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a b s t r a c t

Plant cytoplasmic male sterility (CMS) is an important phenomenon and is widely utilized in hybrid crop
breeding. The Wild Abortive CMS (CMS-WA), a well-known CMS type, has been successfully applied in
the commercial production of hybrid rice seeds for more than 40 years. The CMS-WA causal gene WA352
encodes a novel transmenbrane protein and the interacts with the mitochondrial copper chaperone
COX11, triggering reactive oxygen species production and resulting in male sterility in CMS-WA lines.
However, the structure of WA352 is currently unknown, and the structural mechanism whereby WA352
perturbs COX11 function to cause CMS remains largely unknown. Here, we report the crystal structure of
the C-terminal functional domain of WA352 at 1.3Å resolution. This functional domain, consisting of five
a helices, is spindle-shaped with a length of 42Å, and a diameter of 28Å. Notably, the absence of any
structural similarity to a known protein structure suggests that the WA352 functional domain is a novel
fold. In addition, surface conservation analysis and structural modeling of the WA352-COX11 complex
revealed details about the WA352-COX11 interaction. Further structural analysis suggested that the
WA352-COX11 interaction blocks the copper ion transportation activity of COX11, which is essential for
the assembly of cytochrome c oxidase, resulting in male sterility in CMS-WA lines. Our study paves the
way toward structural determination of the WA352-COX11 complex and provides new insight into the
mechanism of plant CMS.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Cytoplasmic male sterility (CMS) has been widely identified in
higher plants, resulting from defects in mitochondrial function [1].
CMS is an important model system for studying the mitochondrial-
nuclear interaction and plays a major role in hybrid crop breeding.
Hybrid rice has been planted in approximately 40 countries and
makes a notable contribution to global food production [2]. Several
types of rice (Oryza sativa L.) CMS systems, including the Wild
Abortive (CMS-WA) [3], Boro II (CMS-BT) [4], and HongLian (CMS-
HL) [5], have been used for the commercial production of hybrid
seeds thus far. The CMS-WA system has been the most widely
.

utilized over the past 40 years and has had a great impact on
modern agriculture [6]. In a long-term effort to identify the male
sterile gene, WA352 has been validated as the causal gene of CMS-
WA, which is an ancient product of complex rearrangements in the
mitochondrial genomes of the wild rice species [3,7].

Compared with known CMS proteins, WA352, consisting of 352
amino acids, has been shown to exhibit a distinct domain structure
[3]. The N terminus of WA352 is anchored to the inner mitochon-
drial membrane by three transmembrane segments, and the solu-
ble C-terminal region, which shows no similarity to the domains of
any known functional mitochondrial proteins, is the functional
domain causing CMS [3]. WA352 accumulates specifically in the
anther tapetal cells of microspore mother cell stage, and interacts
with COX11 of rice (OsCOX11) and disturb its function [3]. The
deleterious interaction between WA352 and OsCOX11 triggers a
reactive oxygen species (ROS) signal network in tapetum, resulting
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in cytochrome c release and premature programmed cell death,
leading to defective pollen development and CMS [3,8]. Transgenic
analysis with truncated WA352 structures encoding the C terminal
of WA352 that interact with COX11 has clearly indicated that the
soluble C-terminus of WA352 is essential and sufficient for
inducing CMS [3]. However, due to the absence of sequence simi-
larity betweenWA352 and known protein domains, it is difficult to
generate an accurate model of the structure of WA352. Hence, no
structure is currently available for WA352.

COX11, which is essential for cytochrome c oxidase assembly, is a
highly conserved protein in all eukaryotes [9]. The N terminus of
COX11 forms a single transmembrane helix anchored in the inner
mitochondrial membrane, while the soluble C-terminal domain is
located in the mitochondrial intermembrane space. COX11 is a
copper-binding protein and primarily functions in receiving copper
ions from COX17 and delivering copper ions to the CuB site of COX1,
which is the catalytic core subunit of cytochrome c oxidase [10].
COX11 functions as a dimer with a stoichiometry of one copper ion
per monomer [9,11,12]. Modeling and X-ray absorption spectros-
copy analyses have shown that the COX11 dimer is composed of
two antiparallel monomers, with two copper ions bound by the
adjacent CFCF motifs at the dimer interface [11]. The COX11 dimer
has been well characterized in the copper ion transport process.
However, the structural mechanism by which WA352 perturbs
COX11 function to cause CMS requires further investigation.

