and that GLK-GBF regulatory module in the phase-separated condensates
507  represents an attractive strategy to mediate carotenoid biosynthesis. A working mode of GLK-
508  GBF complex to regulate the pigment biosynthesis process is proposed (Figure 6f). The intrinsic
509 phase separation property of GBFs is essential to induce phase separation condensate formation
510  while the fluctuation of both GLK and GBF protein concentrations during plant development
511  likely enables a dynamic control of this nuclear condensate assembly. This finding supports the
512  broad existence of phase separating transcriptional complexes in plants.

513

514  GLKs are the master regulators of photosynthetic pigment synthesis

515  The synthesis of photosynthetic pigments chlorophylls and carotenoids is coordinately regulated
516  for chloroplast development. PIFs and HY5 have been shown to coordinately regulate both

517  photosynthetic pigment synthesis via directly binding to the G-box motifs in promoters of genes
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518  such as protochlorophyllide oxidoreductase (POR) and PSY antagonistically during de-etiolation
519  (Hugq et al., 2004; Moon et al., 2008; Toledo-Ortiz et al., 2010; Toledo-Ortiz et al., 2014; Bou-
520  Torrent et al., 2015). GLKs are known as the top regulators of chlorophyll biosynthesis in leaf
521  tissue (Waters et al., 2009; Tu et al., 2020). Here we established GLKs also directly regulate PSY
522  expression for carotenoid biosynthesis via the GLK-GBF regulatory module. Considering the
523  high frequency of G-box motif in the promoter regions of carotenoid and chlorophyll
524  biosynthesis pathway genes (Toledo-Ortiz et al., 2010; Toledo-Ortiz et al., 2014; Jin et al., 2021),
525 it is likely that GLK-GBF transcriptional complexes coordinate both carotenoid and chlorophyll
526  biosynthesis through the direct regulation of G-box containing genes from those pathways. These
527  findings expand the current understanding of the GLK functions and uncover GLKs as key
528  regulators to orchestrate photosynthetic pigment synthesis. Moreover, since G-box motif is one
529  of the high frequency motifs in GLK target genes (Waters et al., 2009), the discovered regulatory
530 machinery unravels the transcriptional regulatory mechanism of GLKs and provides a new
531  regulatory module of chloroplast development.

532

533 METHODS

534  Plant materials and growth conditions

535  All the mutants and transgenic lines used in this study were in Columbia (Col-0) background.
536  The generations of 35S GLK1, 35S GLK2, and glkl glk2 double mutant were described
537  previously (Waters et al., 2009). To generate ghf1/2/3 CRISPR-Cas9 knock-out lines, two target

538  sites on each gene were designed by the online tool kit http://skl.scau.edu.cn/home/ (Xie et al.,
539  2017) and assembled into the pHEE401E-mCherry vector (Yu and Zhao, 2019). The construct
540 was transferred into the Agrobacterium tumefaciens strain GV3101 by electroporation and
541  transformed into Arabidopsis 35S GLK1 and 35S GLK2 plants using the floral dipping method.
542  The T1 seeds were first screened by the fluorescent signal of mCherry marker. The T2 edited
543  plants were confirmed by sequencing of each gene (Supplemental Figure S10) and the gene
544  expression levels of GLK1 and GLK2 were confirmed by real-time PCR (Supplemental Figure
545  S11). Arabidopsis plants along with Nicotiana benthamiana were grown in a controlled growth
546  chamber at 23 °C under a 14 h light/10 h dark cycle.

547 To generate non-green tissues, both etiolated seedlings and calli were induced. For the

548  etiolated seedlings, seeds were first surface sterilized with 70% ethanol, followed by washing 5
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549  min for three times. The seeds were then grown on 1/2 Murashige and Skoog (MS) agar plates
550  and stratified at 4°C in the dark for 3 d and then germinated in the dark at 22°C for 4 d. The SDC
551  callus induction was performed as described previously (Yuan et al., 2015). Samples collected
552  from different tissues (leaves, etiolated seedlings, and calli) were either used immediately or
553  frozen in liquid nitrogen and stored at -80°C until further use.

