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Abstract 

Ubiquitination is an important modification process in eukaryotic organisms, and ubiquitin ligase (E3) is the most 
diversified component of this system. APIP6 (AvrPiz-t interacting protein 6) is one of the E3s of rice, and is involved 
in the recognition of AvrPiz-t, one effector from the pathogen Magnaporthe oryzae, for the initiation of host defense 
against M. oryzae. However, the structural detail of how APIP6 performs its function remains elusive. Here, we pre-
sent crystal structure of the RING domain (i.e., the E2-interaction domain) of APIP6 (APIP6-RING). APIP6-RING exists 
as a homodimer in crystal packing, in solution and in vivo. APIP6-RING consists of one β hairpin and one α helix, and 
β hairpins of two APIP6-RING molecules interact with each other in a novel ‘shoulder-to-shoulder’ mode to form 
a β sheet, and also rendering APIP6-RING to form a homodimer. Hydrogen bonds play a major role in the dimer 
formation of APIP6-RING, while hydrophobic-intermolecular interactions are inconspicuous. Due to the interaction 
mode between RING-type E3 and E2 is generally conserved, we constructed and verified a model of APIP6-RING/E2 
complex, and proposed a working model of APIP6 with E2, ubiquitin, and the substrate AvrPiz-t. Taken together, our 
research presents the first structure of plant simple RING-type E3 ligase that exists in an unreported dimerization man-
ner, as well as a working model of APIP6.
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Background
Ubiquitination is one of the post-translational modifica-
tions of eukaryotic cells that regulate various processes, 
such as protein degradation and signaling (Buetow and 
Huang 2016). Ubiquitination typically involves five com-
ponents: ubiquitin (Ub), ubiquitin-activating enzyme 
(E1), ubiquitin conjugating enzyme (E2), ubiquitin ligase 
(E3), and substrate (Buetow and Huang 2016). Ubiquitin 
is a conserved protein of 76 amino acids with a canoni-
cal ubiquitin fold (Vijaykumar et al. 1987). With the help 
of ATP and a magnesium ion, E1 activates ubiquitin by 
forming a thioester bond between its catalytic cysteine 
and the di-glycine motif at the C-terminal of ubiquitin, 
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and then transfers the thioester bond to the catalytic 
cysteine of E2 (Pruneda et al. 2012; Soss et al. 2013; Bue-
tow and Huang 2016). The E2/Ub complex is flexible until 
the participation of E3, which stabilizes the overall con-
formation of the E2/Ub complex and recruits substrate 
to initiate ubiquitination (Pruneda et al. 2012; Soss et al. 
2013; Buetow and Huang 2016). There are three types 
of E3s: RING (really interesting new gene) E3s, HECT 
(homologous to E6AP C-terminus) E3s, and RBR (RING-
between-RING) E3s (Morreale and Walden 2016). E1 
and E2 are generally conserved, while due to bearing the 
vital role of substrate selection, E3 is highly diverse, espe-
cially in plants. For example, in the genome of cultivated 
rice (Oryzae sativa L.), around 1513 E3s were identified 
(Wang et al. 2022).

Plants mainly use cytosolic nucleotide-binding leucine-
rich repeat receptors (NLRs) to recognize effectors of 
pathogens and then initiate immune responses (Ngou 
et  al. 2022). Rice production is threatened by the dev-
astating blast disease caused by the pathogenic fungus 
Magnaporthe oryzae (Dean et  al. 2012). AvrPiz-t is an 
effector encoded by M. oryzae that is secreted into the 
cytoplasm of rice cells and perceived by the NLR Piz-t 
to induce effector-triggered immunity (ETI) (Luo et  al. 
2004; Li et al. 2009; Park et al. 2012). Solution structure of 
AvrPiz-t has been determined, showing that it is a globu-
lar protein composed of six β strands and several loops 
(Zhang et al. 2013). A screen of AvrPiz-t interaction pro-
tein (APIP) with yeast two-hybrid (Y2H) method in a rice 
cDNA library identified 12 protein candidates, named 
APIP1–APIP12 (Park et al. 2012). The first studied APIP 
was APIP6, a RING-type E3 ligase that is important for 
pathogen-associated molecular pattern (PAMP)-trig-
gered immunity (PTI) against M. oryzae of rice (Park 
et  al. 2012). AvrPiz-t interacts with APIP6 and inhibits 
ubiquitin ligase activity of the latter, thereby suppresses 
PTI of rice (Park et  al. 2012). Later, studies were con-
ducted on other APIPs. APIP4, a trypsin inhibitor, could 
interact with AvrPiz-t and Piz-t, and contributes to rice 
immunity to M. oryzae (Zhang et al. 2020). APIP5, a bZIP 
transcription factor, uses its N-terminal to interact with 
AvrPiz-t and Piz-t, which is important to suppress effec-
tor triggered necrosis (ETN) of rice (Wang et  al. 2016). 
APIP10, also a RING-type E3 ligase whose activity can 
be inhibited by AvrPiz-t, can interact with transcription 
factors OsVOZ1 and OsVOZ2, both of which interact 
with Piz-t (Park et al. 2016; Wang et al. 2021). APIP12, a 
homologue of nucleoporin protein Nup98, could interact 
with AvrPiz-t and APIP6 with its different regions, and 
is involved in the rice basal resistance against M. oryzae 
(Tang et  al. 2017). Therefore, we can see that of these 
APIPs, APIP6 and APIP12 do not interact with Piz-t, and 
are involved in PTI; APIP4 and APIP5 directly interact 