In the present study, through the combination of limited pro-
teolysis and yeast two-hybrid assays, we identified the structural
and functional domains of WA352. Furthermore, we determined
the crystal structure of the C-terminal functional domain of WA352
at 1.3Å resolution (Table 1). Structural analysis revealed that
WA352 C-terminus exhibits a novel fold. Importantly, surface
conservation analysis and structural modeling of the WA352-
OsCOX11 complex revealed details about the WA352-OsCOX11
interaction. The superposition of our model with the COX11 dimer
suggests that WA352 blocks the copper ion transportation activity
of COX11 and causes CMS. Our study provides a new insight into the
structural mechanism of CMS-causal factor in plant male sterility.
Table 1
Data collection and refinement statistics for the WA352 structure.

Se-SAD Native (5ZT3)

Data collection
Space group P212121 P212121
Cell dimensions
a, b, c (Å) 33.56, 34.96, 95.71 33.85, 35.44, 95.52
a, b, g(�) 90,90,90 90,90,90
Resolution (Å) 45e1.97

(2.04e1.97)
45e1.30
(1.33e1.30)

Rmerge 8.3(12.8) 8.2(83.8)
I/s(I) 24.5(21.3) 12.1(2.4)
Completeness (%) 99.8(99.7) 98.4(94.2)
Redundancy 9.3(9.5) 6.8(6.7)
Refinement
No. reflections 28,374
Rwork/Rfree 18.77/19.32
No. atoms
Protein 922
Ligand/ion 0
Water 132
B-factors
Protein 20.4
Ligand/ion 37.9
Water 43.1
R.m.s deviations
Bond lengths (Å) 0.005
Bond angles (�) 0.735
2. Materials and methods

2.1. WA352 protein expression and purification

The full-length ofWA352 (GenBank Acc. JX131325.1) was used as
a template. Expression constructs were subsequently cloned into a
modified pET15b vector (Novagen), in which was attached with a
6�His tag following a drICE protease cleavage site at the N-ter-
minus. The fusion proteins were expressed in the Escherichia coli
cell strain BL21 (DE3). The cells were cultured in lysogeny broth
medium at 37 �C until OD600 approached 1.0. The temperature was
then shifted to 16 �C, and the cells were induced by 0.2mM iso-
propyl b-D-1-thiogalactopyranoside for 16 h. Next, the cells were
harvested by centrifugation, resuspended in lysis buffer containing
25mM Tris-HCl, pH 8.0, and 150mM NaCl, and lysed by in a JN-02
homogenizer. The insoluble pellets were removed by centrifugation
at 23,000 g for 1 h. The supernatantwas subsequently loaded onto a
Ni-NTA column pre-equilibrated in lysis buffer (Ni-NTA, Qiagen).
Then the column was washed with lysis buffer supplemented with
15mM imidazole. The fusion protein was eluted with buffer con-
taining 25mM Tris-HCl, pH 8.0, and 250mM imidazole [13]. The
recombinant protein was further fractionated using anion-
exchange chromatography (Source 15Q, GE Healthcare). The rele-
vant fractions were concentrated to approximately 20mgml�1

(Amicon, 10 kDa cutoff, Millipore), and the His tag was removed by
drICE cleavage during concentration. Thereafter, the protein sample
was subjected to size-exclusion chromatography (Superdex-200
10/300, GE Healthcare). The lysis buffer plus 5 mM dithiothreitol
(DTT) was used for size-exclusion chromatography. For selenome-
thionine (SeMet) derivative protein, the cells were grown in me-
dium from the Seleno Met™Medium Base* (MD 12e501 Kit). After
induction, the medium was supplemented with 50 mg l�1 seleno-
methionine. The SeMet-labeled protein was purified by the same
method as described above.
2.2. Crystallization