554

555  Nucleic acid extraction, reverse transcription and gene expression quantification

556  Genomic DNA was extracted from leaves using the cetyltrimethylammonium bromide (CTAB)
557  method (Sun et al., 2019). For gene expression analysis, total RNA was isolated using the Trizol
558 reagent (Invitrogen), and cDNA was synthesized with a PrimeScript cDNA Synthesis Kit
559 (TaKaRa). Gene expression levels were quantified using gene-specific primers (Supplemental
560 Table S2) with SYBR Green Master Mix (Bio-Rad) on CFX384 Touch Real Time PCR
561  Detection System (Bio-Rad) as detailed previously (Sun et al., 2019). The melt curves were
562  assessed after each run to confirm single and specific amplification products. The expression
563  values were calculated according to the comparative CT method (Sun et al., 2019). For each
564  sample, at least three biological replicates were analyzed. Each duplicate includes leaves from 5
565 individual plants. ACTIN8 and UBQ10 were used as reference genes for normalizing gene
566  expression.

567

568  Pigment extraction and quantification

569  Chlorophyll and carotenoid contents were determined according to Sun et al. (Sun et al., 2022c).
570  Briefly, the plant tissues were ground into fine powder in liquid nitrogen and 50 mg samples
571  were mixed in 400 pl of 80% acetone. After acetone extraction, 200 pl ethyl acetate were added
572  to each tube for further extraction, followed by adding 200 ul water. The tubes were vortexed
573  and centrifuged at 12,000 g for 10 min. The upper phase was transferred to a new tube and
574  evaporated to dryness. The dried sample was resuspended in 100 pl ethyl acetate, analyzed on
575  Acquity UPC* HSS C18 SB 1.8 mm column (3.0 x 100 mm) using the Waters UPC? system, and
576  quantified as described previously (Yazdani et al., 2019).

577

578  Protein-protein interaction assays
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579  For the luciferase complementation assay, the pPDEST-nLUC and pDEST-cLUC constructs were
580 first generated (Supplemental Table S2). The coding sequence of nLUC (aa 1-416) and cLUC
581  (aa 398-550) were amplified from pSP-LUC+NF (Promega) and inserted between Apal and Xbal
582  in pSATIA-cYFP-N1 (ABRC, stock# CD3-1064) and pSAT6A-cYFP-N1 (ABRC, stock# CD3-
583  1098), respectively. To make the constructs compatible for Gateway cloning, the attR1-CmR-
584  ccdb-attR2 sequence was amplified and inserted between BglIl and Apal sites of each construct.
585  Finally, the nLUC and cLUC vectors were digested by Ascl (for pSAT1A) and PI-Pspl (for
586 pSAT6A) and inserted into pPZP-BAR-RCS2 (ABRC, stock# CD3-1057) to generate the
587  Gateway-compatible binary vectors pDEST-nLUC and pDEST-cLUC. GLKs and GBFs were
588 cloned to pDEST-nLUC and pDEST-cLUC, respectively. The constructs were transformed into
589 the Agrobacterium tumefaciens strain GV3101 by electroporation. Nicotiana benthamiana leaves
590  were then infiltrated as described (Sun et al., 2019). Briefly, Agrobacterium cells were collected
591 by centrifugation at 8,000 g for 15 min and then resuspended in infiltration media (50 mM MES,
592  pH 5.6, 0.5% glucose, 2 mM NaPQOy, 100 uM acetosyringone) to a concentration of ODggonm=0.1.
593  The leaves were detached two-days after infiltration and sprayed with 0.1 mg/ml luciferin 30 min
594  before imaging. The bioluminescent signals were detected and documented by the ChemiDOC
595  MP system (Bio-rad) using the chemiluminescent channel.