with Piz-t, while APIP10 indirectly interact with Piz-t, 
and the three APIPs are involved in ETI or ETN.

Besides performing its function through AvrPiz-t, 
APIP6 also interacts with OsELF3-2 (an orthologue of 
the Arabidopsis flowering and circadian regulator) and 
OsCATC (a catalase) and then degrades them, thereby 
negatively regulates rice immune response against patho-
gens (Ning et al. 2015; You et al. 2022). Moreover, APIP6 
could work with rice UBC26, an E2, to ubiquitinate 
AvrPiz-t in vitro (Liu et al. 2021). Considering the versa-
tile roles of the E3 ligase APIP6, we set out to elucidate 
how APIP6 performs its function with methods of struc-
tural biology. We determined crystal structure of the 
RING domain of APIP6 (APIP6-RING), which exhibits a 
new dimerization mode compared with reported RING 
motif proteins. In addition, we constituted and verified a 
complex model of APIP6 with E2, and proposed a work-
ing model of APIP6 with E2, Ub, and AvrPiz-t, which 
could expand our understanding of the functional mech-
anism of APIP6.

Results
Determination of the APIP6‑RING crystal structure
To understand the structural mechanism of APIP6 
functioning, we set out to determine the crystal 
structure of APIP6. APIP6 is a protein of 439 resi-
dues (Fig.  1a). The conserved residues of RING motif 
(CysX2CysX9-39Cys1-3HisX2-3Cys/HisX2CysX4-48CysX-
2Cys) is at its N-terminal (residues Cys35–Cys80), while 
no other conserved domain was predicted. The full-
length recombinant APIP6 protein precipitated during 
expression and/or purification in both Escherichia coli 
and insect cell. We then designed several truncates of 
APIP6, and was able to obtain the recombinant protein of 
residues Val33–Asn92 (named APIP6-RING hereinafter) 
that is stable in  vitro (Fig.  1a). The structure of APIP6-
RING was determined to 1.78 angstroms (Å) (Table  1). 
Each asymmetry unit contains two protein molecules, 
exhibiting a homodimeric conformation with buried area 
of 1023.4 Å2 (Fig.  1b). All the residues of APIP6-RING 
were built into the model, together with an additional 
aspartate residue encoded by sequence from the vector 
that was observed at the N-terminal of the protein.

APIP6‑RING exists as an unprecedented homodimer
An APIP6-RING molecule consists of two β strands 
(β1: Thr51–Leu54; β2: Gly57–His61) and one α helix 
(Leu62–Lys73) (Fig.  1b). The two β strands further 
constitute one pair of β hairpin, which could stabilize 
the overall conformation of the protein. Addition-
ally, β hairpins from two APIP6-RING molecules form 
an anti-parallel β sheet, and the plane of each protein 
constituted by β hairpin and α helix are parallel (please 
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refer to front view of the homodimer), both of which 
likely render the dimer increased stability. Actually, the 
overall structure of APIP6-RING is almost centrosym-
metric. Besides stable secondary-structural elements, 
each APIP6-RING molecule contains three loops: the 
long N-terminal loop (Val33–Ser50), the short β1–β2 
loop (Gln55–Cys56), and the long C-terminal loop 
(Gly73–Ala91). Each protein contains two zinc ions, 
and the coordination mode of cysteine or histidine resi-
dues to zinc ions showed that APIP6-RING is a type H2 
RING (Sun et al. 2019).

