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Abstract: Phosphorylation is a common type of post-translational modification (PTM). It plays a vital role in many 
cellular processes. The reversible phosphorylation and dephosphorylation affect protein structures and protein-
protein interactions. Previously, we obtained five proteins that interact with ethylene-responsive factor (ERF) from the 
cDNA library of Populus simonii x Populus nigra. To further investigate the effect of dephosphorylation of PsnERF on 
its protein binding ability, we generated different phosphorylation states of PsnERF and demonstrated their protein 
binding capacity by the yeast two-hybrid assay (Y2H). The secondary structures and 3D structures of PsnERF, ERFm, 
TrunERF, and psnerf197/198/202a were predicted by homology modeling. The Y2H assay indicated that the deletion of 
serine-rich regions does not affect the interactions, while dephosphorylated mutations blocked the interactions. 
Homology modeling results suggested that the protein-binding activity was affected by dephosphorylation, and the 
S197/S198/S202 residues of PsnERF may be the key phosphorylation sites influencing its binding ability.
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Introduction

Post-translational modification (PTM) refers to the covalent 
modification following protein synthesis. It is an essential 
process occurring prior to the formation of the mature 
protein. Phosphorylation is the most common PTM (Khoury 
et al., 2011), which plays a critical role in a wide range of 
cellular processes including cell metabolism, proliferation, 
differentiation, apoptosis, signal transduction, and gene 
expression (Clifford et al., 2004; Thingholm et al., 2009; 
Binz et al., 2014; Duan et al., 2015; Linke et al., 2015). 
Phosphorylation and dephosphorylation are catalyzed 
respectively by kinases and phosphatases. In eukaryotes, 
kinases phosphorylate proteins via the addition of a 
phosphate group to a polar uncharged R group of serine 
(Ser, S), threonine (Thr, T), and tyrosine (Tyr, Y) residues; 
consequently, this portion is turned into a negatively charged 
molecule (Fischer and Krebs, 1955; Krupa et al., 2004). 
Protein dynamics contribute to the conformational change 
of protein structures, and as a result, many enzymes and 
receptors will be activated and inactivated, which is common 
in many signal transduction pathways.

Protein k inases  can speci f ica l ly  interact  with 
corresponding residues on the substrate during certain 
conditions (Li et al., 2003; Sun et al., 2018). To clarify the 
phosphorylation process of the protein of interest, it is  
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important to recognize its putative phosphorylation sites.
However, most verification experiments are time-consuming. 
Additionally, high-throughput analysis is limited by the 
occurrences of false positive and false negative (Dou et al., 
2014). To solve this problem, many bioinformatics tools have 
been developed as complementary methods, such as PhoScan 
(Li et al., 2010), NetPhos (Blom et al., 1999, 2004), Phospho.
ELM (Diella et al., 2004). These tools not only recognize 
known phosphorylation sequences and kinases but find 
potential sites that have not yet been reported, which has 
become a hotspot in phosphorylation research.

There is a large volume of published studies describing 
that phosphorylation status could affect the functions of 
many enzymes and transcription factors in plants, including 
stress tolerance, transcriptional activity, and protein 
degradation (Ding et al., 2015; Wu and Li, 2017). It has also 
been suggested that dephosphorylation alters the subcellular 
localization of Arabidopsis HOS5 and eIF4AIII (Chen et al., 
2013, 2015; Cui et al., 2016). Several AP2/ERF transcription 
factors, such as AtERF104 and OsEREBP1, are defined as 
substrates of mitogen-activated protein kinase (MAPKs) 
(Cheong et al., 2003; Gerit et al., 2009). BIN2, a negative 
regulator in the BR pathway, stabilizes AP2/ERF transcription 
factor TINY via phosphorylation and prevents expression 
of stress response genes under normal growth conditions in 
Arabidopsis (Xie et al., 2019). However, the phosphorylation 
mechanism and the phosphorylation-mediated functions 
for many other ethylene-responsive factors (ERFs) remain 
to be discovered. In this study, we predicted putative 
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phosphorylation sites and the serine-rich region of the ERF 
from Populus simonii x P. nigra. The protein binding capacity 
of dephosphorylated ERF and the ERF lacking the serine-rich 
region (ERFm and TrunERF, respectively) were characterized 
by their interactions with five proteins identified in our 
previous study (Wang et al., 2018). Then the structural 
differences triggered by the mutations were analyzed by 
homology modeling. This study attempts to elucidate the 
effect of dephosphorylation of PsnERF in protein binding 
and signal transduction networks.