596 The bimolecular fluorescence complementation (BiFC) assay was performed as described
597  previosuly(Sun et al., 2022b). The Gateway-compatible pSITE binary vectors pSITE-nEYFP-N1
598 (ABRC stock# CD3-1650) and pSITE-cEYFP-N1 (ABRC stock# CD3-1651) were used for the
599  cloning of genes of interest. The coding sequences without stop codon of GLKs were Gateway
600 cloned to pSITE-nEYFP-N1 to make GLK1-nY and GLK2-nY. The coding sequences without
601  stop codon of GBFs were Gateway cloned to the pSITE-cEYFP-N1 vector to make GBF1-cY,
602 GBF2-cY, and GBF3-cY. The PIF4-cY construct was also generated to serve as a control. For
603 the subcellular localization, the Gateway-compatible binary pGWB541 vector was used to
604  generate YFP-fusion protein (Nakagawa et al., 2007). The constructs were transformed into the
605  Agrobacterium tumefaciens strain GV3101 by electroporation, and Nicotiana benthamiana
606 leaves were then infiltrated. The leaves were detached two-days after infiltration and the
607  fluorescent protein signals were observed under Leica SP5 laser confocal microscope. For onion
608  epidermal cell transformation, the Agrobacterium cells were resuspended in the infiltration

609 media and injected to the adaxial epidermis following the protocol by Xu et al. (Xu et al., 2014).
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610  After 72 hrs, the epidermal layers were peeled off for microscopy analysis. For nuclei stain,
611  Hoechst 33342 (5 pg/ml) were applied to the tissue 10 min before examine under laser confocal
612  microscope. The YFP fluorescent signals were detected between 520 nm and 560 nm with the
613  excitation wavelength at 514 nm.

614 Fluorescence Recovery After Photo bleaching (FRAP) analysis was performed following
615  the step-by-step guide in FRAP wizard of Leica LAS-AF software on Leica SP5 laser-scanning
616  confocal microscope (Leica Microsystems Exton, PA USA). The laser power at 514 nm was set
617 to 100% for the bleaching of YFP signal in the region-of-interest (ROI). The first 5 frames
618  Dbefore bleaching were captured as pre-bleach and used for signal normalization. The time course
619  of 40 sec after photo bleaching was taken to measure the recovery of fluorescence in ROI. The
620  collected data were normalized using FRAP wizard. For each ROI, data represent normalized
621 intensity of 5 condensates. At least 5 independent nuclei were analyzed for each FRAP assay.
622 The pull-down assay was performed as previously described (Sun et al., 2019; Sun et al.,
623  2020). The GBF1, GBF2, and GBF3 full-length ORFs were subcloned in pGEX-4T1 (GE
624  Healthcare) for prokaryotic expression. The full-length ORFs of GLKI and GLK2 were
625  subcloned into pMAL-c5x (NEB) for prokaryotic expression. After transformation into E. coli
626 BL21(DE3)pLysS (Novagen), the recombinant protein induction was induced with 0.5 mM
627 IPTG at 25 °C overnight. The bacteria cells were harvested and lysed in the 1X BugBuster cell
628 lysis buffer (Millipore). RQ1 DNase (Promega) was added in the lysis buffer. For the
629  purification of GLK1-MBP and GLK2-MBP fusion protein, the lysate was loaded onto amylose
630 column MBPTrap HP (GE Healthcare, #28-9187-78) prewashed with 5 ml Column Buffer (CB).
631  The column was then washed with 12 ml CB. The MBP-fusion proteins were finally eluted with
632 CB containing 10 mM maltose. The recombinant proteins GST-GBF1, GST-GBF2, and GST-
633  GBF3 were purified from 4 ml culture and immobilized on MagneGST Glutathione particles
634  (Promega). Briefly, the total protein lysate was incubated with 20 pl MagneGST glutathione
635 particles at room temperature for 30 min. The particles were captured by magnetic stand and
636  washed with 400 pl binding/wash buffer containing 4.2 mM Na,HPO4, 2 mM KH,POy4, 140 mM
637 NaCl, and 10 mM KCI, pH 7.2 for three times. The immobilized GST-GBF1, GST-GBF2, and
638  GST-GBF3 proteins were resuspended in 200 pl binding/wash buffer and divided in two tubes.
639  The purified GLK1-MBP and GLK2-MBP proteins were added to each tube and incubated at
640 4°C for 1 h. After the incubation, the particles were washed with 400 pl binding/wash buffer
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641  containing 0.1% NP-40 for at least 4 times. After the final wash, the particles were captured by
642 magnetic stand and proteins captured by the particles were separated by SDS-PAGE and
643 examined by immunoblotting using MBP antibody (NEB, #E8032S). For the immunoblot, the
644  MBP antibody was diluted at 1:2000 in blocking buffer (TBST with 5% non-fat milk), the
645 second antibody goat anti-mouse IgG-HRP conjugate (Bio-Rad, #1706516) was diluted at
646  1:10000. For the signal detection, WesternBright ECL kit was used to detect the
647  chemiluminescent signals (LPS Cat# K-12045-D20) and ChemiDoc MP system (Bio-rad) was
648  used to capture the image.