Crystallization was performed using the hanging drop vapor
diffusion method at 18 �C. Crystals of WA352 (218e345) were
grown from the drops consisting of 1.4 ml of protein solution with
an equal volume of the reservoir solution containing 100mM Tris
base/Hydrochloric acid pH 7.0, 200mM Calcium acetate, and 20%
(w/v) PEG 3000. All reagents were purchased from Sigma-Aldrich
inc. After optimized, the crystals were collected after several days.
The SeMet-labeled WA352 crystals were grown under the same
conditions as the native WA352 crystals. The crystals were flash
frozen in cryoprotectant made of the reservoir solution supple-
mented with 15% glycerol.
2.3. Data collection and structural determination

Native and anomalous diffraction data were collected at the
Shanghai Synchrotron Radiation Facility (SSRF) on a beamline
BL17U. All datasets were collected at 100 K and processed using the
HKL2000 program suite and XDS packages [14]. Further processing
was performed using programs from the CCP4 suite [15]. The
WA352 structure was solved by a single-wavelength anomalous
dispersion (SAD) method using Phenix [16]. The structure model of
WA352 was manually built using Coot [17] and refined using Phe-
nix. The structure refinement statistics and the quality of the final
structure model are summarized in Table 1. All figures representing
the structures were generated by PyMOL (PyMOL Molecular
Graphics System, Schr€odinger, Inc.).
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2.4. Limited proteolysis

The soluble region of WA352 (138e352) was subjected to
limited proteolysis with increasing concentrations of V8 protease
(Sigma). The enzyme was dissolved in lysis buffer (25mM Tris/HCl,
pH 8.0, and 150mM NaCl) to prepare a 1mgml�1 stock solution
and then flash frozen at �80 �C. A steep gradient of enzymes was
added to the WA352 protein. The reaction was then incubated at
room temperature (25 �C) for 30min, followed by the addition of
5 ml 20mM PMSF to stop the reaction. Samples were boiled at 95 �C
for 5min and further analyzed through SDS/PAGE (15% gel) by
staining with Coomassie Blue R250. Finally, WA352 (179e352) was
digested by subtilisin as described above.
3. Results and discussion

3.1. Identification of a structural and functional core domain of
WA352

We previously have identified themale sterile proteinWA352 in
CMS-WA, which contains three transmembrane domains and a C-
terminal functional domain. The C-terminal sequence of WA352
interacts with OsCOX11 and causes cytoplasmic male sterility [3].
According to TMHMM prediction [18], WA352 has three trans-
membrane regions (TM1, residues 54e76; TM2, residues 91e111;
TM3, residues 126e149) (Fig. 1A). To investigate whether WA352
contains a protease-resistant core, the WA352 soluble region (res-
idues 138e352) was expressed and purified as described in the
Methods section. The purified WA352 was then subjected to
Fig. 1. Identification of a structural and functional core domain of WA352.
(A) Domain architecture and numbering of rice WA352 sequence. Three transmembrane d
proteolysis of WA352 soluble region (residues 138e352) with V8 protease. M is abbreviation
Size-exclusion chromatography profile of the crystallization construct of WA352, with corres
between WA352 crystallization construct (218e345) and the full-length of OsCOX11. WA352
DNA binding domain (BD). Yeast cells were spotted onto non-selective (þAde/His) or selecti
the reader is referred to the Web version of this article.)
limited proteolysis using V8 protease (Fig. 1B). V8 digestion pro-
duced a clear fragment with an apparent molecular mass of
approximately 14 kDa. The digestion of another WA352 construct
(residues 179e352) with increasing amounts of subtilisin also
resulted in the appearance of a major 14 kDa band (Supplementary
Fig. S1). Therefore, WA352 contains a structural core domain of
approximately 14 kDa that is resistant to proteolytic digestion.

