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ABSTRACT

TGA transcription factors, which bind their target DNA through a conserved basic region
leucine zipper (bZIP) domain, are vital regulators of gene expression in salicylic acid (SA)-
mediated plant immunity. Here, we investigate the role of StTGA2.1, a potato TGA lacking
the full bZIP, which we name a mini-TGA. Such truncated proteins have been widely
assigned as loss-of-function mutants. We, however, confirm that StTGA2.1 overexpression
compensates for SA-deficiency. To understand the underlying mechanisms, we show that
StTGAZ2.1 can physically interact with StTGA2.2 and StTGA2.3, while its interaction with
DNA was not detected. We investigate the changes in transcriptional regulation due to
StTGA2.1 overexpression, identifying direct and indirect target genes. Using in planta
transactivation assays, we confirm that StTGAZ2.1 interacts with StTGA2.3 to activate
StPRX07, a member of class 111 peroxidases, which are known to play role in immune
response. Finally, via structural modelling and molecular dynamics simulations, we
hypothesise that the compact molecular architecture of StTGA2.1 distorts DNA conformation
upon heterodimer binding to enable transcriptional activation. This study demonstrates how
protein truncation can lead to novel functions and that such events should be studied carefully

in other protein families.
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INTRODUCTION

Plants have developed efficient strategies to withstand the invasion of surrounding microbes.
Pathogen recognition is mediated by plant cell-surface and intracellular receptors, triggering a
cascade of intracellular reactions, orchestrated by phytohormones, ultimately leading to a
finely modulated transcriptional reprogramming’. Regulation of defence-related gene
expression is among the most fundamental aspects of the immune response, involving
multiple transcription factors and cofactor proteins. Since their initial discovery in tobacco
over 30 years ago?, the importance of TGACG-binding (TGA) transcription factors in plant

immunity, as well as modulation of other cellular processes, has been widely studied?.

TGAs are a group of transcription factors belonging to the basic region leucine zipper (bZIP)
protein family. Their mechanism of action has been thoroughly studied in Arabidopsis
thaliana, where the ten Arabidopsis TGAs (AtTGASs) group into five clades*. Clade Il
members, AtTGA2, AtTGAD, and AtTGAG, are essential regulators of the salicylic acid (SA)-
mediated defence response, where they play a redundant, yet vital role in establishing
resistance following infection®. They co-regulate the expression of key defence-related genes
and genes involved in SA synthesis through interaction with NON-EXPRESSOR OF PR
(NPR) cofactors®’, while also participating in jasmonic acid and ethylene-mediated
signalling®. Structurally, TGAs consist of an intrinsically disordered N-terminus of varying
length, a conserved bZIP domain, which entails a basic region and a leucine zipper, and a C-
terminal region that contains a putative Delay of Germination 1 (DOG1) domain (under
review, 8. T., K.G. and A.C.). TGAs bind their target DNA through the bZIP basic region,
while the leucine zipper is important for protein dimerization® and oligomerization®°. The
TGACG core sequence is sufficient for TGA binding, although high-throughput DNA-

binding studies revealed the TGACGTCA palindrome as the representative binding motif**2,
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The molecular mechanisms of TGA-mediated regulation involve complex interactions
between TGAs and other proteins®. For example, AtTGA?2 acts as a constitutive repressor of
defence-related PR-1 gene expression in absence of biotic stress>34 whereas AtTGAG has
been shown to activate PR-1 in absence of AtTGA2!3. The repressive activity of AtTTGA2 is
alleviated by the SA-receptor AtNPR1, which affects binding stoichiometry through
interaction with AtTGA2 N-terminus, leading to the formation of a transcriptional activation
complex!®14 Other regulators, such as WRKY50'°® and histone acyltransferase (HAC)
transcription factors'®, have also been shown to contribute to AtTGAZ2 transcriptional

function.

Although the results obtained in Arabidopsis provide a molecular framework for
understanding the role of TGAs in plant immunity, we know much less about their function in
crops. The involvement of TGAs in biotic stress response has been reported in several
species, including rice’, soybean®®, strawberry!®, tobacco®, and tomato?. Potato (Solanum
tuberosum L.) is one of the most widely grown crops®* and tuber production is severely
threatened by pathogen infections. Several transcription factor families have been associated
with the regulation of potato defence response??, but the mechanisms underlying potato TGA

(StTGA) activity remain largely unexplored.

Here we identify the mini-TGA StTGA2.1, a potato clade Il TGA, which lacks most of the
bZIP DNA-binding domain and has a shorter N-terminus. We hypothesize that StTGA2.1
cannot bind DNA by itself because of the truncated bZIP and therefore modulates gene
expression through its interaction with additional DNA-binding StTGAs. By combining in
vivo and in vitro functional studies, we confirm the role of StTGAZ2.1 in potato immunity.
Furthermore, using in silico structural analysis and molecular dynamics simulations, we
provide insights into the molecular basis for a different mechanism of action of StTGA2.1

compared to other StTGAs.


https://doi.org/10.1101/2022.03.30.486221
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.30.486221; this version posted March 30, 2022. 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 4.0 International license.

100 RESULTS
101  Potato encodes clade Il TGAs with truncated bZIP domain

102  In previous work, we investigated gene expression in response to viral infection in non-

103  transgenic resistant potato (NT) and its transgenic derivative (NahG), which is impaired in SA
104  accumulation and thus sensitive to infection?®. To identify the TGA transcription factors

105 involved in potato immunity, we examined the expression patterns of the fourteen StTGA

106  genes, orthologues of AtTGAs (Supplementary Tables 1,2). Notably, Sotub109g022560 was
107  up-regulated in infected NahG transgenic plants, but not in the parental lines, suggesting that

108 it may be an important component of SA signalling.

109  To classify the StTGAS, we conducted a phylogenetic analysis of all candidate potato

110  proteins, along with the ten AtTGAs and thirteen TGAs from tomato (SITGAs)?+2°,

111  Interestingly, the three clade Il AtTGAs are orthologous to five StTGAs and four SITGAs

112 (Fig. 1a). Three closely related members of this clade, including Sotub10g022560, named

113 StTGA2.1, StTGA2.4 (Sotub109022570) and SITGA2.3 (Solyc10g080780)%*2° have shorter
114  protein sequences than other TGAs (Fig. 1b). Domain prediction studies showed that they

115  retain the putative C-terminal DOG1 domain, however, the bZIP domain is almost completely
116  lost, retaining only a partial zipper region. In addition, their N-terminus is very short and

117  dissimilar to the N-termini of other clade 11 TGAs. We named these three proteins mini-

118  TGAs.

119 By targeted sequencing of a ~36.5 kbp region on chromosome 10, where StTGA2.1, StTGA2.2
120  (Sotub10g022550) and StTGAZ2.4 loci are co-located, we confirmed the reduced length of
121 StTGA2.1 and StTGA2.4 in a tetraploid cultivar that was used for further analyses

122 (Supplementary Fig. 1).
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123 StTGA2.1 improves immune response in salicylic acid-deficient potato

124  SA signalling has proven vital for the establishment of an efficient defence response against
125  potato virus Y (PVY) infection in resistant potato cultivars®?2’. We thus investigated the role
126 of StTGAZ2.1 in plant immunity using the potato-PVY pathosystem. We generated SA-

127  deficient NahG transgenic potato plants inducibly overexpressing StTGA2.1 (TGA2.1-NahG)
128  using the glucocorticoid-system?®, in which target gene expression is controlled by external
129  application of dexamethasone (DEX). Two transgenic TGA2.1-NahG lines, showing more
130  than 6-fold induction in StTGA2.1 expression after DEX treatment (Supplementary Fig. 2a,b),
131 were selected for further analysis. We observed that viral replication was significantly