649

650 Genome-wide transcription factor binding site analysis

651 The GBF1, GBF2, GBF3 genome-wide binding site sequencing data in Arabidopsis was reported
652 by Kurihara et al.(Kurihara et al., 2020). The ChIP-seq of GLK1 and GLK2 in Arabidopsis was
653  obtained from https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA682315. Duplicated read

654  pairs, defined as having identical bases at positions of 10-90 in both left and right reads, were
655  collapsed into unique read pairs. The non-redundant reads were processed to remove adaptor and
656 low-quality sequence using Trimmomatic (Bolger et al., 2014). The cleaned reads were aligned
657  to the Arabidopsis genome using bowtie2(Langmead and Salzberg, 2012) with end-to-end mode,
658 and the binding peaks were identified using MACS2(Zhang et al., 2008) with parameters -f
659 BAMPE -g 1.0e8. To identify the target genes of each TF, the binding peaks were compared
660  with the gene loci. The genes with binding peaks located in upstream promoter regions or
661  potential downstream regulatory regions (3 kb upstream of start codon or 3 kb downstream of
662  stop codon) or within annotated gene bodies were considered as target genes. The target gene
663 lists were analyzed by the Bio-Analytic Resource Venn Selector Tool to generate the Venn
664  Diagram (http://http://bar.utoronto.ca/). The binding peaks were visualized and analyzed by
665 Integrative Genomic Viewer (IGV) (Robinson et al., 2011).

666

667  Promoter activity assay

668  The promoter-luciferase reporter construct pCAMBIA1390-Luc+ was generated in our previous
669  study (Sun et al., 2019). Different lengths of the upstream flanking region from the start codon of
670 PSY were inserted to drive the expression of Luc+ as a reporter. Each of the constructs was

671  transferred into the Agrobacterium tumefaciens strain GV3101 by electroporation and then
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672 infiltrated into Nicotiana benthamiana leaves. Before infiltration, the concentration of each
673  Agrobacterium culture was measured and adjusted to ODgoonn=0.1. Leaves from uniformly
674  grown plants at the same developmental stage were transformed. After infiltration, the plants
675  were kept in a growth chamber under a 16-h light/8-h dark light cycle for 2 d. Leaves were then
676  detached, sprayed with 0.1 mg/ml luciferin solution, and documented by the ChemiDoc MP
677  system (Bio-rad). The intensity of the bioluminescent signal was analyzed using ImageJ software
678  (Schneider et al., 2012). For each construct, three replicated injections were analyzed.

679

680 EMSA assay

681  For EMSA, a LightShift Chemiluminescent EMSA kit (Thermo Scientific) was used following
682  the manufacturer’s instructions. The GST-GBF and MBP-GLK fusion proteins were purified as
683  described above. The prokaryotic expression of GST protein from the empty pGEX-4T1 vector
684  was used as a control. The 5’ biotin-labeled single strand probe 1, probe 2, probe 3, and probe 4
685 oligos were synthesized (idtDNA) and annealed to generate double strand DNA probes.
686  Competitors were made by annealing unlabeled oligos. The mutant probes were synthesized by
687 annealing the respective oligos with mutations. The binding reactions were resolved by
688  polyacrylamide gel electrophoresis (PAGE) in 0.5x TBE buffer. The gel was then transferred to
689 Hybond N+ (Amersham) nylon membrane and blotted with HRP-Conjugated Streptavidin
690  (Thermo Scientific) with a dilution factor 1:2000. The chemiluminescent signals were developed
691 by WesternBright ECL kit (LPS Cat# K-12045-D20) and documented on the ChemiDoc MP
692  system (Bio-rad).