Homodimerization of RING-type E3s is frequent, but 
the dimer mode of APIP6-RING is unprecedented as 
compared with structures available in the protein data 
bank (PDB) (Fig. 1c and Additional file 1: Table S1). We 
evaluated whether the dimerization of APIP6-RING is 
an artifact resulted from crystal packing. Sedimenta-
tion velocity analytical ultracentrifugation (SV-AUC) 
assay determined the molecular weight of APIP6-RING 
in solution is 16.2  kDa, about two-fold of an APIP6-
RING monomer (Fig.  1d). Y2H and firefly luciferase 
complementation imaging (LCI) assays showed that 

Fig. 1  Crystal structure of APIP6-RING exhibits a novel dimerization mode of RING-type E3s. a A diagram of APIP6 and its truncates. Protein 
crystal was only obtained with the 33–92 truncate. b Overall structure of the APIP6-RING homodimer. The two chains are colored chartreuse or 
light orange, respectively. The coordination residues to zinc ions are shown as sticks on the side view of the protein structure. c A representative 
homodimer of RING-type E3 (PDB accession number 2YHO), showing the dimer mode is different from APIP6-RING. The ring motif of the two 
molecules are colored pink and cyan, respectively, and the other regions are colored wheat. In b, c, zinc ions are shown as grey spheres. d 
Recombinant APIP6-RING protein mainly exists as homodimer in solution as evaluated by the SV-AUC method. Mf: calculated molecular weight of 
the corresponding fraction. e APIP6-RING protein forms homodimer as evaluated by Y2H assay. f APIP6-RING also forms dimer in vivo as shown by 
LCI assay
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APIP6-RING interacts with itself in  vivo (Fig.  1e, f ). 
Therefore, APIP6-RING exists as a homodimer both 
in vitro and in vivo, and the dimer in the solved structure 
is not resulted from crystal packing.

Interactions between the two APIP6‑RING molecules 
of the homodimer
Analyzing the interactions between the two APIP6-
RING molecules, we found hydrogen bonds play a major 
role, whereas the contribution of hydrophobic interac-
tion is trivial. In one homodimer, the two APIP6-RING 
molecules are nearly centrosymmetric, and thus most 
of the hydrogen bonds are symmetric (Fig.  2a, b). On 
the top of the front view of the homodimer, four pairs 

hydrogen bonds are formed between residues Arg53 and 
Gln55 of one chain and Ser50, Thr51, and Glu84 of the 
other chain; on the bottom of the front view, the other 
four pairs hydrogen bonds exist symmetrically to the for-
mer (Fig. 2a). On the left side of the back of the homodi-
mer, residues Asp63, Ser67, and Asn70 form three pairs 
of hydrogen bonds with residues Leu89 and Asn87 of 
the other chain; on the right side, symmetric interac-
tions exist (Fig.  2b). In addition, two pairs of hydro-
gen bonds are formed between the side-chain carboxyl 
groups of residues Asn70 of the two APIP6-RING chains 
(Fig.  2b). Besides, there are also unsymmetrical-inter-
molecular and water-mediated hydrogen bonds (Addi-
tional file  2: Figure S1). These hydrogen bonds render 

Table 1  Diffraction data processing and structural refinement statistics of the APIP6-RING structure

a Values for the outer shell are given in parentheses

Data collection and processing

Beamline SSRF BL19U1

Wavelength (Å) 0.9785

Space group P212121

Cell dimensions

 a, b, c (Å) 34.24 46.58 83.18

 α, β, γ (°) 90 90 90

Resolution (Å) 40.64–1.78 (1.844–1.78)

Unique reflectionsa 13,316 (1294)

Rmerge 0.072 (0.363)

CC1/2 0.994 (0.988)

I/σ(I) 40.5 (3.78)

Completeness (%) 99.89 (99.92)

Redundancy 12.1 (9.3)

Refinement

Rwork 0.210

Rfree 0.243

No. of non-hydrogen atoms 986

 Protein 892

 Ligand 4

 Water 90

R.m.s.d

 Bond lengths (Å) 0.006

 Bond angles (°) 0.85

Ramachandran plot (%)

 Favored 95.69

 Allowed 4.31

 Outliers 0.00

B-factors (Å2)

 Average 45.24

 Protein 44.97

 Ligand 30.00

 Water 48.50
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the APIP6-RING homodimer high stability with a ΔG of 
−4.5 kcal/mol as calculated with PISA of the CCP4 soft-
ware suite (Potterton et al. 2003).