Our limited proteolysis analyses give a guideline for WA352
construct design and crystallization. Because of WA352 (138e352)
and WA352 (179e352) have the similarly 14 kDa band, it is
reasonable to assume that N-terminal of WA352 is flexible. After
numerous optimization trials, a truncation of WA352 (residues
218e345) was found to show good behavior on gel filtration.
Notably, the molecular mass of WA352 is also nearly 14 kDa
(Fig. 1C). However, it raised the question that whether WA352
(218e345) is functional. We prepared prey expression constructs
for WA352 (218e345) and a bait expression construct of full-length
OsCOX11. Yeast two-hybrid assays demonstrated that WA352
(218e345) could interact with OsCOX11 (Fig. 1D). In fact, the C-
terminal domain of WA352 (residues 218e300), which was
included in WA352 (218e345), has been reported to interact with
COX11 and leads to CMS in vivo [3]. Therefore, we concluded that
WA352 (218e345) is the structural and functional domain of
WA352.
3.2. Overall structure of the WA352 functional domain

The WA352 functional domain (218e345) crystallized in the
space group P212121, with unit cell dimensions of a¼ 33.85Å,
omains (TM) are shown. The crystallization construct is colored in cyan. (B) Limited
of marker. A strong fragment of 14 kDa in size is highlighted by a dark pentagram. (C)
ponding SDS-PAGE on the right panel. (D) Yeast two-hybrid analyses of the interaction
(218e345) is fused to the GAL4 activation domain (AD). OsCOX11 is fused to the GAL4
ve (-Ade/His) plates. (For interpretation of the references to color in this figure legend,
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b¼ 35.44Å, c¼ 95.52Å (Table 1). The structure was determined at
1.3Å resolution using a selenomethionine-based SAD method,
yielding amodel with a lowR value. The current R-factor is 0.187 for
the model. The refinement statistics are listed in Table 1. Five
anomalous signals for selenomethionine were found in each unit
cell (Supplementary Fig. S2A). The electron density of WA352 is
very well defined. Among the residues in the model, 98% lie in the
most favorable region, and the remainders are in the additionally
allowed region of the Ramachandran plot. The excellent quality of
the final electron density maps clearly shows the hole in the indole
ring of tryptophan (Fig. 2A). However, neither the first thirteen
residues (218e230) nor the last residue in the C terminus could be
modeled.

The functional domain ofWA352 is spindle shapedwith a length
of 42Å and a diameter of 28Å. The overall structure is composed of
five a-helices (Fig. 2B), where a2 is the longest alpha helix, con-
sisting of approximately 30 residues (260e287). The shortest helix,
a3, is adjacent to the center of a2. Two helices, a4 and a5, are
located on one side, whereas a1 is located on the other side. A to-
pology diagram is shown to visualize the arrangement and con-
nectivity of the secondary structural elements of WA352 (Fig. 2C).
Analysis of the surface electrostatic potential of the WA352 struc-
ture revealed two positively charged patches consisting of two
arginine residues (Arg305 from the loop connecting a3 and a4,
Arg335 from a5) and another composed of three arginine residues
(Arg249, Arg250, Arg341) (Supplementary Fig. S2B). In addition, a
negatively charged segment is located on the opposite surface.

3.3. Comparison with other protein structures

WA352 showed no obvious similarity to any known functional
domain according to sequence analysis. However, it was not clear
whether WA352 presents structural homology to any known
Fig. 2. Structural overview of the functional domain of WA352.
(A) Stereo views of an electron density map of WA352. Final 2Fo-Fcmap contoured at 1.5 s. (
functional domain is shown in cyan. (C) Topology diagram of the WA352 functional doma
interpretation of the references to color in this figure legend, the reader is referred to the
structure. Therefore, the crystal structure of the WA352 was sub-
mitted to the Dali server for protein structure comparison [19]. No
significant similarities were discovered between WA352 and the
structures in the Protein Data Bank (PDB). The overall Z-score was
less than 5.0 (Table 2). Additionally, the WA352 structure was
compared with the top three structures provided by the Dali pro-
gram: the designed helical protein (PDB: 5CWC), aminoacyl-tRNA
synthetase (PDB: 2BTE), and the VgrG proteins (PDB: 4NOO).
None of these proteins showed sequence similarity or structure
similarity to WA352 (Fig. 3). Although the a2 helix of WA352 was
mimic similar to the designed helical protein, both their topology
and architecture are distinct. Consistent with this notion, the
WA352 structure also differed from the aminoacyl-tRNA and VgrG
proteins in its structural position. Only a tiny fraction of the
structure could be superimposed in the same orientation. The
absence of any structural similarity to a known protein suggests
that the WA352 functional domain is a novel fold. In fact, WA352
originated from mitochondrial genomes of wild rice species via
multi-recombination and purifying selection during evolution [7],
offering a possible explanation for its low structural homology to
other proteins.