132 reduced in TGA2.1-NahG compared to NahG at 10 days post infection (dpi) (Fig. 2,

133 Supplementary Fig. 2c-€). As expected, little to no PVY was detected in NT plants exhibiting
134  atypical resistant phenotype?. This shows that overexpression of StTGA2.1 can compensate

135  for the lack of SA in potato immune response to PVY.
136  StTGAZ2.1 retains its dimerization ability and shows a distinct localization pattern

137  Protein interaction studies using the yeast two-hybrid assay showed that StTGA2.1 can form
138  both homodimers and heterodimers with StTGA2.2 and StTGA2.3 (Sotub01g009430) (Fig.
139  3a), further confirmed by in planta co-immunoprecipitation assay (Fig. 3b, Supplementary
140  Fig. 3a,b). Additionally, the size-exclusion chromatography elution volume of a recombinant
141  Hise-tagged StTGAZ2.1 corresponded to the size of a dimer (Supplementary Fig. 3c,d), while
142  chemical cross-linking of a non-tagged protein yielded monomers, dimers, and higher order
143 complexes (Supplementary Fig. 3e). Overall, these results demonstrate that StTTGAZ2.1 retains
144  protein-protein interaction ability. In addition, we examined whether StTGAZ2.1 can interact
145  with two potato NPR cofactors, an orthologue of AtNPR1, StNPR1 (Sotub07g011600), and

146  an orthologue of AtNPR3 and AtNPR4, StNPR3/4 (Sotub02g015550). Our results showed
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147  that StTGA2.1 as well as StTGA2.2 and StTGA2.3 interact with both StNPRs in yeast and
148  that the addition of SA to the media promotes these interactions (Supplementary Fig. 4).

149  Thus, the ability to interact with NPR proteins is not perturbed in mini-TGA StTGA2.1.

150  Subcellular localization of GFP-tagged StTGAZ2.1 in the N. benthamiana leaf epidermis and
151  mesophyll showed that it can localize to cell nuclei (Fig. 3c). StTGA2.1 also showed a

152 distinct localization pattern with intense fluorescence in the cytoplasm, which was enhanced
153  around the chloroplasts (Supplementary Fig. 5a). We also detected its fluorescence in the ER
154  and in granular formations of about 0.5-1.0 um in size (Supplementary Fig. 5). In contrast,
155  StTGAZ2.2 and StTGAZ2.3 showed predominantly nuclear localization and were organized into

156  subnuclear formations of different sizes within the nuclei (Fig. 3c, Supplementary Fig. 6).

157  ldentification of potential StTGAZ2.1 targets with spatial transcriptomic profiling

158  To gain insight into the mini-TGA mechanism of action in plant immunity, we examined the
159  expression profile of plants overexpressing StTGA2.1. By sampling tissue sections containing
160 lesions and their immediate surrounding area after PVY infection (Supplementary Fig. 7a),
161  we were able to follow transcriptomic changes in PVY-responding cells?’. RNA sequencing
162  results showed a regulation of 217 genes due to StTGA2.1 overexpression (TGA2.1-NahG vs.
163  NahG plants comparison, GEO accession GSE196078). However, over 1,800 genes were

164  differentially expressed exclusively in TGA2.1-NahG, when plants were exposed to pathogen
165 infection (Supplementary Fig. 7b). Technical validation of the RNA sequencing data by gPCR

166  is shown in Supplementary Table 3.

167  Gene Set Enrichment Analysis (Supplementary Table 4) enabled us to extract key differences
168  in gene expression at the level of processes or functionally related gene groups (BINS), as
169  they are defined by the MapMan ontology?®. Important immunity-related or regulatory BINS,

170  enriched in up- or down-regulated genes of PVY- vs. mock-inoculated plants for all three


https://doi.org/10.1101/2022.03.30.486221
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.30.486221; this version posted March 30, 2022. 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 4.0 International license.

171 genotypes, are listed in Table 1. Up-regulated genes enriched uniquely in TGA2.1-NahG

172 included isoprenoid metabolism-related genes, PHD finger and PHORZ1 transcription factors,
173 and peroxidases (Table 1). On the other hand, the C2C2(ZN) DOF transcription factors were
174  enriched in down-regulated genes in TGA2.1-NahG plants. PV -regulation of cytokinin and
175  jasmonate metabolism was lost in TGAZ2.1-NahG compared with the other two genotypes, as

176  was the up-regulated expression of WRKY transcription factors (Table 1).

177  StTGAZ2.1 and StTGAZ2.3 activate the class 11 peroxidase StPRX07

178  As the expression of several peroxidases was up-regulated after StTGA2.1 overexpression in
179  PVY-infected plants (Table 1, Supplementary Table 4), we recognized them as potential

180  direct targets of StTGAZ2.1. To test our hypothesis, we selected three class 111 peroxidases

181  (StPRX, Supplementary Table 5), StPRX07 (Sotub099020950), StPRX15 (Sotub02g035680),
182  and StPRX46 (Sotub03g007840), which were up-regulated in TGA2.1-NahG compared with
183  NahG (GEO accession GSE196078, Supplementary Table 6), for further analysis. Analysis of
184  their promoter regions revealed predicted TGA-binding motifs between 450 and 750 bp

185  upstream of the transcription start site (Fig. 4a).

186  To investigate the ability of StTGAs to bind these motifs, we first tested whether the

187  StTGAZ2.3 and StTGAZ2.1 proteins could bind to four candidate DNA fragments from StPRX
188  promoter regions, PRX07p_1, PRX07p_2, PRX15p_1 and PRX46p (Fig. 4a), using surface
189  plasmon resonance. Titration of a recombinant StTGAZ2.3 over chip-immobilized PRX07p_1
190 and PRXO07p_2 fragments, carrying the predicted TGA-binding motifs of the StPRX07

191  promoter, resulted in a dose-dependent increase in response, compared to reference (Fig. 4b).
192  Interaction with PRX15p_1 and PRX46p fragments was negligible (Fig. 4b). As predicted by
193  the absence of the basic region, we did not measure any interaction between the Hise-tagged
194  StTGAZ2.1 and the tested DNA (Supplementary Fig. 8a). These results suggest that StTGA2.3,

195  but not StTGA2.1, binds specifically to the TGA-binding motifs in the StPRX07 promoter.
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196  Finally, we tested the ability of StTGA2.3 and StTGA2.1 to activate the StPRX07 promoter in
197  planta, using a transient transactivation assay*°. For this purpose, the 2.95 kbp long promoter
198  region upstream of the StPRXO07 start codon, containing both predicted TGA-binding motifs,
199  was fused to a luciferase (LucF) coding sequence. GFP-tagged StTGAZ2.1 and BFP-tagged
200 StTGAZ2.3 were then co-expressed with the reporter construct, confirmed by confocal

201 microscopy. Co-expression of the reporter construct with StTGA2.3 induced the expression of
202 StPRXO07::LucF by approximately 20% compared with basal promoter activity, whereas co-
203 expression with StTGAZ2.1 resulted in only minor induction (Fig. 4c, Supplementary Fig. 8b).
204  In contrast, more than two-fold induction in promoter activity was observed when co-

205  expressed with both StTGA2.1 and StTGA2.3 (Fig. 4c, Supplementary Fig. 8b). These results
206 indicate that strong activation of StPRX07 promoter is achieved only when both StTGA2.3

207 and StTGAZ2.1 are present.