693

694  Yeast one-hybrid analysis

695  The yeast one-hybrid analysis was performed following the protocol by Zhou et al. (Zhou et al.,
696  2015a). For the bait vector construction, both strand oligos of the probes were synthesized by
697  idtDNA (Supplemental Table S2), annealed and inserted between ECORI and Spel of pHIS2.1
698  vector (Clontech). The GLK and GBF CDS were cloned to pGAD-T7 to generate AD fusion.
699  The plasmids were transformed into Saccharomyces cerevisiae Y187 and the colonies were
700  selected on -Trp/-Leu double drop-out plates. To inhibit the background expression of HIS3, the
701 concentration of 3-Amino-1,2,4-triazole (3-AT) was determined by the inhibition of growth of
702  pHIS2.1 bait vector+tpGAD-T7 empty vector combination on -Trp/-Leu/-His triple drop-out
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703  plates at a series concentration of 3-AT (1 mM, 5 mM, 10 mM, 20 mM, and 40 mM). The
704  interaction was displayed by the growth of colonies by dotting 5 pl liquid culture on -Trp/-Leu/-
705  His triple drop-out plates. The liquid culture was series-diluted in ddH,O while the initial
706  concentration was ODgg = 0.1.

707

708  Trans-activation activity measurement

709  To measure the transactivation capability of GBFs and GLKs, yeast strain YRG-2 with LacZ
710  reporter was used. In brief, the full-length GLK1 and GLK2 ORFs were fused to the DBD of
711 pDEST32 to create pDEST32-GLK1 and pDEST32-GLK2. The GBF and PIF4 constructs,
712  pDEST-DB-GBF1, pDEST-DB-GBF2, pDEST-DB-GBF3, and pDEST-DB-PIF4 were ordered
713  from ABRC. Each construct as well as the empty pDEST32 vector was transformed into YRG-2
714  separately and selected with dropout medium. Before collecting 1.5 ml of the overnight culture
715  in the selective medium, ODgoonm Was recorded. After washing and resuspending in 100 pl Z-
716 buffer (60 mM Na,HPO,, 40 mM NaH,PO,4, 10 mM KCI, 1 mM MgSQ,), the yeast cells were
717  lysed with four thaw (37 °C water bath) and freeze (liquid nitrogen) cycles. To measure [-
718  galactosidase activity, 700 pl Z-Buffer with 50 mM 2-mercaptoethanol and 160 pl 4 mg/ml fresh
719  prepared O-nitrophenyl-p-D-galactopyranoside (ONPG) buffer were added to each tube. The
720  time was recorded until buffers developed yellow color and 400 pl of 1M Na,CO; was added to
721  stop the reaction. The trans-activation activity (in Miller unit) was calculated by ODu4yonm after
722  normalization with the optical density of the yeast culture and the reaction time.