Evaluation of the critical residues for APIP6‑RING dimer 
formation
We then designed mutational assays to evaluate the 
residues that contribute to intermolecular interactions. 
Single mutations of residues Ser50, Gln55, and Ser67 
to alanine hampers dimer formation as evaluated with 
Y2H and LCI assays, suggesting intermolecular hydrogen 
bonds formed by these residues are critical (Figs.  2c,  3 
and Additional file 2: Figure S2a). Residue Arg53 uses its 
main-chain to form hydrogen bonds with residue Thr51 
of the other chain, and only Arg53 of one chain uses its 
side-chain amino group to interact with Ala44 of the 
other chain (one of the unsymmetrical-intermolecular 
hydrogen bond), thus mutation of Arg53 did not inter-
rupt dimer formation (Fig.  2a, c and Additional file  2: 
Figure S1a). Side chains of residues Asp63, Glu84, and 
Asn70 participate in intermolecular interaction, but sin-
gle mutation of them could not hamper dimer formation 
either, probably because the hydrogen bond energy con-
tributed by them are not comparable to that of residues 
Ser50, Gln55, and Ser67 (Fig. 2a–c). We then carried out 
double mutation of residues Asp63 and Asn70, and the 
mutant was not able to form dimer, supporting our spec-
ulation above (Figs. 2c, 3). Meanwhile, the residues that 
prevented APIP6-RING dimer formation does not obvi-
ously influence the interaction between APIP6-RING 
and its corresponding E2 (we identified from rice, data 
not published) (Fig. 3).

Construction and verification of an APIP6‑RING/E2 model
By analyzing the structures of RING-type E3s in com-
plex with E2 or E2/Ub deposited in the PDB, we found 
the interaction mode between RING-type E3 and E2 is 
generally conserved. Therefore, we attempted to con-
struct a model of APIP6-RING/E2 complex (Additional 
file  1: Table  S2) (Buetow and Huang 2016). The Alpha-
Fold2-predicted three-dimensional model of E2 was 
obtained from the UniProt database. We used the RNF4/
UBCH5A/Ub ternary complex (PDB accession number 
4AP4) as a reference model (Fig. 4a) (Plechanovova et al. 
2012). By structurally superimposition of one APIP6-
RING molecule with the RING of the ternary complex, 
we identified the relative position of E2 to APIP6-RING 
and constructed an APIP6-RING/E2 complex model 
(Fig. 4b).

As the dimerization mode of APIP6 is different from 
other RING-type E3s, the complex of APIP6-RING 
with E2 stretches in different orientation from others 
(Figs.  1b, c and 4a, b). There are four residues (Ser36, 
Asp40, Asn79, and Arg81) of APIP6-RING that might 
be involved in hydrogen bond interactions with residues 
Asn18, Arg19, Ser106, and Ser108 of E2 (Fig. 4c). In addi-
tion, another three residues (Ile37, Ala68, and Pro78) of 
APIP6-RING possibly participate in hydrophobic inter-
action with residues Met75, Pro109, and Ala110 of E2 
(Fig. 4d). We then carried out single point mutations of 
residues Ser36, Asp40, Asn79, and Arg81 on APIP6 that 
possibly form hydrogen bonds with E2, and found these 
mutants did partially lost E2 binding ability as evaluated 
by Y2H, co-immunoprecipitation (co-IP), and LCI assays 
(Fig. 4e, f and Additional file 2: Figures S2b, S3). Of the 

Fig. 2  Critical residues of APIP6-RING for its dimerization. a Residues of APIP6-RING that forms intermolecular hydrogen bonds as viewed from 
the front of APIP6-RING. b Residues of APIP6-RING that forms intermolecular hydrogen bonds as viewed from the back of APIP6-RING. In a, b, 
APIP6-RING model are viewed and colored as Fig. 1b, critical residues are shown as sticks, and hydrogen bonds are shown as blue dashed lines. c 
Verification of the critical residues of APIP6-RING for dimer formation with Y2H assay. Please find the control results in Additional file 2: Figure S2a
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three residues of APIP6-RING that form intermolecular 
hydrophobic interactions with E2, only residue Ile37 pos-
sesses bulky side chain, and thus we mutated it to alanine 
(Fig.  4d). We found this mutant totally lost E2 binding 
ability, suggesting residue Ile37 plays a vital role in the 
interaction between APIP6 and E2 (Fig. 4e, f and Addi-
tional file  2: Figures  S2b, S3). Collectively, these muta-
tional studies showed that the APIP6-RING/E2 complex 
model is authentic.