208  StTGAZ2.1 N-terminus likely contributes to protein interactions and alters TGA binding

209 to DNA

210  Comparative structural analysis using AlphaFold (AF)3! revealed important singularities in
211 the molecular architecture of StTGAZ2.1, mostly contained in its N-terminus. In the AF models
212 of StTGA2.2 and StTGAZ2.3, the intrinsically disordered N-terminus is followed by an a-

213 helical bZIP domain, which includes several basic residues and three heptads that comprise
214  the leucine zipper (Fig. 5a,b, Supplementary Fig. 9). In contrast, StTGAZ2.1 has a short N-

215  terminus with low helical propensity due to the Pro25 a-helix breaker, harbouring only the
216  basic residues Arg20, Arg30, and Arg24, and lacking the first and most of the second leucine
217  zipper heptad (Fig. 5a,b). The conserved hydrophobic residues Leu34, Val31, and Phe38 may
218  contribute to protein dimerization by forming a partial zipper that could be stabilized by the

219  hydrophobic Val28 and Val29. Persistent contacts identified in molecular dynamics (MD)

10
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220 simulations of StTGA2.2 and StTGA2.3 homo- and heterodimers are preserved in StTGA2.1

221 and involve the said hydrophobic residues (Fig. 5b, Supplementary Fig. 10).

222 We then inquired if the StTGA2.1 N-terminus binds to DNA. Based on prior knowledge of
223 AtTGAZ2 and its cognate TGACG motif'®, we modelled the DNA-bound StTGA2.2-

224  StTGA2.2 and StTGA2.2-StTGA2.1 dimers and, via MD simulations, identified the key

225  DNA-binding residues (Fig. 5¢,d, Supplementary Tables 7,8). Persistent interactions in the
226 StTGAZ2.2 homodimer mostly correspond to salt bridges, formed between the bZIP basic

227  residues and the DNA phosphate groups, and do not explain the StTGA2.2 motif-binding
228  specificity. In contrast, sequence specificity is provided by hydrophobic contacts between the
229  StTGAZ2.2 Alal72 residue and the DNA T2 methyl group or between Alal71 and T-4 or T-5.
230  Indeed, most of the predicted TGA-binding motifs (Fig. 4a) have a thymine or adenine in

231  these positions. While the contacts involving StTGA2.2 in the StTGA2.1-StTGA2.2

232 heterodimer are highly preserved, the StTGA2.1-DNA interactions are dramatically reduced,
233 with only Argl1, Arg20, and Arg24 forming persistent contacts with the DNA phosphate
234 groups (Fig. 5d, Supplementary Table 8). Moreover, the StTGA2.1 partial zipper positions the
235 last basic residue (Arg24) more distant to the DNA compared to StTGA2.2 (Lys180),

236  breaking the protein-DNA complex symmetry.

237  Another important singularity of StTGA2.1 is that its partial zipper connects directly to the
238  putative DOG1 domain, while the two domains are connected by a 13 aa peptide linker in
239  StTGAZ2.2 and StTGA2.3. This may greatly influence its interdomain conformational

240  flexibility. Pro51 in StTGA2.1 (Ala227 and Alal10, in StTGA2.2 and StTGA2.3,

241  respectively), disrupts the DOG1 a-helix 1 (a1) and forms a shorter, disordered linker that
242 could somehow compensate for this absence. These results indicate that the compact

243 molecular architecture of StTGA2.1, which causes an asymmetric distribution of basic

244  residues in the StTGA2.1-StTGA2.2 heterodimer, significantly distorts the DNA

11
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245  conformation near the binding site, supporting strong promoter activation upon binding of the

246  heterodimer compared with binding of the homodimer.

12


https://doi.org/10.1101/2022.03.30.486221
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.30.486221; this version posted March 30, 2022. 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 4.0 International license.

247  DISCUSSION

248  TGAs are involved in modulation of various cellular processes, acting as positive or negative
249  regulators of gene expression®. Their structural features provide the basis for their functional
250  variability, defining their subcellular localization, target recognition, DNA-binding, as well as
251 their ability to form dimers, oligomers or interact with other proteins (under review, S. T.,
252  K.G.and A.C.). In Arabidopsis, all ten AtTGAs share a highly conserved bZIP domain,

253  essential for establishing specific interactions with DNA. Here, we report on the structural-
254  functional relationship of a mini-TGA from potato, StTGA2.1, which lacks a full bZIP but
255  still acts at target gene activation. Mini-TGAs were identified in potato (this study),

256  tomato?*2°, and strawberry!®, but are not found in Arabidopsis. The potato and tomato mini-
257  TGAs are orthologous to AtTGA clade 11 members, although they form a separate

258  phylogenetic group together with StTGA2.2 and SITGA2.2 (Fig. 1a), suggestive of an earlier

259  diversification in evolutionary history.

260  Homo- and heterodimerization of StTGA2.1 (Fig. 3a,b, Supplementary Fig. 3), which

261  contains only a part of an already short and presumably unstable TGA zipper region®,

262  corroborates the findings of Boyle et al. (2009), who established that the leucine zipper is not
263 crucial for dimerization of AtTGA2. Instead, StTGA2.1 dimerization is likely mediated by
264 interactions involving its C-terminal region, previously reported to contain a dimer

265  stabilization region®. StTGA2.1 nuclear localization allows its role in gene regulation,

266  however its unusually broad localization pattern (Fig. 3c, Supplementary Fig. 5) suggests that
267 it might perform different tasks, as has been shown for other plant transcription factors with
268 intrinsically disordered regions®®. TGAs also interact with different proteins present in both
269  nuclei and cytoplasm, including NPR cofactors®°, which was already confirmed for

270  StTGA2.1 (Supplementary Fig. 4), glutaredoxins®®, and calmodulins®’. Thus, StTGA2.1 could

271 modulate the function of these partners by sequestering them into inactive complexes, as was
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272 proposed for AtTGA2 and NPR1%®, Multiple functions of StTGAZ2.1 are supported also by the
273 diversity of detected transcriptional changes following exposure to pathogen infection (Table

274 1, Supplementary Table 4, GEO accession GSE196078).

275  Multiple studies have evaluated the influence of clade Il TGA dominant-negative bZIP

276  mutants on plant immunity during bacterial infection, leading to contradictory results*®4°,

277  Reactive oxygen species (ROS) act as signalling molecules in biotic stress*.. Early ROS

278  production is central to plant defence and TGAs have previously been associated with cellular
279  redox control, physically interacting with or regulating the expression of CC-type

280  glutaredoxins®>%42, Furthermore, clade 1l TGAs modulate the expression of glutathione-S-
281 transferases in ROS-processing responses to UV-B stress*®, while clade IV AtTGAs are

282  regulated by flg22-induced ROS production**. Here we show that the synergistic activity of
283  TGAs regulates the expression of yet another group of enzymes involved in ROS-metabolism,
284  the class Il peroxidases (Fig. 4b,c, Supplementary Fig. 8). Class 1l peroxidases are haem-
285  containing glycoproteins, secreted to the apoplast or localized in vacuoles*. Among them,
286  AtPRX33 and AtPRX34 proved vital for apoplastic ROS production in response to flg22 and
287  elf26°. Most of the StPRX protein sequences from the peroxidase functional group?® contain
288  predicted secretory signal peptides (Supplementary Table 5), indicating StTGA2.1 could

289  affect apoplastic ROS production in plant defence.