723

724  Dual Reporter Assay

725  The pDual construct as shown in Supplemental Figure S9a was designed for the dual reporter
726  assay. The UBQI0 promoter and firefly luciferase (FLUC) sequences were amplified and
727  inserted into pGWB401-nanoLUC (Addgene) as a reference. The attR1-ccdB-CmR-attR2
728  cassette was inserted beyond nanoLUC sequence to enables the gateway cloning of the promoter
729  of interest. While UBQI10 promoter-driven firefly luciferase provides a stable reference, the
730  nanoLUC reporter enables bright bioluminescence for quantification. After co-transformation of
731 pDual reporter construct and effector constructs by Agrobacteria-mediated transient expression
732  into Nicotiana benthamiana leaves, the total proteins were extracted by 500 ul protein isolation
733 buffer (25 mM Tris-HCI, pH 7.5, 5 mM EDTA, 1% Triton X-100, 10% glycerol, 2 mM DTT).
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734  The protein extracts were divided into equal volume (100 ul) and added to separate 96-well
735  plates, 100 ul assay buffer (25 mM Tris-HCIL, pH 7.5, 5 mM EDTA, 25 mM MgSO,, 2 mM ATP,
736 2 mM DTT) containing 1 mM luciferin or coelenterazine was added separately to visualize
737  firefly luciferase (FLUC) or nanoLUC by ChemiDOC MP imaging system. The trans-activation
738  activity was normalized by the fireflyLUC activity. For the quantification, the captured image
739  (Supplemental Figure S9b) was inverted to grayscale and the intensity was quantified by the
740 measurement of grey value of each well selected as ROI by ImageJ (Schneider et al., 2012). For
741  each transformation, three replicate Nicotiana benthamiana leaves were measured.

742

743  Liquid-liquid phase separation analysis in vitro

744  The expression of GST-GBF1 was described before. For the thrombin cleavage, the captured
745  GST-GBF1 fusion protein on MagneGST particles were incubated in 400 pl binding/wash buffer
746  with 10 units of thrombin for 6 hrs at room temperature. The supernatant was collected and
747  dialyzed against low salt buffer (40 mM Tris-HCI, pH 7.5, 50 mM NacCl, 10% glycerol). For the
748  expression of GLK1-YFP-Hise fusion protein, the GLK1 and YFP coding sequences were cloned
749  to pET32a vector by Gibson assembly (NEB). The construct was transformed into Escherichia
750 coli BL21(DE3)pLysS cells. The cell culture was grown at 37 °C and the protein expression was
751  induced by the addition of 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) when ODgoonm
752  of the culture reaches 0.4. The culture was incubated overnight at 22 °C. Cells were collected
753  and lysate in BugBuster (EMDMillipore) with 5 ul RQ1 DNase (Promega). The supernatant was
754  flowed through a column packed with Ni-NTA (QIAGEN). After washing in washing buffer (40
755 mM Tris-HCI pH 8.0, 500 mM NaCl and 40 mM imidazole), proteins were eluted with elution
756  buffer (40 mM Tris-HCI pH 8.0, 500 mM NaCl and 500 mM imidazole). The eluted protein was
757  dialyzed against low salt buffer (40 mM Tris-HCL, pH 7.5, 50 mM NaCl, 10% glycerol) over
758  night at 4 °C. For the in vitro phase separation, 5 uM of each protein were mixed and incubated
759  for 1 hr at room temperature. The droplets were observed by laser confocal microscopy. The
760  YFP fluorescent signals were detected between 520 nm and 560 nm with the excitation
761  wavelength at 514 nm.

762

763  Supplemental Data

764  Supplemental Table S1. ChIP-seq target gene list
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Supplemental Table S2. Primers used in this study

Supplemental Figure S1. SDS-PAGE analysis of prokaryotic expressed GBF and GLK fusion
proteins

Supplemental Figure S2. The binary constructs generated for luciferase complementation assay
Supplemental Figure S3. Expression heatmap of GBFs at different developmental stages
Supplemental Figure S4. BiFC assay between GLKs and other GBFs

Supplemental Figure SS5. Confirming the localization of GLK-GBF interaction by nuclei
staining

Supplemental Figure S6. Probe design of the ChIP-peak region in the PSY promoter
Supplemental Figure S7. Electrophoretic mobility shift assay

Supplemental Figure S8. Negative controls of yeast one-hybrid assay

Supplemental Figure S9. Dual reporter assay for the quantification of trans-activation
Supplemental Figure S10. GBF knock-out mutant lines by CRISPR-Cas9

Supplemental Figure S11. Relative expression of GLK1 and GLK2 quantified by real-time
PCR

Supplemental Figure S12. Nuclear localization patterns of GBF1, GLK1, and GLK2
Supplemental Figure S13. BiFC experiment with onion epidermal cell transformation