3.4. Sequence conservation analysis and structural modeling of the
WA352-COX11 complex

WA352 causes CMS by interacting with OsCOX11. Sequence
alignment revealed that theWA352 functional domain is conserved
(Supplementary Fig. S3), consistent with the previous finding that
the nucleotide sequence (cs1) encoding this functional domain is
highly conserved among the mitochondrial genomes of monocot
and dicot plant species [7]. For a better view, we performed a
Consurf analysis of sequence conservation on the surface [20].
Interestingly, two conserved regions were located on the surface,
B) Cartoon representation of the overall structure of the WA352 functional domain. The
in. Helices are represented by cylinders and the color is consistent with Fig. 2B. (For
Web version of this article.)



Table 2
Dali search results for WA352.

Chain Z-score RMSD lali Residue number Identity (%) Description

5CWC 4.9 3.5 81 196 11 Designed helical repeat protein
2BTE 4.6 3.9 92 878 7 Aminoacyl-tRNA synthetase
5CWG 4.5 3.5 82 196 4.5 Designed helical repeat protein
4NOO 4.2 4.0 66 95 9 VgrG protein
2KZU 4.2 4.3 70 94 10 Death-associated protein 6
4NSO 4.1 3.8 65 94 9 Effector protein
4IVE 3.9 2.8 61 76 16 Polyadenylate-binding protein 3
2Y13 3.8 4.9 67 117 9 50S ribosomal protein L27
5XTD 3.8 5.2 71 113 8 NADH Dehydrogenase flavoprotein 1
3O7I 3.8 2.9 60 150 13 OHCU decarboxylase

Fig. 3. Comparison of WA352 with Dali search result.
(A) Superimposition of WA352 and the designed helical protein (PDB: 5CWC), which is closely related to results reported by Dali. The designed helical protein is colored in magenta.
(B) Structural comparison of WA352 and aminoacyl-tRNA synthetase (PDB: 2BTE) in two orthogonal views. aminoacyl-tRNA synthetase is colored in green. (C) Structural super-
position of WA352 and VgrG protein (PDB: 4NOO), in yellow cylindrical representations. WA352 is colored in cyan and presented in the same orientation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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from a1, a2 and a3 helices, suggesting a potential role in COX11-
interaction (Fig. 4A). To test this hypothesis, we modeled the
WA352-OsCOX11 complex structure. The structure of OsCOX11 was
predicted using I-TASSER server [21]. Subsequently, the predicted
model with the best C-score and TM-score was used for the further
docking. The complex structure of OsCOX11 and WA352 was
calculated using the HADDOCK [22] with the interaction residues
(residues 184e220 of OsCOX11 and residues 218e292, 294e352 of
WA352) identified in yeast two-hybrid experiment [3]. Finally, the
two best-scoring complexes with the lowest energy were chosen
for further analysis (Fig. 4B). As expected, the conserved region
from WA352 was primarily involved in intermolecular contact
(Fig. 4B). A number of potential interface residues were further
revealed by PISA analysis (Supplementary Table S1).

One challenging question is concerned with the mechanism of
WA352-OsCOX11 interaction triggering of ROS accumulation. It is
unclear whether the ROS accumulation comes from an impaired
cytochrome c oxidase function or due to the suppression of COX11
for peroxide degradation [23]. Previous investigations have
shown that COX11 forms a homodimer in Sinorhizobium meliloti,
yeast, and humans [9e11,24]. We compared the structure of our
WA352-OsCOX11 model with the published COX11 dimer [11].
Interestingly, after superimposition of COX11, WA352 in model 1
occupied the dimer interface of COX11 (Fig. 4C). Some of the
important amino acids at the COX11 dimeric interface (residues
E198 and E206) also participate in the interaction betweenWA352
and OsCOX11 (Supplementary Table S1). The monomer form of
COX11 has been shown to bind minimum copper [9,12]. Therefore,
model 1 implies that WA352 occupies the COX11 dimer interface
and destroys the copper binding ability of COX11. However, in