290  Transcription factor cooperativity is essential in eukaryotic transcription regulation and can
291  arise through various mechanisms, involving protein-protein and/or protein-DNA

292 interactions*’. Previous studies have shown that TGA mutants, impaired in DNA-binding
293  through diverse modifications of the bZIP domain, prevent DNA-binding of wild type

294 homologues®®%48 which somewhat opposes the cooperative activation via an StTGA2.1-
295  StTGAZ2.3 complex. Compared to homodimers of its paralogues, our molecular dynamics

296  simulations suggest that the asymmetrical distribution of basic residues in the bZIP-like
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297  domain in the StTGA2.1-StTGA2.2 heterodimer significantly distorts the DNA conformation
298  near its binding site (Fig. 5). We hypothesize that StTGA2.1 dramatically affects the overall

299  conformation of the regulatory complex due to its compact molecular architecture.

300 In conclusion, we show that, although mini-TGAs are not able to bind DNA on their own,

301 their unusual structure supports diverse functionalities, such as allowing the induction of class
302 1l peroxidases in immune signalling. We thus provide evidence that truncation in evolution
303  of genes does not necessary lead to a loss-of-function phenotype. Instead, additional functions
304 can be attained. Through this, we shed additional perspective on immune signalling in non-

305  model species, as Arabidopsis does not encode such proteins.
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306 MATERIALS AND METHODS
307 Insilico sequence and structural analysis

308 TGA transcription factor orthologues from potato were identified based on orthologue

309 information included in the GoMapMan database?®®. The initial list was further pruned based
310 on protein sequence alignments created with Geneious Alignment in Geneious Prime

311 2020.1.1 (https://www.geneious.com) and BLAST results to exclude technical errors of

312  orthologue detection and sequencing. Identified StTGAs are listed in Supplementary Table 1.
313 Basic protein information was calculated using the EXPASY ProtParam tool*°. Protein domain
314  prediction was performed with EXPASYy Prosite®. Protein sequences of SITGAs ?4?° were
315  retrieved from the Sol Genomics Network®! and sequences of AtTGAs from The Arabidopsis

316  Information Resource®?.

317 For the phylogenetic analysis, the sequences were aligned with MAFFT®3, using the L-INS-I
318 iterative refinement method, and the alignment used for a maximum-likelihood phylogenetic
319  tree construction in MEGA-X>*, using the Jones-Taylor-Thorton matrix-based model® and
320 1,000 bootstrap repetitions. The rice OsTGA2.1% protein sequence (Q7X993) was retrieved
321 from UniProtKB (https://www.uniprot.org/) and used as tree root. For sequence similarity
322 visualization, the protein sequences were aligned with Geneious Alignment in Geneious

323 Prime 2020.1.1 (https://www.geneious.com). Potato peroxidases were identified with protein
324  sequence BLAST against the RedoxiBase database®® and the secretory signal peptides were
325  predicted with SignalP 5.0% (Supplementary Table 5). Predictions of transcription factor

326 binding motifs in promoter sequences were performed with TRANSFAC?® and predictions of

327  transcription start sites with TSSFinder®®.

328  Structural models of StTGA2.1, StTGA2.2, and StTGA2.3 were generated with AlphaFold®!.

329  The top-ranked models were selected. The VMD (Visual Molecular Dynamics, version
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330  1.9.4a48) molecular visualization program was used for visual analysis and structural

331 alignment of protein models.

332 Molecular dynamics simulations

333  The initial homo- and heterodimeric configurations of StTGA2.1-StTGA2.2, StTGA2.2-

334  StTGA2.2 and StTGA2.2-StTGA2.3 N-terminal fragments were defined using the crystal

335  structure of CREB bZIP-CRE (PDB id: 1DH3) as template®®. Corresponding amino acid

336  changes to the template were done using the VMD psfgen plugin, preserving the coordinates
337  of the backbone and Cp atoms. StTGA2.1, StTGA2.2 and StTGA2.3, are truncated, keeping
338 the amino acids 1-43, 159-206, and 42-89, respectively. The N-termini of StTGA2.2 and

339  StTGAZ2.3 are capped with N-methylamide and the C-termini of the three proteins with acetyl.
340  For simulations of DNA-bound StTGA2.1-StTGA2.2 and StTGA2.2-StTGA2.2, the DNA
341  fragment from the template crystal structure was kept and the nucleotides were modified

342  using psfgen. The final DNA sequence corresponds to the TGACGT motif, complementary to
343  the linker scan 5 element and its adjacent regions of Arabidopsis PR-1 promoter as-1-like

344  sequence® (Fig. 5¢,d). The crystal Mg?* cation and the six coordinated water molecules were

345  kept.

346 GROMACS-2020° was used to prepare inputs and run molecular dynamics (MD)

347  simulations. The simulation boxes were generated as an octahedron, defining a solvation layer
348  of 10 A minimum thickness around the molecular complex. 0.15 M NaCl was used to

349  establish electroneutrality. Protonation states were defined for pH 7.0. Amber ff99SB®® and
350  ff14SB9% were used to describe the protein in the free and DNA-bound TGA dimers,

351 respectively, and PARMBSC1% was used to describe the DNA. TIP4P-D® or SPC®’ was used
352  to describe water molecules in the simulations of the free and DNA-bound TGA dimers,

353  respectively. CHARMM-formatted topology and parameter files were converted to

354  GROMACS input files using the VMD plugin TopoGromacs®®.
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355  The MD simulations were performed on the Summit supercomputer at the Oak Ridge
356  Leadership Computing Facility. Energy minimization was performed for all systems with
357  steepest descent. Periodic electrostatic interactions were treated with the particle mesh Ewald

358 method®. LINCS™ was used to constrain bonds involving hydrogen atoms.

359  Similar protocols of simulation were applied for the free and DNA-bound TGA dimers.

360  Preceding the classical simulations, we performed long equilibration runs of 315 ns as part of
361  our protocol adapted from the MD simulation-based method of structural refinement

362  described by Heo et al. (2021)™. In this protocol, potential sampling is accelerated with

363  hydrogen mass repartitioning and by applying fairly high temperatures. Weak position

364  restraint potentials were applied for minimum bias and to compensate for the high thermal
365  energy. Velocity Langevin dynamics was performed using a friction constant of 1 ps™. During
366 the equilibration phase, position restraints applied to C atoms in the leucine heptads were
367 gradually released and the temperature gradually increased, reaching the maximum of 360 K
368  (Supplementary Table 9). After long sampling at 340 K and 320 K, a final phase of

369  equilibration is conducted at 298.15 K, the temperature of the following production runs.

370  During the final equilibration phase, flat-bottom harmonic restraint potentials were applied,
371  using a force constant of 0.25 kcal/mol/A? and a flat-bottom width of 4 A. To adjust box size,
372 part of the equilibration phase was conducted in the NpT ensemble, using the Berendsen

373 barostat’? applying a compressibility of 4.5 x 10°° bar™ and a time constant of 1.0 ps. In the
374  final phase of equilibration, the atomic velocities were assigned from a Maxwell-Boltzmann
375  distribution using random numbers of seed. The production runs of free and DNA-bound

376  dimers consisted of five unbiased independent simulations of 128 ns and 200 ns, respectively.
377 The position restraint potential applied to Mg?* and its coordinated water molecules was kept

378  during these simulations.
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379  For simulation analysis, the VMD plugin Hbonds was used to compute hydrogen bond

380 statistics. The geometric criteria adopted are a cut-off of 3.0 A for donor-acceptor distance
381 and 20 ° for acceptor-donor-H angle. In Fig. 5c,d, salt bridges and hydrogen bonds between
382  protein DNA occurring during more than 10% of the simulation time are shown. Persistent
383  contacts were identified using the VMD plugin Timeline. In Fig. 5c,d, amino acid residues
384 involved interactions or hydrophobic contacts persisting for more than 30% of the simulation

385  time are shown. Grace was used for plots (https://plasma-gate.weizmann.ac.il/Grace/).