Materials and Methods

Bioinformatics analysis
Multiple sequence alignments and the construction of 
a phylogenetic tree based on the amino acid sequences 
of PsnERF (Yao et al., 2016) and 20 ERFs from other 
plant species were performed using MEGA 7.0. PsnERF 
phosphorylation site prediction was carried out by 
NetPhos3.1 (http://www.cbs.dtu.dk/services/NetPhos/) 
(Blom et al., 1999, 2004). Serine-rich region prediction 
was carried out by Motif Scan (https://myhits.isb-sib.ch/
cgi-bin/motif_scan) (Sigrist et al., 2010). According to the 
prediction results, ERFm was generated by replacing all the S/
T by alanine (A), while the deletion of the serine-rich region 
was performed for TrunERF. The secondary structure was 
estimated by SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page = npsa_sopma.html) (Geourjon and 
Deléage, 1996). Protein structure homology modeling was 
obtained in three different ways: SWISS-MODEL (https://
swissmodel.expasy.org/interactive) (Guex et al., 2009; 
Benkert et al., 2011; Bertoni et al., 2017; Bienert et al., 2017; 
Waterhouse et al., 2018), Phyre2 (http://www.sbg.bio.ic.ac.
uk/phyre2/html/page.cgi?id=index) (Kelley et al., 2015), 
and I-TASSER (https://zhanglab.ccmb.med.umich.edu/
I-TASSER/) (Roy et al., 2010; Yang et al., 2015a, 2015b).

Gene cloning and vector construction
The nucleotide sequences of ERFm and TrunERF, constructed 
in puC57-Kan, were synthesized by GENEWIZ (Suzhou, 
China). Additional restriction sites of EcoRI at the 5’ end and 
BamHI at the 3’ end were added by PCR using the following 
primers: 5’-TTCATTCGAATTCCATGTGCGTATT-3’/5’-
CGGGATCCCGATCGGGGAAATT-3’ for ERFm and 5’- TT
CATTCGAATTCCATGTGCGTATT-3’/5’- CGGGATCCCG
TTAACCAGTGGAGGAAGGAC-3’ for TrunERF. Following 
double enzyme digestion, the fragments were cloned into the 
pGBKT7 vector.

Transcriptional activation activity assay
All the GAL4-BD fusion constructs and empty pGBKT7 
vector were separately transformed into AH109 yeast 
competent cells. The cells plated on synthetic dropout (SD)/-
Trp (Coolaber) were then resuspended in 10 μL ddH2O and 
transferred to SD/-Trp medium containing X-α-gal.

Yeast two-hybrid assay
The bait vectors were transformed into the Y2HGold 
yeast strain, which was followed by the transformation of 
pGADT7-prey plasmids. The blue colonies which grew 
on SD/-Trp/-Leu/X-gal/AbA (DDO/X/A) medium were 
resuspended in 10 μL ddH2O and then transferred to SD/-
Ade/-His/-Trp/-Leu/X-gal/AbA (QDO/X/A) medium.

Results

Analysis of PsnERF amino acid sequences
The ORF of PsnERF encodes a putative protein of 445 amino 
acids (aa). It contains a 60-aa AP2/ERF domain. The 14th 
residue is alanine and the 19th is aspartic acid, which is the 
typical feature of the ERF subfamily (Fig. 1(A)). Phylogenetic 
analysis revealed that PsnERF shares high sequence similarity 
with PtrERF76 and PeERF (Fig. 1(B)). PtrERF76 has been 
identified as the transcriptional regulator in plant stress 
pathways (Yao et al., 2016). PsnERF might play a similar role 
in transcriptional activation and plant stress response.