Identification of the AvrPiz‑t interaction region(s) on APIP6
APIP6 is a protein of 439 residues, but besides its 
N-terminal RING motif, no other conserved motif 
or domain was predicted, suggesting their function 
uncharacterized (Fig. 1a). In a ubiquitination process, 

E3 interacts with E2 and transfers ubiquitin conjugated 
to the latter to substrates. Therefore, there should be 
critical motif(s) on E3 that is responsible for substrate 
recognition and interaction. Since the RING motif is 
a well-acknowledged E2-interaction region, we won-
dered whether other regions of APIP6, i.e. the regions 
without conserved motif or domain, possess region(s) 
for interaction with AvrPiz-t, the substrate of APIP6. 
We then designed truncates of APIP6, and used 
Y2H to identify such region(s) on APIP6 (Fig.  5a and 
Additional file  2: Figure S2c). We found two regions, 
consisting of residues Pro120–Glu140 and Phe219–
Gln254, respectively, are indispensable for AvrPiz-
t interaction (Fig.  5a). Therefore, the C-terminal of 
APIP6 might works like a loop to interact with AvrPiz-
t and then orient the latter to the ubiquitin on the 
APIP6/E2 complex.

Fig. 3  Evaluation of the critical residues of APIP6-RING for homodimer formation with LCI assay. Only the four mutants, S50A, Q55A, S67A, and 
D53A/N70A that were proved to be critical for dimer formation with Y2H were further evaluated with LCI. Coding sequences of these mutants were 
cloned into vectors in-frame with NLuc and CLuc. E2 was cloned in-frame with NLuc and was used to evaluate whether these mutants hamper the 
interaction between APIP6-RING and E2
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Discussion
Plants use various strategies to defend against the inva-
sion of pathogens, a critical step of which is recognizing 
effectors or patterns from pathogens with cytosolic or 
cell-surface immune receptors (Ngou et al. 2022). AvrPiz-
t is an avirulent effector encoded by M. oryzae that can 
elicit immune responses of rice (Luo et al. 2004; Li et al. 
2009). Besides perceived by its corresponding NLR Piz-t 
through the mediation by APIP4, APIP5, and APIP10 to 
trigger ETI or ETN, AvrPiz-t can also be recognized by 
APIP6 as well as APIP12 to elicit PTI (Park et  al. 2012, 
2016; Wang et  al. 2016; Tang et  al. 2017; Zhang et  al. 
2020; Wang et  al. 2021). As an E3 ligase, APIP6 also 
function on other proteins besides AvrPiz-t, rendering 
the elucidation of its detailed working mechanism more 

significance (Ning et  al. 2015; Liu et  al. 2021; You et  al. 
2022).

APIP6 is a protein of 439 residues, but only the 
N-terminal RING domain was predicted to have three-
dimensional structural feature. We determined the crys-
tal structure of APIP6-RING, and found it exists as an 
unprecedented homodimer. Typically, the β hairpins 
of two RING-type E3s interact in a ‘face-to-face’ mode 
(Fig.  1c). However, in the APIP6-RING structure, the β 
hairpins of two molecules interact in a novel ‘shoulder-
to-shoulder’ mode (Fig.  1b). With a combination of 
several in  vitro and in  vivo assays, we confirmed that 
APIP6-RING does exists as a homodimer, and deter-
mined critical residues of APIP6 for its dimerization 
(Figs.  2,  3). Furthermore, we constituted and verified a 

Fig. 4  An APIP6-RING/E2 complex model and its verification. a The RNF4/UBCH5A/Ub ternary complex structure (PDB accession number 4AP4) 
used for APIP6-RING/E2 model construction. This complex structure represents the conserved mode of E2/E3/Ub complex. The dashed line 
indicates the axis of symmetry. b The constructed APIP6-RING/E2 complex model based on the RNF4/UBCH5A/Ub complex. The RNF4/UBCH5A/Ub 
complex is shown as in a. c Residues of APIP6-RING and E2 that possibly form intramolecular hydrogen bonds. d Residues of APIP6-RING and E2 that 
possibly contribute to intramolecular-hydrophobic interactions. e Verification of the possible-critical residues with Y2H. f Verification of the possibly 
critical residues with co-IP
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complex model of APIP6-RING/E2, and screened the 
region(s) of APIP6 for AvrPiz-t interaction (Fig. 5a).