386 Plant material

387  Potato (Solanum tuberosum L.) non-transgenic cultivar Rywal (NT) and Rywal-NahG

388  (NahG), a transgenic line impaired in SA accumulation due to salicylate hydroxylase

389  expression?, were used in this study. Plants were propagated from stem node tissue cultures
390 and transferred to soil two weeks after node segmentation, where they were kept in growth
391  chambers under controlled environmental conditions at 22/20 °C with a long-day (16 h)

392  photoperiod of light (light intensity 4000 Im/m?) and 60-70% relative humidity. Tobacco

393  Nicotiana benthamiana plants were grown from seeds and kept in growth chambers under the

394  same conditions.

395  DNA constructs

396  Full-length coding sequences (cds) of StTGA2.1 (Genbank accession number OM569617),
397  StTGAZ2.2 (Genbank accession number OM569618), StTGA2.3 (Genbank accession number
398 OM569619), StINPR1 (Genbank accession number OM569620) and StNPR3/4 (Genbank

399  accession number OM569621) were amplified from potato cultivar Rywal cDNA and inserted
400 into the pJET1.2/blunt cloning vector using the CloneJET PCR Cloning Kit (Thermo

401  Scientific, USA), following the manufacturer’s instructions.
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402  The selected genes were subsequently cloned into pENTR D-TOPO vector using pENTR™
403  Directional TOPO® Cloning Kit (Invitrogen, USA) and recombined through LR reaction

404  using the Gateway® LR Clonase TM II Enzyme Mix (Invitrogen, USA) into several Gateway
405  destination vectors (VIB, Belgium). For co-immunoprecipitation experiments, localization
406  studies and transactivation assays, the StTGA2.1, StTGA2.2 and StTGA2.3 cds were inserted
407  into pH7FWG?2 and pJCV52 expression vectors’® to produce proteins with C-terminal

408  enhanced green fluorescent protein (GFP) and hemagglutinin A (HA) fusions, respectively.
409  For transactivation assays, StTGA2.3 was fused with a C-terminal mTagBFP2 (from Addgene
410  plasmid # 102638)* blue fluorescent protein (BFP) prior to cloning into pPENTR D-TOPO
411 vector (Invitrogen, USA) and subsequently recombined into the pK7WG2 vector”. A short
412 linker of six Gly residues was introduced between the StTGA2.3 and BFP sequence. BFP

413 fused with an N7 nuclear localization signal”™ (N7-BFP) was recombined into pK7WG2" as

414  control.

415  For overexpression experiments, the StTGAZ2.1 cds was amplified with primers harbouring
416  Xhol and Spel restriction enzyme cleavage sites and inserted into the pTA7002 vector?,
417  enabling glucocorticoid-inducible gene expression in planta, through restriction-ligation

418  cloning.

419  For the yeast two-hybrid assays, the cds of StTGA2.1, StTGA2.2, StTGA2.3, StINPR1 and
420  StNPR374 were amplified and inserted into the pGBKT7 (bait) yeast expression vector

421  through in vivo cloning with Matchmaker Gold Yeast Two-Hybrid System (Clontech, USA),
422  to produce proteins with an N-terminal Gal4 DNA-binding domain. StTGA2.1, StNPR1 and
423  StNPR3/4 were inserted also into the pGADT?7 (prey) vector (Clontech, USA), to produce

424  proteins with an N-terminal Gal4 activation domain, using the same cloning system.
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425  Promoter sequences of StPRX07 (Genbank accession number OM569622), StPRX15

426 (Genbank accession number OM569623) and StPRX46 (Genbank accession number

427  OMb569624) were amplified from potato cultivar Rywal genomic DNA and inserted into the
428 pENTR D-TOPO vector (Invitrogen, USA). The StPRX07 promoter sequence was

429  subsequently recombined through LR reaction into the pGWB435 Gateway vector’®, as

430  described above, inserting the promoter upstream of a luciferase reporter (LucF).

431  For recombinant protein production, the StTGA2.1 cds was inserted into the pMCSG7

432 bacterial expression vector’’ by ligation-independent cloning”® to produce a protein with an
433 N-terminal hexahistidine (Hise) tag. The cds of StTGA2.3 was amplified using primers,

434  enabling the digestion-ligation reaction with the Bsal restriction enzyme. Three silent

435  mutations were introduced into its sequence, to remove two native Bsal restriction sites. The
436 amplified fragment was subsequently ligated into the pEPQDOKNO0025 acceptor backbone
437  (Addgene plasmid #162283)"°, together with pEPQDOCMO0030 (Addgene plasmid

438  #162312)°, which adds an additional GS peptide to the protein C-terminus.

439  All primer pairs used in the cloning procedure are listed in Supplementary Table 10.
440  Sequence verification was performed with Sanger sequencing (Eurofins Genomics,

441  Germany).
442  Transient expression assays

443  Homemade electrocompetent Agrobacterium tumefaciens GV3101 cells were transformed
444  with prepared constructs by electroporation. Transformants were used for agroinfiltration of
445  the bottom three fully developed leaves of 3-4 week old N. benthamiana plants, as described
446  previously®. In cases of co-transformation with agrobacteria carrying different constructs, the

447  1:1 ratio was applied. An equal volume of agrobacteria carrying p19 silencing suppressor
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448  (kindly provided by prof. Jacek Hennig, PAS, Poland) was added to the mixture. Agrobacteria

449  carrying p19 only were used as controls.

450  Confocal microscopy

451  Protein fluorescence was visualized three to five days after transient N. benthamiana

452  transformation. For protein localization, the Leica TCS SP5 laser scanning confocal

453  microscope mounted on a Leica DMI 6000 CS inverted microscope with an HC PL

454  FLUOTAR 10x objective or HCX PL APO lambda blue 63.0x1.40 oil-immersion objective
455  (Leica Microsystems, Germany), using the settings described previously8l. The red Histone
456  2B-mRFP1 (H2B-RFP) nuclear marker®? was used to visualize cell nuclei. For co-

457  immunoprecipitation and transactivation assays, the protein fluorescence was confirmed with
458  the Leica TCS LSI macroscope with Plan APO 5x and 20x objectives (Leica Microsystems,
459  Germany), using the settings described previously®3. The green, blue or red fluorescent

460  protein fluorescence was excited using 488 nm, 405 nm and 543 nm laser lines, respectively.
461  The emission was measured in the window of 505-520 nm for GFP, 450-465 nm for BFP,
462  570-630 nm for H2B-RFP and 690-750 nm for autofluorescence. The Leica LAS AF Lite

463  software (Leica Microsystems, Germany) was used for image processing.
464  Yeast two-hybrid assay

465  Bait (containing StTGA2.1, StTGA2.2, StTGA2.3, StNPR1 or StNPR3/4 cds), and prey

466  (containing StTGA2.1, StNPR1 or StNPR3/4 cds) construct combinations were transformed
467  into the Y2H Gold strain using the Matchmaker Gold Yeast Two-Hybrid System (Clontech,
468  USA) and the transformants selected on control SD media without Leu and Trp (-L-W).
469 Interactions were analysed on selection SD media without Leu, Trp, His and adenine, with
470  added X-o-Gal and Aureobasidin A (-L-W-H-A+Xgal+Aur). The proteins were tested for