Fig. 4. Surface conservation analysis and structural modeling of the WA352-COX11 complex.
(A) Consurf analysis of conservation scores are represented on the surface of WA352. (B) Structural modeling of WA352-OsCOX11 complex. OsCOX11 was modeled using the
template of structure of Sinorhizobium meliloti COX11 (PDB: 1SP0) and two models are shown in left panel and right panel. Surface representations of OsCOX11 are shown in yellow
color. The WA352 helices are shown as cartoons. (C) Structural comparison of WA352-OsCOX11 complex model 1 with COX11 dimer, cluster 2 of van Dijk et al. [11], after su-
perposition of COX11. Two copper were shown as dots. Proposed working model shows that WA352 occupies COX11 dimer interface, thus destroying copper-binding ability of
COX11 (right panel). (D) Structural comparison of WA352-OsCOX11 complex model 2 with COX11 dimer, cluster 2 of van Dijk et al., after superposition of COX11. Proposed working
model for WA352 blocks the transport of copper ions (right panel). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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model 2, WA352 is located on the membrane-facing side of the
COX11 (Fig. 4D) and interacts with the completely conserved
lysine residue Lys191 (Lys123 in Rhodobacter sphaeroides). Muta-
genic analysis of COX11 demonstrated that this lysine is not
involved in copper binding but is absolutely required for copper
delivery to assembly of CuB [12]. It is reasonable to speculate that
WA352 blocks the transport of copper ions in model 2. Previous
biochemical data revealed that COX11 transfers a single copper
ion to COX1, which is one of the core catalytic subunits of cyto-
chrome c oxidase, and inaccurate assembly of cytochrome c oxi-
dase leads to ROS production [10,25]. Based on the above two
models, we posit the rational hypothesis that WA352 either
abolishes the copper-binding ability of COX11 or blocks the
transport of copper ions from COX11 to COX1 (Supplementary
Fig. S4), resulting in misassembled cytochrome c oxidase and
leading to ROS accumulation and CMS. Taken together, our model
provides direct insight into the mechanism of how the WA352-
COX11 interaction causes CMS.

In summary, we solved the crystal structure of the functional
domain of WA352 at 1.3Å resolution. To our knowledge, this is the
first reported crystal structure related tomale sterility in plant CMS.
The WA352 structure exhibits unique features, with no homology
to any protein structures in PDB, which suggests that it presents a
novel fold. Further structural modeling and comparison suggested
that WA352 impairs cytochrome c oxidase assembly to cause CMS.
Our study paves the way for the determination of the complex
WA352-COX11 structure and provides new insight into the mech-
anism of plant CMS.
Accession code

The atomic coordinates and structure factors of WA352 (resi-
dues 218e345) have been deposited in PDB under accession
number 5ZT3.

Conflicts of interest

None.

Acknowledgments

We thank B. Sun at the SSRF beamline BL17U for on-site assis-
tance; Dr. Z. Liu from Huazhong agricultural university, and Y. X.
Wang from Texas A&M University for critical reading of the
manuscript. This work was supported by the open funds of the
National Key Laboratory of Crop Genetic Improvement (Program
No. ZK201408), the Fundamental Research Funds for the Central
Universities (Program No. 2662017PY031 for Ping Yin and
2013SC04 for Xiang Wang), China Postdoctoral Science Foundation
(No. 2015M572163) and Huazhong Agricultural University Scien-
tific & Technological Self-Innovation Foundation (Program No.
2013RC013). Correspondence should be addressed to P. Yin
(yinping@mail.hzau.edu.cn).

Appendix A. Supplementary data

Supplementary data related to this article can be found at

mailto:yinping@mail.hzau.edu.cn


X. Wang et al. / Biochemical and Biophysical Research Communications 501 (2018) 898e904904
https://doi.org/10.1016/j.bbrc.2018.05.079.

References

[1] L. Chen, Y.G. Liu, Male sterility and fertility restoration in crops, Annu. Rev.
Plant Biol. 65 (2014) 579e606.