Phosphorylation sites and serine-rich region prediction results
17 S residues and one T residue were predicted as the putative 
phosphorylation sites of PsnERF by NetPhos3.1 (Fig. 1(C)). 
The detailed information for each site is listed in Tab. 1. The 
phosphorylation sites of some other ERFs that have been 
identified by experiments in a previous study can be found 
in Fig. 1(D), such as AtERF6 and AtERF104, which share 
homology N-terminal motif with plant MAPK substrates 
(Gerit et al., 2009; Meng et al., 2013). It has also been proved 
that Ser-62 is the phosphorylation site of AtERF110, and 
phosphorylation of AtERF110 is closely related to ethylene 
pathways (Zhu et al., 2013). Compared with these ERFs, no 
similar conserved phosphorylation motifs were observed, nor 
were any specific protein kinases indicated for PsnERF. Two 
serine-rich regions (aa 63-133 and aa 366-402) identified 
by Motif Scan is also shown in Fig. 1(C). Both regions were 
deleted to generate TrunERF; meanwhile, dephosphorylation 
was mimicked by mutating all the predicted sites (S/T to A).
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FIGURE 1. Analysis of PsnERF amino acid sequence. (A) Alignment of AP2/ERF domain of PsnERF with other ERFs, 
including Populus trichocarpa PtrERF76 (Potri.005G195000.1); Populus euphratica PeERF (XP_011044262.1); Arabidopsis 
thaliana ABR1 (AT5G64750.1), AtERF1 (AT4G17500.1), AtDREB26 (AT1G21910.1), AtERF6 (AT4G17490.1), 
AtERF104 (AT5G61600.1), AtERF110 (AT5G50080.2) and AtRAP2.6 (AT1G43160.1); Oryza sativa L. OsEREBP1 
(Os02g54160.1), OsEBP89 (Os03g08470.1), OsERF110 (Os12g0168100) and OsERF113 (Os04g0398000); Glycine 
max GmERF5 (Glyma.09G041500.1); Medicago truncatula MtERF110 (MTR_1g098460); Malus domestica MdERF1 
(MDP0000128979); Solanum lycopersicum SlPti4 (Solyc05g052050.1.1); Prunus persica PpERF3 (Prupe.7G194400); 
Gossypium raimondii GrERF105-like (Gorai.003G112200.1); Poncirus trifoliata (L.) Raf PtERF109 (MH779873.1). The 
arrow indicates the 14th and 19th amino acid, the core residues to distinguish ERF and DREB subfamily. Conserved 
sites at 90% level were marked with black background. (B) A phylogenetic tree based on the amino acids of PsnERF 
and other ERFs was constructed using neighbor-joining method. (C) Diagram displaying the putative phosphorylation 
sites and serine-rich region of PsnERF. The phosphorylation sites and serine-rich region were respectively predicted by 
NetPhos3.1 (http://www.cbs.dtu.dk/services/NetPhos/) and Motif Scan (https://myhits.isb-sib.ch/cgi-bin/motif_scan). 
The predicted phosphorylation sites were marked, and AP2/ERF conserved domain (aa 212-269) and two serine-rich 
regions (aa 63-133, 366-402) were shown as different boxes. The bar indicates the length of 20 amino acids. (D) Scheme 
of the phosphorylation sites of other ERFs that have been verified by experiments. The phosphorylation sites were 
underlined, and the conserved MAPK-phosphorylation sites were shown in bold and italics.

TAblE 1 Prediction of phosphorylation sites of PsnERF

The prediction analyzes the phosphorylation probability of each serine, threonine and tyrosine. For each residue 
only the best prediction scoring >0.9 will be displayed. Details such as residue position, residue types, sequence 

context of 9 residues, scores and kinases for the positive predictions were listed