471  autoactivation through co-transformation of bait constructs with an empty prey vector. To
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472 evaluate the strength of interaction, saturated yeast culture dilutions (107, 10 and 10°%) were
473  spotted onto selection media. To evaluate the effect of SA on the strength of interaction, the

474  dilutions were spotted onto selection media containing 0.1 mM or 1.0 mM SA.
475  Co-immunoprecipitation assay

476  HA or GFP-tagged StTGA2.1, StTGA2.2 and StTGA2.3 were transiently expressed in N.
477  benthamiana leaves in different combinations. The fluorescence of GFP-tagged proteins was
478  confirmed with confocal microscopy after 4 days. Total proteins were extracted from ~500
479  mg leaf material with immunoprecipitation (IP) buffer, containing 10 mM Tris-HCI, pH 7.5,
480 150 mM NaCl, 2 mM MgClz, 1 mM dithiothreitol and 1x EDTA-free Protease Inhibitor

481  Cocktail (Roche, Switzerland), followed by 1 h incubation with GFP-Trap® Magnetic

482  Agarose beads (ChromoTek, Germany) at 4 °C. The beads were washed three times with IP
483  buffer and eluted into SDS-PAGE loading buffer, containing 100 mM Tris-HCI, pH 6.8, 4%
484  (w/v) SDS, 0.2% bromophenol blue, 20% (v/v) glycerol and 200 mM dithiothreitol. The

485  immunoprecipitated proteins and protein extracts were analysed by SDS-PAGE and Western
486  Dblot, using anti-GFP (diluted 1:3.000 or 1: 5.000, Invitrogen, USA) and anti-HA (diluted

487  1:1.000, ChromoTek, Germany) antibodies.
488  Generation of StTGA2.1 overexpression plants

489  Transgenic NahG-TGAZ2.1 plants were obtained by stable transformation of the Rywal-NahG
490  potato genotype?®. Electrocompetent A. tumefaciens strain LBA4404 was electroporated with
491  the pTA7002 vector?® carrying the StTGA2.1 cds, as described above. Agrobacteria were used
492  for stable transformation of sterile plantlet stem internodes from tissue culture, as described
493  previously®. Plantlets grown on regeneration media plates with hygromycin selection were

494  sub-cultured in order to generate independent transgenic lines. Transgenic lines were
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495  confirmed with PCR (Supplementary Table 10). Lines 7 and 12 were selected for further

496  analysis.
497  Virus inoculation and plant treatments

498  Three to four weeks old potato plants were inoculated with GFP-tagged infectious PVY

499  clones PVYNS.GFPE or PVYN6%(123)-GFP8 or mock inoculum, as described previously®®.
500 To induce gene overexpression, plants were treated with dexamethasone (DEX) foliar spray
501  solution containing 30 uM DEX and 0.01 % (v/v) Tween-20 or control spray solution without
502  DEX (control), 3 h prior to virus inoculation, 3 h after virus inoculation and every day post

503 inoculation until sampling.

504  Gene expression analysis with gPCR

505  For gene expression analysis, total RNA isolation, reverse transcription and gPCR were

506  performed as described previously?. DEX-induced StTGA2.1 overexpression in fully

507 developed leaves of TGA2.1-NahG transgenic lines was confirmed 3 h after DEX treatment
508 using a qPCR assay targeting StTGA2.1 cds. The leaves of three DEX-treated plants and two
509 or three non-treated plants were sampled, one leaf per plant. For PVY abundance analysis,
510 PVY-infected leaves of DEX-treated TGA2.1-NahG, NahG and NT genotypes were sampled
511 at3,5and 7 dpior 3, 7and 10 dpi. For each genotype and treatment, three plants were

512  analysed, sampling one leaf per plant per dpi. PVY abundance and StTGA2.1 expression were
513  quantified using two sample dilutions and a relative standard curve method by normalization
514  to the endogenous control StCOX1 with quantGenius (http://quantgenius.nib.si)®’. A two-
515 tailed t-test was used to compare treatments, when applicable. The gPCR analysis was

516  performed for both TGAZ2.1-NahG transgenic lines.

517  RNA sequencing results were validated technically and biologically with qPCR, as described

518 above. For technical validation, the expression of StACX3, StCS, StPti5, StPRX28 and
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519  StTGAZ2.1 was followed. Biological validation was performed in an independent experiment
520  repetition with both TGA2.1-NahG transgenic lines and following gene expression of

521  StPRXO07, StPRX15, StPRX46, StTGA2.1 and PVY. StCOX1 and StEF-1 were used for

522 normalization in both cases, as described above. A two-tailed t-test was used to compare

523  treatments, when applicable.

524  All primers and probes used for qPCR analysis together with the target gene IDs are listed in
525  Supplementary Table 11. New qPCR assays, targeting StPRX07, StPRX15, StPRX46,

526  StTGAZ2.1 and StPti5 were designed with Primer Express v2.0 (Applied Biosystems, USA),
527  using the sequences from the potato reference genome®, cultivar Rywal cds, and cultivar

528  Rywal and cultivar Désirée reference transcriptomes®®.
529  RNA sequencing analysis

530 For RNA sequencing, 2-25 early visible lesions and their immediate surroundings were

531  sampled from PVY-inoculated leaves of DEX-treated TGA2.1-NahG, NahG and NT plants
532 and control-treated TGA2.1-NahG plants at 4 dpi, as described previously?’. About 20-30
533  sections of comparable size were sampled from mock-inoculated leaves as controls. Three
534  plants per genotype per treatment were analysed, pooling together all lesions or mock-

535  sections from one leaf per plant. Total RNA was isolated as described previously?’. Strand-
536  specific library preparation and sequencing were performed by Novogene (HongKong), using
537  the NovaSeq platform (lllumina) to generate 150-bp paired-end reads. Read quality control
538  was performed using FastQC®. The presence of contaminant organism reads was determined
539  using Centrifuge®. Reads were mapped to the reference group Phureja DM1-3 potato genome
540  v4.04%8 using the merged PGSC and ITAG genome annotation® and counted using STAR®?
541  with default parameters. Differential expression analysis was performed in R using the limma

542  package®®. Raw and normalized read counts as well as a processed data table were deposited
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543  at GEO under accession number GSE196078. Genes with Benjamini-Hochberg FDR adjusted
544  p-values < 0.05 and |log2FC| < —1 were considered statistically significantly differentially
545  expressed. The Venn diagram was drawn, according to results obtained with the Gene List

546  Venn Diagram tool (http://genevenn.sourceforge.net/).

547  Gene Set Enrichment Analysis® was performed using non-filtered normalized counts to
548  search for regulated processes and functionally related gene groups, altered significantly by
549  virus inoculation in different genotypes (FDR corrected g-value < 0.05) using MapMan

550  ontology? as the source of gene groups.

551  Targeted genomic sequencing

552 Genomic DNA was isolated from potato cultivar Rywal leaves using the DNeasy Plant Mini
553  Kit (Qiagen, Germany). Two sets of primers were designed to target the region of interest
554  (Supplementary Fig. 1a, Supplementary Table 12). Droplet-based PCR-free target region
555  enrichment, library preparation using the SQK-LSK109 kit (Oxford Nanopore Technologies,
556  United Kingdom) and long-read sequencing on the MinlON platform using the R9.4.1-type
557  flow cell was performed by Samplix (Denmark). Nanopore read basecalling was performed
558  using Guppy 4.2.2. The reads were error corrected with NECAT® setting

559 GENOME_SIZE=100000000 and PREP_OUTPUT_COVERAGE=20000. Chimeric reads
560  were split using Pacasus® and all reads designated as “passed” were mapped to the group
561  Phureja DM1-3 potato genome v6.1% using Minimap2%. The obtained BAM file was indexed
562  and sorted using SAMtools®®. Raw Nanopore reads were deposited at SRA under accession

563 number PRINAS803339.
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564  Transactivation assay

565 GFP-tagged StTGA2.1, BFP-tagged StTGAZ2.3 and their combination were transiently

566  expressed in N. benthamiana leaves, with N7-BFP and either a GFP-tagged SNF-related

567  serine/threonine-protein kinase (StSAPKS8) or an empty pH7FWG2 vector” as controls.