[2] G.H. Ma, L.P. Yuan, Hybrid rice achievements, development and prospect in
China, J Integr Agr 14 (2015) 197e205.

[3] D. Luo, H. Xu, Z. Liu, J. Guo, H. Li, L. Chen, C. Fang, Q. Zhang, M. Bai, N. Yao,
H. Wu, H. Wu, C. Ji, H. Zheng, Y. Chen, S. Ye, X. Li, X. Zhao, R. Li, Y.G. Liu,
A detrimental mitochondrial-nuclear interaction causes cytoplasmic male
sterility in rice, Nat. Genet. 45 (2013) 573e577.

[4] Z. Wang, Y. Zou, X. Li, Q. Zhang, L. Chen, H. Wu, D. Su, Y. Chen, J. Guo, D. Luo,
Y. Long, Y. Zhong, Y.G. Liu, Cytoplasmic male sterility of rice with boro II
cytoplasm is caused by a cytotoxic peptide and is restored by two related PPR
motif genes via distinct modes of mRNA silencing, Plant Cell 18 (2006)
676e687.

[5] J. Hu, K. Wang, W. Huang, G. Liu, Y. Gao, J. Wang, Q. Huang, Y. Ji, X. Qin, L. Wan,
R. Zhu, S. Li, D. Yang, Y. Zhu, The rice pentatricopeptide repeat protein RF5
restores fertility in Hong-Lian cytoplasmic male-sterile lines via a complex
with the glycine-rich protein GRP162, Plant Cell 24 (2012) 109e122.

[6] H. Tang, Y. Xie, Y.G. Liu, L. Chen, Advances in understanding the molecular
mechanisms of cytoplasmic male sterility and restoration in rice, Plant
Reproduction 30 (2017) 179e184.

[7] H. Tang, X. Zheng, C. Li, X. Xie, Y. Chen, L. Chen, X. Zhao, H. Zheng, J. Zhou,
S. Ye, J. Guo, Y.G. Liu, Multi-step formation, evolution, and functionalization of
new cytoplasmic male sterility genes in the plant mitochondrial genomes, Cell
Res. 27 (2017) 130e146.

[8] H. Ma, A battle between genomes in plant male fertility, Nat. Genet. 45 (2013)
472e473.

[9] L. Banci, I. Bertini, F. Cantini, S. Ciofi-Baffoni, L. Gonnelli, S. Mangani, Solution
structure of Cox11, a novel type of beta-immunoglobulin-like fold involved in
CuB site formation of cytochrome c oxidase, J. Biol. Chem. 279 (2004)
34833e34839.

[10] A. Timon-Gomez, E. Nyvltova, L.A. Abriata, A.J. Vila, J. Hosler, A. Barrientos,
Mitochondrial cytochrome c oxidase biogenesis: recent developments, Semin.
Cell Dev. Biol. 76 (2018) 163e178.

[11] A.D. van Dijk, S. Ciofi-Baffoni, L. Banci, I. Bertini, R. Boelens, A.M. Bonvin,
Modeling protein-protein complexes involved in the cytochrome C oxidase
copper-delivery pathway, J. Proteome Res. 6 (2007) 1530e1539.
[12] A.K. Thompson, D. Smith, J. Gray, H.S. Carr, A. Liu, D.R. Winge, J.P. Hosler,

Mutagenic analysis of Cox11 of Rhodobacter sphaeroides: insights into the
assembly of Cu(B) of cytochrome c oxidase, Biochemistry 49 (2010)
5651e5661.

[13] J. Huang, Z. Guan, L. Wan, T. Zou, M. Sun, Crystal structure of Cry6Aa: a novel
nematicidal ClyA-type alpha-pore-forming toxin from Bacillus thuringiensis,
Biochem. Biophys. Res. Commun. 478 (2016) 307e313.

[14] Z. Otwinowski, W. Minor, Processing of X-ray diffraction data collected in
oscillation mode, Methods Enzymol. 276 (1997) 307e326.

[15] N. Collaborative Computational Project, The CCP4 suite: programs for protein
crystallography, Acta Crystallogr. D Biol. Crystallogr. 50 (1994) 760e763.