Position Site Context Score Kinase Position Site Context Score Kinase
13 S PRGNSGEYS 0.985 unsp 197 S TATPSSETA 0.958 unsp
85 S GHRGSTSDW 0.996 unsp 198 S ATPSSETAS 0.962 unsp
86 T HRGSTSDWG 0.914 unsp 202 S SETASLGET 0.990 unsp
119 S TSPASPSLS 0.952 unsp 290 S QVPVSRSQL 0.979 unsp
129 S YSSTSGSGS 0.929 unsp 305 S QPISSPRQQ 0.927 unsp
133 S SGSGSWIGQ 0.993 unsp 340 S QLLQSSGDF 0.958 unsp
168 S DFRSSLGDS 0.998 unsp 397 S SSTLSPSAS 0.994 unsp
172 S SLGDSSSSG 0.952 unsp 442 S SRRPSSTG-- 0.996          unsp
191 S TLVFSTTAT 0.924 unsp 443 S RRPSSTG-- 0.989 unsp
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Dephosphorylation affected the transcriptional activation effect 
and protein binding ability of PsnERF 
ERFm and TrunERF genes were cloned into the pGBKT7 
vector. The expected bands amplified by PCR confirmed 
the insertion of the fragments (Fig. S1). The recombinant 
bait vectors were transformed into AH109 and Y2HGold 
competent cells, respectively. The colonies containing 
pGBKT7-ERFm or pGBKT7-TrunERF grew well on SD/-
Trp medium, revealing that the baits were not toxic to the 
host. However, in AH109, BD-ERFm was unable to activate 
the expression of reporter MEL1, which was the same as 
the negative control (Fig. 2(A)). This result revealed that 
PsnERF and TrunERF have trans-activation ability, but 
dephosphorylation of PsnERF impedes its binding to the cis-
acting elements.

The interactions between PsnERF and five proteins 
were identified in our previous work (Wang et al., 2018). In 
this study, no self-activation for the recombinant baits were 
observed, or were any interactions between ERFm and prey 
proteins detected. By comparison, the normal growth of 
TrunERF yeast cells on the selection plates, indicated that the 
interactions were not influenced (Figs. 2(B), S(2) and S(3)). 
These results imply that dephosphorylation blocks the protein 
interactions between PsnERF and prey proteins, while the 
interactions are not disturbed by the deletion of serine-rich 
regions.

F IG U R E  S 1 .  Id e n t i f i c at i on  of 
recombinant bait vector by colony 
PCR. M5-BD/M3-BD were used 
as  pr imers  A:pGBKT7-ERFm B: 
pGBKT7-trunERF. M: DL2000. 1-6: 
Detected samples.

FIGURE S2. Y2H assay for ERFm-bD/Prey-AD 
on DDO/X/A plates. Prey proteins: A: Galactinol-
sucrose galactosyl transferase 2. B: Senescence-
associated protein. C: unknown protein. D: 
Phosphoinositide-specific phospholipase C 
family protein. E: MLP-like protein 328. Few blue 
colonies were unable to grow on QDO/X/A after 
restreaking.

FIGURE 2. Trans-activation activity of PsnERF 
and protein interactions with preys. (A) Trans-
activation assay on SD/-Trp/x-gal medium. BD: 
the plasmid containing the GAL4 DNA-binding 
domain (pGBKT7). P53/T: positive control. 
(B) Y2H assay on QDO/X/A medium. The blue 
colonies on DDO/X/A were resuspended in 10 
μL ddH2O and transferred to QDO/X/A plates. 
For ERFm/preys, few blue colonies on DDO/
X/A plates were unable to grow on QDO/X/A 
after restreaking. P53/T: positive control. Lam/
T: negative control. AD: empty prey vector 
containing GAL4 transcriptional activation 
domain (pGADT7). Prey proteins: L1: Galactinol–
sucrose galactosyl transferase 2; 2-1: Senescence-
associated protein; 4-1: unknown protein; 7-1: 
Phosphoinositide-specific phospholipase C family 
protein; 8-2: MLP-like protein 328.
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Secondary structure prediction
The dynamics of protein dephosphorylation would lead to 
conformational changes. Hence, we suggested that the defect 
in the protein-protein interactions might result from an 
inability to recognize the protein-binding domain. To clarify 
the conformational differences, we estimated the secondary 
structure of ERFm, PsnERF, and TrunERF by SOPMA. In 
parallel alignment with PsnERF, a remarkable structural 
change for TrunERF was observed, which was predictable 
due to the loss of over 100 amino acids. unexpectedly, 
most structures of ERFm were not severely affected by 
dephosphorylation. It was also noted that the secondary 
structures of the AP2/ERF conserved domain in three 
sequences were roughly the same (aa 212-269 in PsnERF and 
ERFm and aa 141-198 in TrunERF).