Supplemental Figure S14. Prediction of protein phase separation property
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plants. b&c, Chlorophyll (b) and carotenoid (c) levels in leaves from 20-day-old WT,
glklglk2, 35S:GLK1, and 35S:GLK2 plants. Data represent means + SD, n=4; d, Relative
expression level of chlorophyll and carotenoid biosynthesis pathway genes in leaves from 20-
day-old WT, glklglk2, 35S:GLK1, and 35S:GLK2 plants. e, Representative images of seed-
derived callus induced from WT, glklglk2, 35S:GLK1, and 35S:GLK2 lines. f, Carotenoid
levels from the calli of indicated lines. g, Relative expression levels of carotenoid biosynthesis
pathway genes in those calli. h, Representative images of etiolated seedlings and carotenoid
extracts. The seeds of WT, glklglk2, 35S:GLK1, and 35S:GLK2 lines were stratified at 4 °C in
dark and transferred to 22 °C in dark for 4 days to develop etiolated seedlings. i, Carotenoid
content in the etiolated seedlings from indicated lines. J, Relative expression levels of
carotenoid biosynthesis pathway genes from the etiolated seedlings. d, f, g, i &]j, Data
represent means + SD, n=3. b, ¢, f&i, Multiple comparison following one-way ANOVA

analysis; d, g & j, Student’s t test, *, p<0.05
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interaction prediction of GLKs by STRING (https://string-db.org). All predicted physical

interaction partners are shown. b, Pulldown assay to test protein-protein interactions. GST-
GBF1, GBF2, GBF3 fusion proteins and GST tag only were incubated with MBP-GLK1 or
MBP-GLK2 and captured by GST affinity purification beads. The bound proteins were eluted,
resolved by SDS-PAGE, blotted, and probed with an antibody against MBP tag. c, In vivo
luciferase complementation assay between GLKSs and interaction partners. GLKs were fused to
N-terminus of luciferase and the interaction partners were fused to C-terminus of luciferase.
BIN2 and PIF4 was used as positive and negative control, respectively. d, BiFC assay of GLK1-
NEYFP (GLK1-nY) or GLK2-nY co-transformed with GBF1-cEYFP (GBF1-cY) in Nicotiana
benthamiana. PIF4-YFP was used as a nuclei marker. PIF4-cY was served as negative control.

Insets represented enlarged images of nuclei. Scale bars, 20 um.
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and GBF binding peaks on the PSY promoter from ChlIP-seq experiments reported by Kurihara
et al., (2020) and https://www.ncbi.nlm.nih.gov/bioproject/?term=PRIJNA682315. Stars

indicate the presence of G-box motifs. Four DNA probes covering the peak area for further
protein-DNA interaction analysis were also labeled. b, Promoter activity assay. Luciferase
reporter constructs driven by different truncation of the PSY promoter were transformed to
Nicotiana benthamiana leaves by Agrobacteria-mediated transformation. Two days after
infiltration, luciferin solution was sprayed on the leave 10 min before the images were
captured. Quantification of luminescence strengths on leaf areas was measured three times by
IVIS live imaging system. Data are means + SE. Asterisks indicate significant differences
(Student’s t test, P < 0.05). c-f, Electrophoretic mobility shift assay. The bindings of GBF and
GLK proteins to the G-box containing Probe 2 (c) and Probe 4 (d) were examined. Unlabeled
probes were used as competitors and mutant probes (Probe 2M and Probe 4M) with mutated
G-box motifs in Probe 2 and Probe 4 were used as negative controls (e&f). g&h, Yeast one
hybrid assay. Probe 2 and Probe 4 sequences as wells mutant Probe 2M and Probe 4M
sequences were cloned to pHIS2.1, which drives the expression of HIS3. GBFs were cloned to
PGADTY. Yeast cells were co-transformed with a combination of the indicated plasmids or
empty vector and plated onto nonselective (—Leu/—Trp) and selective (—Leu/—Trp/—His) plates
with proper concentration of 3-amino-1,2,4-triazole (3-AT) to inhibit the background