[16] P.D. Adams, R.W. Grosse-Kunstleve, L.W. Hung, T.R. Ioerger, A.J. McCoy,
N.W. Moriarty, R.J. Read, J.C. Sacchettini, N.K. Sauter, T.C. Terwilliger, PHENIX:
building new software for automated crystallographic structure determina-
tion, Acta Crystallogr. D Biol. Crystallogr. 58 (2002) 1948e1954.

[17] P. Emsley, K. Cowtan, Coot: model-building tools for molecular graphics, Acta
Crystallogr. D Biol. Crystallogr. 60 (2004) 2126e2132.

[18] A. Krogh, B. Larsson, G. von Heijne, E.L. Sonnhammer, Predicting trans-
membrane protein topology with a hidden Markov model: application to
complete genomes, J. Mol. Biol. 305 (2001) 567e580.

[19] L. Holm, P. Rosenstrom, Dali server: conservation mapping in 3D, Nucleic
Acids Res. 38 (2010) W545eW549.

[20] H. Ashkenazy, E. Erez, E. Martz, T. Pupko, N. Ben-Tal, ConSurf 2010: calculating
evolutionary conservation in sequence and structure of proteins and nucleic
acids, Nucleic Acids Res. 38 (2010) W529eW533.

[21] Y. Zhang, I-TASSER server for protein 3D structure prediction, BMC Bioinf. 9
(2008) 40.

[22] C. Dominguez, R. Boelens, A.M. Bonvin, HADDOCK: a protein-protein docking
approach based on biochemical or biophysical information, J. Am. Chem. Soc.
125 (2003) 1731e1737.

[23] P. Touzet, E.H. Meyer, Cytoplasmic male sterility and mitochondrial meta-
bolism in plants, Mitochondrion 19 Pt B (2014) 166e171.

[24] G.S. Banting, D.M. Glerum, Mutational analysis of the Saccharomyces cer-
evisiae cytochrome c oxidase assembly protein Cox11p, Eukaryot. Cell 5
(2006) 568e578.

[25] M. Bode, S. Longen, B. Morgan, V. Peleh, T.P. Dick, K. Bihlmaier, J.M. Herrmann,
Inaccurately assembled cytochrome c oxidase can lead to oxidative stress-
induced growth arrest, Antioxidants Redox Signal. 18 (2013) 1597e1612.

https://doi.org/10.1016/j.bbrc.2018.05.079
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref1
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref1
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref1
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref2
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref2
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref2
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref3
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref3
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref3
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref3
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref3
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref4
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref5
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref5
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref5
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref5
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref5
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref6
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref6
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref6
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref6
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref7
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref7
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref7
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref7
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref7
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref8
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref8
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref8
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref9
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref9
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref9
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref9
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref9
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref10
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref10
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref10
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref10
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref11
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref11
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref11
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref11
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref12
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref12
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref12
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref12
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref12
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref13
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref13
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref13
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref13
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref14
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref14
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref14
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref15
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref15
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref15
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref16
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref16
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref16
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref16
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref16
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref17
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref17
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref17
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref18
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref18
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref18
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref18
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref19
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref19
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref19
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref20
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref20
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref20
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref20
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref21
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref21
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref22
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref22
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref22
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref22
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref23
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref23
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref23
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref24
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref24
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref24
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref24
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref25
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref25
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref25
http://refhub.elsevier.com/S0006-291X(18)31136-7/sref25

	Crystal structure of WA352 provides insight into cytoplasmic male sterility in rice
	1. Introduction
	2. Materials and methods
	2.1. WA352 protein expression and purification
	2.2. Crystallization
	2.3. Data collection and structural determination
	2.4. Limited proteolysis

	3. Results and discussion
	3.1. Identification of a structural and functional core domain of WA352
	3.2. Overall structure of the WA352 functional domain
	3.3. Comparison with other protein structures
	3.4. Sequence conservation analysis and structural modeling of the WA352-COX11 complex

	Accession code
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