Disregarding the deleted region, some unique structures 
in ERFm, were supposed to be the key factors affecting 

the protein binding ability, such as the alpha helix region 
(marked by the red arrow) located near aa 200 (Fig. 3). Four 
phosphorylation sites located around this α-helix region 
can be divided into two subgroups: S191 and S197/S198/
S202 (shown in bold in Fig. 1(C)), which are likely to be 
the substrates of kinases. To further analyze the putative 
sites, we estimated the secondary structure of psnerf191a 
and psnerf197/198/202a. As shown in Fig. 3, psnerf191a showed 
higher similarity with PsnERF rather than ERFm, while a 
similar secondary structure was observed between ERFm 
and psnerf197/198/202a, especially the α-helix region at aa 200. 
These results suggested that S197/S198/S202 residues of 
PsnERF might be the major phosphorylation sites, and 
dephosphorylated mutations may attenuate the protein 
binding ability.

FIGURE S3. Y2H assay for TrunERF-bD/Prey-AD on DDO/
X/A plates. Prey proteins: A: Galactinol-sucrose galactosyl 
transferase 2. B: Senescence-associated protein. C: unknown 
protein. D: Phosphoinositide-specific phospholipase C family 
protein. E: MLP-like protein 328.

FIGURE 3. The secondary 
structure of PsnERF, ERFm, 
TrunERF, psne r f 197/198/202a 
and psnerf191a estimated by 
SOPMA. The red arrow 
indicates the missing alpha 
helix in PsnERF (aa 200) 
and TrunERF (aa 130). Blue: 
alpha helix. Red: extended 
strand. Green: beta turn. 
Pink: random coil.
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Homology modeling
To further investigate the effect of S197/S198/S202 mutations, 
protein structures were analyzed by homology modeling, 
i.e., SWISS-MODEL, Phyre2, and I-TASSER. These tools can 
directly detect homologous sequences of query peptides and 
compare them with the reference model for protein structure 
analysis. The secondary structures of PsnERF, ERFm, 
TrunERF, and psnerf197/198/202a in I-TASSER are displayed 
in Fig. 4. Among all the models, there were some subtle 
differences around the ERF conserved domain region, such 
as the helix region at aa 150 (aa 80 in TrunERF, Fig. 4(C)). 
Additionally, in ERFm (Fig. 4(B)) and psnerf197/198/202a (Fig. 
4(D)), the helix region around aa 290 was more pronounced. 
The 3D structure of PsnERF, ERFm, and psnerf197/198/202a were 
quite similar to each other, except the aa 255-361 region, 
where a pair of “tweezers” was formed. Interestingly, the 
“tweezers” of PsnERF and psnerf197/198/202a were open compared 
to ERFm (Fig. 5(A)). Despite the structural similarity 
between PsnERF and psnerf197/198/202a, the determined calcium-
ion ligand binding sites were different (Tab. 2), indicating a 
remarkable correlation between ligand binding affinity and 
mutations at S197/S198/S202.

TAblE 2

 Calcium binding sites of PsnERF, ERFm, and psnerf197/198/202a

PDB Hit Ligand Binding Site Residues
PsnERF 3iprD 227,228

ERFm 4jo2H 223,224
psnerf197/198/202a 3sqgA 249,250,252

For Phyre2, erf096 (PDB: 5wx9) was identified as the 
template for all input sequences, with model confidence of 
99%. All the predictions output a similar 3D model, except 
psnerf197/198/202a, where two helix regions in the C-terminus 
(orange and red) were missing (Fig. 5(B)). Clearly, both 
predictions mentioned above emphasize the importance of 
S197/S198/S202. However, a different result was displayed 
in SWISS-MODEL. In this method, different templates 
were applied for structure evaluation (i.e., PDB id:3gcc for 
PsnERF, TrunERF, and psnerf197/198/202a, and PDB id:1gcc for 
ERFm). Accordingly, the predicted C-terminal structure of 
ERFm (ssccccscc) was different from the other three peptides 
(csscccscc), as shown in Tab. 3. This result does not explain 
the effect of dephosphorylation of S197/S198/S202 on the 
structure of the aligned domain; nevertheless, it is possible 
that the disordered region not displayed in SWISS-MODEL 
may be affected by mutations. Overall, these results indicate 
a link between protein structure and dephosphorylation for 
PsnERF. Some residues, especially S197/S198/S202, may be 
key sites that can affect protein binding activity.