expression of HIS3.
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activation activity assay of transcription factors. As effectors, either the GBF, GLK, or
PIF4 full-length ORFs were fused to DNA encoding the GAL4-DBD in the pDEST32
vector. GAL4pro:LacZ in the yeast strain AH109 was used as a reporter (a). p-Galactosidase
activities were quantified (in  Miller units) to determine the activation of
the GAL4pro:LacZ reporter gene by the individual transcription factor. PIF4 was used as a
positive control and yeast transformed with empty pDEST32 vector served as a negative
control. Three independent transformants were measured for each construct. Data are means
+ SE. ¢, Trans-activation assay. Luciferase construct driven by 2.2k PSY promoter containing
G-box motifs were used as reporter and 35S:GLK1 or 35S:GBF1 constructs were used as
effectors. d, Quantification of the trans-activation using dual reporter (nanoLUC and
fireflyLUC) assay. Data were analyzed by one-way ANOVA and Tukey multiple comparison.
Carotenoid (e) and chlorophyll (f) levels in calli from WT, GLK1-OE, GLK2-OE and the
gbf1,2,3 triple knockout lines in GLK1-OE or GLK2-OE background determined by UPC?2.
Results are means £ SE from three biological replicates. Letters indicate significant groups
analyzed by ANOVA and Tukey multiple comparison. The representative image of calli
induced from those lines (e) and two-week-old plants from 1/2 MS agar plates (f) were also

shown.
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regulatory complexes. a, Prediction of phase separation domains by ParSe

(http://folding.chemistry.msstate.edu/utils/parse.html) and protein phase separation scores by
PSPredictor (http://www.pkumdl.cn:8000/PSPredictor/). b, Observation of nuclear condensates
of YFP-fused proteins. LSD1, ORE1, and BIN2 are previously reported interaction partners of
GLKs. c-f, FRAP images (c) and recovery curves of nY-GLK1+cY-GBF1 (d), nY-GLK2+cY-
GBF1 (e), and nY-GLK1+cY-BIN2 (f), respectively. The transcription factor pairs were
transiently expressed in Nicotina benthamiana leaf epidermal cells. The laser bleached area
were indicated in the second frame. Data are representative of 5 nuclei for each protein pair. g,
In vitro phase separation of GLK1 with GBF1. The schematics of protein fusions used for the
assay are shown on top. The incorporation of GBF1 to GLK1-YFP fusion forms droplets but not
GST protein. h, Expression pattern of GLKs and GBFs during leaf development stage. Data

were acquired from Arabidopsis eFP browser (http://bar.utoronto.ca). Scale bars, 5 um (b&c) or

80 um (9).
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carotenoid biosynthesis in leaves. a, Distribution of G-box motif in the 3000 bp promoter
sequences of PSY genes. The 3000 bp sequences from start codon (ATG) were analyzed and
the positions were estimated using the scale per 500 bp above. The phylogenic tree was build
by MEGAL1 using Neighbor-Joining method based on the amino sequences of PSY without
transit peptide. b, Co-expression analysis of chlorophyll and carotenoid biosynthesis pathway
genes with GLK1 and GLK2. The co-expression co-efficiency data were obtained from
ATTEDII (http://atted.jp). ¢, Venn Diagram demonstrating common targets of GLK and GBF
transcription factors based on publically available ChIP-seq data as described. d&e, Analysis
of GLK and GBF binding peaks on GUN5 (d) and CAO (e) promoters from ChiIP-seq
experiments. Stars indicate the presence of G-box motifs. f, A working model of GLK-GBF
complexes in regulating carotenoid biosynthesis. GBFs interact with GLKs and induce the
nuclear condensate formation, which trans-activate the expression of PSY through the direct
binding of GBF to the G-box motif in the PSY promoter. The transcriptional complexes may
also contribute to the regulation of chlorophyll biosynthesis since GLK and GBF can also bind

to the G-box containing regions of chlorophyll biosynthetic genes (GUN5 and CAO).
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