568  Protein fluorescence was confirmed with confocal microscopy after 3-5 days. The

569  transactivation assays were performed as described previously®°. In brief, 0.5-cm-diameter
570 leaf discs were sampled at 4 dpi and pre-incubated in MS liquid media with 35 uM D-

571  luciferin substrate for 4 hours before analysis. Luminescence was measured in 10 min

572 intervals with Centro LB963 Luminometer (Berthold Technologies, Germany). Seventeen to

573 18 leaf discs per construct combination were analysed. The experiment was repeated twice.
574  Protein production, purification, characterization and antibody preparation

575  For recombinant production of Hiss-tagged StTGAZ2.1, Escherichia coli BL21(DE3) cells

576  were transformed with the pMCSG?7 vector’” carrying the StTGA2.1 cds, grown overnight and
577  subsequently transferred to the liquid auto-induction media*®, where they were incubated for
578 4 hat 37 °C and further 20 h at 20 °C to produce the protein. Cells were harvested by

579  centrifugation, lysed and the protein purified by nickel affinity chromatography using the His-
580  Trap HP column coupled with size-exclusion chromatography (SEC) using the HiPrep 26/60
581  Sephacryl S-200 column (GE Healthcare Life Sciences, UK). The protein was eluted into a
582  Dbuffer containing 30 mM Tris, pH 7.5, and 400 mM NacCl, and used for rabbit polyclonal anti-

583  StTGAZ2.1 antibody preparation, provided by GenScript (USA).

584  The protein oligomeric state was determined based on SEC elution volume and Gel Filtration
585 LWM Calibration Kit (standard sizes: conalbumin 75 kDa, ovalbumin 44 kDa, carbonic
586  anhydrase 29 kDa, ribonuclease A 13.7 kDa and aprotinin 6.5 kDa, GE Healthcare, USA).

587  Additionally, the Hise-tag was removed by Hise-tagged TEV protease cleavage and a
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588  secondary nickel affinity chromatography followed by an additional SEC, as well as an anion-
589  exchange chromatography purification step. Chemical crosslinking was performed after Hise-
590 tag removal, for which the protein buffer was exchanged to 30 mM Hepes, pH 7.5, 400 mM
591  NaCl using ultrafiltration with Amicon Ultra centrifugal filter units (Merck, Germany). The
592  reaction was performed using the BS2 crosslinker according to the manufacturer’s instructions

593  (Thermo Scientific, USA) and the protein oligomeric state evaluated by SDS-PAGE.

594  The E. coli cell-free protein synthesis (CFPS) was used for the production of StTGA2.3. All
595  CFPS reactions (total volume 30 or 75 puL) were performed as described previously’®, with
596  20-24h incubation at 16, 20 or 25 °C. Either the empty pEPQDOKNO0025 vector (Addgene
597  plasmid #162283)"° or water was added to the reagent mixture to prepare a CFPS components
598  reference. Proteins were detected by SDS-PAGE and Western blot, using anti-StTGA2.1

599  antibodies (diluted 1:4.000, GenScript, USA). Additionally, the protein identity was

600  confirmed with mass spectrometry, performed at the Department of Biochemistry and

601  Molecular and Structural Biology at the Jozef Stefan Institute (Slovenia).

602  Surface plasmon resonance

603  Surface plasmon resonance measurements were performed on Biacore T200 (GE Healthcare,
604  USA) at 25 °C at the Infrastructural Centre for Analysis of Molecular Interactions, University
605  of Ljubljana (Slovenia). To prepare the DNA, the PRX07p_1, PRX07p_2, PRX15p_1 and
606  PRX46p complementary primers (Integrated DNA Technologies, Belgium, Supplementary
607  Table 13) were mixed in a 2:3 molar ratio (long:short primers) and annealed by cooling the
608  mixtures from 95 °C to 4 °C. The resulting DNA fragments carried the selected 20 bp

609  promoter regions with a 15-nucleotide overhang that allowed hybridization with the

610  complementary biotinylated S1 primer'®, immobilized on the streptavidin sensor chip (GE

611  Healthcare, USA). StTGAZ2.3 protein-DNA binding experiments were performed in a running
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612  buffer containing 25 mM Tris, pH 7.4, 140 mM NaCl, 1 mM MgCl and 0.005% P20. For
613  StTGAZ2.1 the running buffer contained 180 mM NacCl. Flow cell 1 was used as a reference
614  and the DNA fragments were injected across the flow cell 2 at a flow rate of 5 uL/min to

615  immobilize ~50 response units.

616 A kinetic titration approach was used to study the interactions between the CFPS-produced
617  StTGAZ2.3 protein, the CFPS components reference that lacked StTGAZ2.3 or the Hisg-tagged
618  StTGA2.1 (18.75, 37.5, 75, 150, or 300 uM) and the DNA fragments. The highest

619  concentration of total protein (264 ng/mL) and four sequential 1.5-fold dilutions were used
620  for the CFPS-produced StTGA2.3 and the CFPS components reference. The proteins were
621  injected across DNA at five concentrations, with no dissociation time between protein

622  injections, at a flow rate of 30 uL/min. Regeneration of the sensor surface was performed
623  with 50 mM NaOH solution for 10 s and 300 mM NacCl for 10 s at a flow rate of 30 pL/min.
624  The sensorgrams for the StTGAZ2.3 or the StTGAZ2.1 proteins were double subtracted for the
625  response of the reference flow cell 1 and for the response of the CFPS components reference

626  or of the running buffer, respectively.
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900 Fig. 1. Phylogenetic analysis and domain characterization of StTGAs. a, A rooted

901 phylogenetic tree of potato, tomato and Arabidopsis TGAs. The mini-TGA branch is shaded
902 inorange and StTGAZ2.1 is marked (arrow). The branch length scale represents the number of
903  amino acid substitutions per site. The rice OSTGA2.12¢ serves as tree root. b, Protein

904  sequence alignment of clade Il TGAs, showing the position of the bZIP domain (orange box)
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905 and the shorter sequences of mini-TGA members, StTGA2.1, StTGA2.4 and SITGA2.3. The
906 alignment is coloured with the Geneious Prime (https://www.geneious.com) sequence
907  similarity colour scheme, based on the identity score matrix. Sequence numbering (aa) is

908  shown above the alignment.
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910 Fig. 2. StTGA2.1 attenuates PVY replication in salicylic acid-deficient plants. Relative
911  expression levels of a, PVY and b, StTGA2.1 in PVY-infected leaves of dexamethasone

912  (DEX)-treated TGA2.1-NahG (white), NahG (light grey) and NT (dark grey) plants at 3, 7
913 and 10 days post infection (dpi). Average values + standard error from three biological

914  replicates are shown. Significance was determined using a two-tailed t-test comparing

915 TGAZ2.1-NahG with NahG (p1) and TGA2.1-NahG with NT (p2). ¢, Phenotypic differences in

916  PVY-infected leaves of DEX-treated TGA2.1-NahG, NahG and NT plants at 10 dpi.
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Fig. 3. StTGAZ2.1 can form homodimers, heterodimers and localizes to diverse cellular