TAblE 3

C-terminal structure of PsnERF, ERFm, TrunERF and 
psnerf197/198/202a predicted by SWISS-MODEl. c = loop or irregular, 

s = bend
PDB id C-terminal structure

PsnERF 1gcc csscccscc
ERFm 3gcc ssccccscc

TrunERF 1gcc csscccscc
psnerf197/198/202a 3gcc csscccscc

FIGURE 4. The secondary structure of PsnERF (A), ERFm (b), TrunERF (C) and psnerf197/198/202a (D) estimated 
by I-TASSER. X-axis indicates the residue number, and Y-axis is the normalized B-factor. The bars on the X-axis 
represent different structures displayed at the top of the illustration. The reported B-factor in this figure corresponds 
to the normalized B-factor of the target protein, defined by B = (B’-u) / s, where B’ is the raw B-factor value, u and s 
are respectively the mean and standard deviation of the raw B-factors along the sequence. (A) PsnERF. (B) ERFm. (C) 
TrunERF. (D) psnerf197/198/202a.
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Discussion

Phosphorylation status influences protein biological functions 
by switching the relay signals on and off in plants. In poplar, 
several phosphorylation substrates and phosphorylation-
mediated regulations have been identified. MAPK, which 
preferentially phosphorylates MBP, is suggested to play 
a central role in the crosstalks between many biotic and 
abiotic stresses in Populus trichocarpa x P. deltoides (Hamel 
et al., 2005). Histidine-aspartate kinase (HK1), the binding 
partner of histidine phosphotransfer proteins, can act as 
an osmosensor and transfer the phosphosignal in response 
to drought stress (Héricourt et al., 2013, 2016). Moreover, 
monolignol biosynthesis of P. trichocarpa can be regulated by 
the reversible phosphorylation of PtrAldOMT2 (Wang et al., 
2015). It has also been reported that several ERFs’ functions 
are related to phosphorylation. For example, tomato ERF Pti4, 
which can be induced by ethylene and pathogen infection, 
can be phosphorylated by the Pto kinase. This reaction will 
enhance the GCC-box binding ability of Pti4, regulating the 
expression of many other defense-related genes (Gu et al., 
2000, 2002). Similarly, phosphorylation of Arabidopsis ERF6 
by MPK3/MPK6 induces resistance to pathogen attack (Meng 
et al., 2013). Also, TaERF1 is identified as the substrate 
of TaMAPK1, implying its role in TaMAPK1 cascades in 
multiple stress responses (Xu et al., 2007). Besides, the 
phosphorylation status of Ser-62 in ERF110 is related to the 
bolting time of Arabidopsis (Zhu et al., 2013).

In this study, the protein sequence alignment and 
construction of the phylogenetic tree were carried out 
between ERFs in P. simonii x P. nigra and other plant species. 
The results suggested that PsnERF is a member of the ERF 
TF family. It contains an AP2/ERF conserved domain, which 

shares a high similarity with PtrERF76 and PeERF (Figs. 1(A)-
1(B)). These ERFs provide the reference for PsnERF function 
prediction. It has been reported that PtrERF76 is an ethylene 
signaling-dependent TF that could regulate the expression 
of genes from diverse subsets (Caroline et al., 2018). The 
connection between PtrERF76 and salt stress response was 
also indicated in a previous study (Yao et al., 2016). We also 
predicted the putative phosphorylation sites and serine-rich 
region of PsnERF via the bioinformatics method (Tab. 1, Fig. 
1(C)). No similar conserved phosphorylation motifs that have 
been identified by experiments were observed for PsnERF 
(Fig. 1(D)). Dephosphorylated PsnERF was mimicked by S/T 
to A mutations, which introduce a nonphosphorylated amino 
acid dynamically similar to the polar uncharged S/T (Barnes 
and Gray, 2003). Meanwhile, TrunERF was generated by the 
deletion of serine-rich regions. The transcriptional activation 
activities of the mutated PsnERF were assayed in yeast strain 
AH109. The yeast colonies containing ERFm did not turn 
blue when the medium was added with X-α-gal (Fig. 2(A)), 
implying that PsnERF failed to bind to the cis-acting element 
after dephosphorylation, while the trans-activation activity 
was not diminished by the deletion of serine-rich regions. 
Similarly, interactions between ERFm, TrunERF, and five 
proteins previously screened from P. simonii x P. nigra cDNA 
library were studied by Y2H assay (Fig. 2(B)). Although 
a similar secondary structure pattern of ERF conserved 
domain (aa 212-269 in PsnERF and ERFm, and aa 141-198 
in TrunERF) was displayed in these three peptides (Fig. 3), 
no interactions were detected between ERFm and preys, 
implicating that the dynamics of PsnERF dephosphorylation 
will block the interactions. The results demonstrate a 
similar structural model between psnerf197/198/202a and ERFm, 
indicating that S197/S198/S202 might be key residues for 