According to the experimental results and analysis 
above, we are able to construct a working model of APIP6 
(Fig. 5b). APIP6 uses its RING domain to form a homodi-
mer, the mode of which is different from previously 
reported RING-type E3s. The RING domain interacts 
with E2, while the two regions (residues Pro120–Glu140 
and Phe219–Gln254) of the C-terminal interact with the 
substrate AvrPiz-t, rendering lysine residues on the sur-
face of AvrPiz-t more convenience for the acceptance of 
activated ubiquitin from E2 (Bai et al. 2019). The dimeri-
zation of the RING domain of APIP6 does not contribute 
to substrate interaction, but conformation of the dimer 
is likely more stable than monomer, providing a better 
platform for the sequential association of E2/Ub complex 
and substrate, and increasing the efficiency of ubiquitin 
transfer (Marianayagam et  al. 2004). In this way, APIP6 
synergizes with E2 to transfer ubiquitin to the substrate 
AvrPiz-t, thereby initiate the degradation of AvrPiz-t 
and induce the basal immune response of rice against M. 
oryzae.

Conclusion
By determination of its crystal structure, our research 
presents how APIP6 forms homodimer in a manner that 
has not been reported, how it preforms its function as 
an E3 ligase to mediate the interaction between E2/Ub 
and AvrPiz-t, and then elicit immune response of rice to 
counteract fungal pathogen.

Methods
Protein expression and purification
The O. sativa APIP6-RING (NCBI accession number 
XP_015640359.1, residues 33–91) was codon-optimized, 
cloned into the pHAT2 vector, and expressed in the E. 
coli BL21 (DE3) strain (Peranen et al. 1996). Single colony 
was inoculated into lysogeny broth (LB) medium sup-
plemented with 100 µg/mL ampicillin and cultured with 
shaking (220  rpm) at 37°C. Induction of expression was 
performed by supplementation of 0.2  mM isopropyl-β-
D-thiogalactopyranoside (IPTG) at an optical density at 
600 nm (OD600) of 0.6, and cultured for another 18 h at 
18°C. Cells were collected with centrifugation and then 
resuspended in lysis buffer containing 20 mM Tris–HCl 
(pH 7.0), 500 mM NaCl, 20 mM imidazole, 2 mM DTT, 
and 100 µM ZnCl2. After sonification, the suspension was 
centrifuged at 20,000  g for 20  min at 4°C. Recombinant 
protein was collected with nickel-charged resin and fur-
ther purified with Superdex75 increase columns (Cytiva) 
equilibrated with buffer containing 20 mM Tris–HCl (pH 
7.0), 300  mM NaCl, 2  mM DTT, and 5  µM ZnCl2. All 
purification procedures were performed at 4°C or on ice.

Crystallization, data collection, and structure 
determination
The APIP6-RING recombinant protein was concentrated 
to 10 mg/mL for crystal screening with the sitting drop 
diffusion method at 18°C with the Oryx4 Instruments 
(Douglas). Crystals for data collection were grown with 
reservoir buffer containing 0.2  M NH4F and 20% (v/v) 

Fig. 5  Identification of AvrPiz-t interaction region(s) on APIP6 and a working model of APIP6. a Identification of the AvrPiz-t interaction region(s) 
on APIP6 with Y2H. Truncates of APIP6 were designed according to prediction of secondary structures. Truncates that could or could not interact 
with AvrPiz-t are colored green or orange, respectively. b A working model of APIP6 with ubiquitin-conjugated E2. The position of E2 and ubiquitin 
were determined by structural superimposition with the complex structure of RNF4/UBCH5A/Ub (PDB accession number 4AP4). The N-terminal and 
C-terminal regions of the RING motif of APIP6 are denoted as blue or red flexible lines. The two regions of APIP6, i.e. Pro120–Glu140 and Phe219–
Gln254 that are responsible for AvrPiz-t interaction, are labeled. The determined solution structure of AvrPiz-t (PDB accession number 2LW6) was 
used to show the possible position of AvrPiz-t in the E2/APIP6/Ub complex model. The lysine residues on the surface of AvrPiz-t, which are probably 
to be conjugated to ubiquitin, are shown as pink
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PEG 3350. For data collection, crystals were frozen in 
liquid nitrogen with reservoir buffer supplemented with 
20% (v/v) glycerol.