GFP

B
100 um 100 um 100 um

RFP

overlay

compartments. a, StTGAZ2.1 interactions with itself, StTTGA2.2, or StTGA2.3 in the yeast
two-hybrid assay. Yeast were co-transformed with bait (BD) and prey (AD) construct
combinations and selected on control media without Leu and Trp (-L-W). Positive
interactions were determined by yeast growth on selection media without Leu, Trp, His and
adenine, with added X-a-galactosidase and Aureobasidin A (-L-W-H-A+Xgal+Aur). b,

StTGAZ2.1 interactions with itself, StTTGA2.2, or StTGA2.3 in the co-immunoprecipitation
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925  assay. The combination of GFP and HA-tagged proteins expressed in N. benthamiana is

926 indicated for each sample (+/-). Positive interactions were determined by detection of

927  immunoprecipitated (GFP-1P) complexes with anti-HA antibodies. Arrows indicate expected
928  bands. Controls are shown in Supplementary Fig. 3. ¢, Subcellular localization of GFP-tagged
929 StTGAZ2.1, StTGA2.2 and StTGAZ2.3 (yellow) with H2B-RFP nuclear marker (red) in N.

930 benthamiana leaves. The p19 silencing suppressor was expressed as control. Protein

931 fluorescence is represented as the z-stack maximum projection. Arrows indicate examples of

932  StTGAZ2.1 nuclear localization. Scale bars, 100 um.
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Fig. 4. StTGAZ2.1, together with its interactor StTGA2.3, activates expression of
StPRXO07. a, TGA-binding motifs in selected StPRX promoters. The predicted motifs are
boxed and the nucleotides, differing from the core TGACG(T) sequence, its reverse
complement or the TGACGTCA palindrome, are underlined. Numbers indicate position
upstream of transcription start site. b, Surface plasmon resonance results, showing the
interaction between StTGA2.3 and chip-immobilized PRX15p 1, PRX46p, PRX07p_1 or
PRX07p_2 DNA fragments, bound to the chip at ~38, 41, 65, or 53 response units (RU),
respectively. Representative sensorgrams are shown. ¢, Transactivation assay results, showing
in planta StPRX07 promoter activation by GFP-tagged StTGA2.1 (light orange), BFP-tagged
StTGAZ2.3 (dark orange) or a combination of both (black). BFP or GFP-tagged controls and
their combination (control) were used to detect the basal promoter activity (grey). Average
values + standard error of 18 biological replicates in the first 10 h of measurement are shown.

The experiment was repeated twice with similar results (Supplementary Fig. 8b).

47


https://doi.org/10.1101/2022.03.30.486221
http://creativecommons.org/licenses/by-nc/4.0/

947

948

949

950

951

952

953

954

955

956

957

958

959

960

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.30.486221; this version posted March 30, 2022. 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 4.0 International license.

a basic region leucine zipper heptads
Consensus KTLRRLAQNREAARKSRLRKKA|YVQQL ENESRLKLXQEL EQXLQREA
46 56 66 1 78 ! 86 H
AtTGA2 helle wow ow w e SRR R DR i v [T oheoe e EE.?
StTGA2.3 Sl & S RGE R E E et O Si. oMCRT - ‘ Ezéo
StTGA2.2 « Ll - e e v v v - R AR LY G it '._'__'__'__'__1_:_L'__:'::_L_Z_:_S__'_i' « +Djs :
StTGA2.1 MDAMGD - -GP‘LVSSTALWRGDRRPAQVVQVS'L‘_;;ﬁlﬁ)_f_"h;i-
b

linker

C-terminal
DOG1-like
domain

leucine
zipper

Leg

StTGA2.1

StTGA2.3

Fig. 5. Comparative structural analysis and simulations of StTGA2.1 N-terminus
interactions with StTGA2.2 and StTGA2.3 bZIP domains. a, Protein sequence alignment
of StTGA2.1 N-terminus with AtTGA2, StTGA2.2 and StTGA2.3 bZIP domains. The basic
region (orange box) and the leucine zipper heptads (grey dashed boxes) are indicated.
Conserved amino acids, in respect to the consensus sequence, are marked with dots.
StTGAZ2.1 contains hydrophobic residues (Val31 and Phe38) in two out of three Leu positions
in the heptads (grey) and has a completely conserved third heptad. b, Molecular architectures
of StTGA2.1 (orange) and StTGA2.3 (green). The StTGA2.3 bZIP domain (aa 40-95), and
StTGA2.1 N-terminus (aa 1-45) are shown. The C-terminal region is highly conserved
between StTGA2.1 (aa 47-240), StTGA2.2 (aa 222-446), and StTGA2.3 (aa 105-327). Amino
acid residues that are discussed in this study are represented as liquorice and labelled. Those
forming persistent contacts in the leucine zipper, according to molecular dynamics (MD)
simulations, are shown in bold. Basic amino acid residues that may contribute to DNA-
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961  binding are depicted and labelled. Fully non-conservative substitution sites in the putative

962 DOGI1 domains are also represented as liquorice. ¢, Representative snapshot of the MD

963  simulations of the DNA-bound StTGA2.2 homodimer and d, StTGA2.2-StTGA2.1

964  heterodimer. The DNA double helix is represented in violet. The DNA sequence is shown at
965 the bottom and the binding site core is underlined. A dot is used as a reference at the centre of
966 the sequence for numbering the nucleotide residues. StTGAZ2.1 (orange) and StTGA2.2 (cyan)
967  are represented as cartoon. Salt bridges and hydrogen bonds between protein and DNA are
968 indicated with black dashed lines. Hydrophobic contacts are indicated as dotted lines. Amino
969 acid residues forming persistent interactions are labelled in bold. The presence of a

970  hexacoordinated Mg?* was assumed (yellow sphere), based on its importance for CREB-

971  bZIP3,
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972 TABLES

973  Table 1. Selected functional groups (BINs) enriched in up- or down-regulated genes in
974 TGAZ2.1-NahG, NahG and NT plants after PVY infection. FDR corrected g-value < 0.05.

975  (+), enriched in up-regulated genes; (—), enriched in down regulated genes.

BIN Functional group TGA2.1-NahG NahG NT
Secondary metabolism
16.1.2 mevalonate pathway +
16.1.5 terpenoids +
16.10 simple phenols +
Hormone metabolism
17.1.3 abscisic acid-regulated - -
17.2 auxin - _
17.2.3 auxin-regulated - -
17.4.1 cytokinin _ _
17.7 jasmonate + +
17.8 salicylic acid +
Stress — biotic
20.1.7 PR proteins + + +
20.1.7.1 PR-1 +
20.1.7.3 PR-3/PR-4/PR-8/PR-11 + + +
Miscellaneous
26.12 peroxidases +
26.21 protease inhibitor/seed storage/lipid transfer proteins -
Transcription regulation
27.3.32 WRKY transcription factors + +
27.3.63 PHD finger transcription factors +
27.3.64 PHORL1 transcription factors +
27.3.8 C2C2(zn) DOF transcription factors -
DNA synthesis — chromatin structure
28.1.3 histone + + +
28.1.3.2 histone core + + +
28.1.3.2.1 histone core H2A proteins + +
28.1.3.2.3 histone core H3 proteins + + +
Protein degradation
29.5.11.20 ubiquitin-proteasome + +
Signaling — receptor kinases
30.2.8.1 leucine-rich repeat VIII (type 1) -
30.2.16 Catharanthus roseus-like RLK1 +
30.2.17 DUF26 +
30.2.19 legume-lectin + +
30.2.99 miscellaneous + +
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