FIGURE 5. 3D structure predicted by I-TASSER (A) and Phyre2 (b). (A) The illustrations are displayed in the 
rainbow style, and the “tweezers” in each peptide are located from yellow to orange. (B) Only aligned sequences were 
displayed by Phyre2, and the rest were reported as disordered, which cannot be meaningfully predicted.
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PsnERF phosphorylation.
Following secondary structure prediction, homology 

modeling was applied to explore the effect of mutations 
at these sites, which can align the query sequences to the 
template and resemble the structural model of the query 
target. unlike other methods that can only identify structure 
based on homologous sequences, I-TASSER can remodel 
the full-length input sequence, including the aligned and 
unaligned region. It was substantiated by I-TASSER that the 
secondary and 3D structure of PsnERF could be affected by 
dephosphorylation (Figs. 4 and 5). Calcium ions were among 
the top five ligand results of all the target sequences, whereas 
the calcium ligand binding sites of PsnERF, ERFm, and 
psnerf197/198/202a were different (Tab. 2). It can thus be suggested 
that the protein structure and binding affinity of the query 
sequences are affected by dephosphorylation, especially S197/
S198/S202. These results corroborate the finding from Phyre2, 
which demonstrate that mutations of S197/S198/S202 result 
in the absence of two helix regions (Fig. 5(B)).

However, the results of SWISS-MODEL differ from 
the methods mentioned above. That is, the aligned domain 
structure of psnerf197/198/202a was the same as PsnERF and 
TrunERF, and only ERFm exhibited a different structural 
feature in the C-terminal Tab. (3). This inconsistency may 
be due to the fact that only aligned sequence models are 
obtained, so it is unknown whether the disordered region 
has changed. The different structures listed in previous 
methods are all located at the “disordered” region, such as 
the helix region around the AP2/ERF conserved domain, the 
“tweezers” in I-TASSER, and the missing helix in Phyre2, 
Even so, this result still suggests a link between protein 
structure and dephosphorylation in PsnERF.

It should be noted that for the ligand-binding site 
prediction in I-TASSER, the peptide-ligand binding item 
was only reported in psnerf197/198/202a. Therefore, the protein 
binding sites were not deduced in the prediction. It is also 
noted that the protein interactions were not affected in 
TrunERF (Figs. 2(B) and S(3)), despite that the deletion of the 
serine-rich region had remarkable effects on the secondary 
structure (Fig. 3). Initially, we considered that the protein 
binding domain of PsnERF was not located in the deletion 
region. However, it is possible that the serine-rich regions 
may act as PTM regulators and the second candidate protein-
binding domain. This region may recognize and modify 
the target substrates following the interactions between the 
primary binding domain and its partners. Hence, this assay 
cannot deny the protein binding ability of the serine-rich 
regions of PsnERF.

In sum, we predicted 18 putative phosphorylation 
sites and serine-rich regions of PsnERF and generated the 
yeast constructs of dephosphorylated ERF and ERF lacking 
serine-rich regions. The transcriptional activation activity 
assay indicated that dephosphorylation may impede the 
PsnERF’s binding to the cis-acting element. The Y2H assay 
revealed that the ERFm cannot interact with the preys, 
while serine-rich region deletion does not affect the protein 
interactions. Homology modeling results suggested that 
S197/S198/S202 may be the key phosphorylation sites that 
affect its protein binding ability. Areas of future study include 
the phosphorylation status, protein binding region, and 

corresponding kinases involved with PsnERF.
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