Diffraction data were collected at the Shanghai Syn-
chrotron Radiation Facility Beamline 19U1 (SSRF 
BL19U1). Data was indexed, integrated, and scaled with 
XDS (Kabsch 2010). Phase was obtained by molecular 
replacement with the structure of human RING-type E3 
IDOL (PDB accession number 2YHO) using Phaser of 
the PHENIX software package, and optimized by itera-
tive refinement with Refinement of the PHENIX and 
COOT (Emsley and Cowtan 2004; Adams et  al. 2010; 
Zhang et al. 2011). Data processing and refinement result 
are listed in Table 1. All structural figures were made with 
PyMOL (DeLano 2002). Hydrogen bonds and hydropho-
bic contacts were determined using the CONTACT of 
the CCP4 software suite (Potterton et al. 2003).

Yeast two‑hybrid (Y2H) assay
APIP6-RING (wild-type and mutants) were cloned into 
the pGBKT7 vector as bait or the pGADT7 vector as 
prey. E2 (GeneBank accession number ABG22107.1) was 
inserted into the pGBKT7 vector as bait. The prey and 
corresponding bait constructs were co-transformed into 
the Saccharomyces cerevisiae AH109 strain according to 
manufacturer’s instructions. The transformants were cul-
tured on SD-Leu/-Trp and SD-Leu/-Trp/-His plates at 
30°C for 5 days for selection.

Sedimentation velocity analytical ultracentrifugation 
(SV‑AUC)
APIP6-RING protein was exchanged to buffer contain-
ing 20 mM HEPES (pH 7.0), 500 mM NaCl, and 100 µM 
ZnCl2. Prior to centrifugation, APIP6-RING was con-
centrated to OD280 of 0.8. Experiments were performed 
with an analytical ultra-centrifuge (ProteomeLab XL-I, 
Beckman Coulter, U.S.) at 226,000  g at 20°C. Absorb-
ance data (λ = 280 nm) was acquired at time intervals of 
300  s throughout the run. Data recorded from moving 
boundaries was analysed in terms of the continuous sedi-
mentation coefficient distribution function c(s) using the 
program SEDFIT software (Brown and Schuck 2006).

Firefly luciferase complementation imaging (LCI) assay
The LCI experiment was carried out as described (Chen 
et al. 2008). Briefly, the vectors pCAMBIA1300-NLuc and 
pCAMBIA1300-CLuc contain the N-terminal luciferase 
(NLuc) fragment or the C-terminal luciferase (CLuc) 
fragment, respectively. APIP6-RING (wild-type and 
mutants) and E2 were cloned into the pCAMBIA1300-
Cluc or pCAMBIA1300-nLUC vectors. Agrobacterium 
strain GV3101 transformed with plasmids carrying 
NLuc or CLuc were equally mixed and co-infiltrated into 

Nicotiana benthamiana leaves with a needleless syringe. 
The plants were kept in an illumination and humidity 
chamber at 25°C for 48  h. For observation of luciferase 
activity, infiltrated leaves were incubated with D-Lucif-
erin potassium salt (substrate of luciferase) and measured 
with a luminometer.

Co‑immunoprecipitation (co‑IP) assay
APIP6-RING (wild-type and mutants) and E2 were 
cloned into the vectors pSUPER-GFP and pSUPER-HA, 
respectively. Agrobacterium strain EHA105 transformed 
with plasmids carrying GFP or HA tags were mixed and 
co-infiltrated into three-week-old N. benthamiana plants. 
After kept in an illumination and humidity chamber at 
25°C for 48  h, proteins of N. benthamiana leaves were 
extracted and detected as described (Xu 2015). Total pro-
tein was captured with anti-GFP beads, and interaction 
between APIP6-RING (wild-type and mutants) and E2 
were analyzed by immunoblotting with anti-GFP or anti-
HA antibodies.
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