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 27 

ABSTRACT  28 

Protein structure serves as a critical bridge between sequence and functional annotation, 29 
particularly in establishing functional links among distantly homologous proteins with low 30 
sequence similarities. However, systematic protein structure-based functional annotations have 31 
been lacking in plants, where functions for a significant portion of the proteomes are still elusive. 32 
In this study, we leveraged protein structural data from 17 angiosperms to uncover previously 33 
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unannotated protein functions in plants. After structural clustering, we used the plant clusters to 1 
query the UniProtKB/Swiss-Prot database (the expertly curated component of UniProtKB), a 2 
repository of expertly curated and reliably annotated proteins, and identified structural matches for 3 
thousands of plant clusters that were undetectable by sequence-based BLAST searches. We further 4 
selected 120 clusters, which are highly reliable in structural quality and alignment and are well-5 
conserved across plant species, and uncovered various protein functions that are potentially widely 6 
important in plants. Finally, we experimentally analyzed one plant cluster structurally resembling 7 
the yeast peroxisomal peroxin 8 (PEX8) protein and verified that plant PEX8-like proteins can 8 
functionally complement yeast pex8 mutants. Our findings highlight the power of structural 9 
comparison in uncovering protein functions in plants. 10 

 11 

Keywords: AlphaFold, Angiosperm, Plant genome and proteome, Protein structure, Gene function 12 
annotation, Foldseek, PEX8 13 

 14 
INTRODUCTION 15 

Elucidating the function of plant proteins is paramount to biological and agricultural research 16 

and has provided the knowledge base for crop improvement (Bailey-Serres et al. 2019). In the past 17 

decades, despite the vast successes in protein function annotation achieved through sequencing 18 

and molecular genetics, many plant proteins still lack functional annotations. By 2024, ~26% of 19 

the proteins in the model species Arabidopsis (Arabidopsis thaliana) remain functionally 20 

unresolved in The Arabidopsis Information Resource (TAIR) database (Reiser et al. 2024). 21 

Sequence similarity has been a valuable tool for predicting plant protein functions, particularly 22 

through transferring annotations from well-studied non-plant systems like mammals, yeasts, and 23 

bacteria. However, this approach often fails when plant proteins lack identifiable sequence 24 

homologs in other organisms, highlighting the need for alternative methods to uncover plant 25 

protein functions.  26 

Protein structure is closely linked to function and often far more conserved than sequence, 27 

thus making structural data valuable for improving homology inference (Illergård et al. 2009; 28 

Vanni et al. 2022). The advent of AlphaFold has achieved unprecedented accuracy and simplicity 29 

for protein structure prediction (Senior et al. 2020; Jumper et al. 2021; Abramson et al. 2024). The 30 

AlphaFold Protein Structure Database (AFDB) provides extensive structural data (Varadi et al. 31 

2024), while tools like FoldSeek enable efficient identification of remote homologs with divergent 32 

sequences (Van Kempen et al. 2024). Together these tools help researchers discover protein 33 

families and functions (Barrio-Hernandez et al. 2023; Durairaj et al. 2023). This structure-based 34 
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approach has been successfully employed in annotating unknow protein functions in specific 1 

domains of life, including viruses, Asgard archaea, pathogen effectors, and several other species 2 

(Derbyshire and Raffaele 2023; Ruperti et al. 2023; Seong and Krasileva 2023; Köstlbacher et al. 3 

2024; Nomburg et al. 2024), yet its vast potential has not been exploited in plants. Until recently, 4 

Yu et al. explicitly proposed and emphasized the great potential of protein structure clustering in 5 

functional annotation of plant proteins, discovery of new functions, and even protein design (Yu 6 

et al. 2025). 7 

To discover protein functions in plants, we conducted protein structure-based annotation in 17 8 

representative angiosperm species. Angiosperms, commonly known as flowering plants, constitute 9 

the largest clade of the plant kingdom and ~90% of terrestrial plants (Christenhusz and Byng 2016), 10 

display remarkable morphological and functional diversities and establish themselves as essential 11 

components of global ecosystems (Benton et al. 2022). These angiosperm proteins were first 12 

clustered based on their structural similarities. Then the clusters were used for sequence and 13 

structural alignments against the UniProtKB/Swiss-Prot database, from which we discovered 14 

many clusters with significant structural homologies to well-annotated proteins despite lacking 15 

detectable sequence similarities. By focusing on conserved protein clusters present in more than 16 

10 plant species, we identified 120 clusters with previously uncharacterized functions. Finally, we 17 

provided experimental validation for plant PEX8-like proteins, confirming their functional 18 

conservation with the yeast PEX8 counterparts. This study provides a valuable resource and 19 

toolbox for uncovering protein functions in plants.  20 

 21 

RESULTS  22 

Protein structural clustering 23 

To perform structure-based protein function inference and annotation in plants, we selected 24 

17 representative angiosperm species, including 2 basal species, 6 monocots, and 9 eudicots that 25 

consist of 5 rosids and 4 asterids as proxies for the two major eudicot branches (Figure 1A, 26 

Supplementary Data Set 1). The selected species all have high completion in genome sequencing, 27 

with BUSCO >86.5% (Figure 1A) and nearly fully structure-predicted proteomes in AFDB (Varadi 28 

et al. 2024), i.e., 83.7% for sesame and >97.5% for all the others. We obtained a dataset comprising 29 
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564,657 protein structures (Figure 1B), ~90% of which exhibit a predicted local distance difference 1 

test (pLDDT) score >0.5 (Figure 1C).  2 

We then conducted structure-based clustering of all the 564,657 angiosperm proteins using 3 

the FoldSeek algorithm (Van Kempen et al. 2024), which had been used in several recent studies 4 

of protein structure clustering (Barrio-Hernandez et al. 2023; Köstlbacher et al. 2024; Nomburg et 5 

al. 2024). There are 177,510 clusters of angiosperm protein structures, among which 14.55% 6 

(25,825) are non-singleton (with more than one protein) (Figures 1B; Supplementary Data Set 2), 7 

a percentage that is similar to that in a previous study of AFDB protein structures using Foldseek 8 

(Barrio-Hernandez et al. 2023). To evaluate the quality of the non-singleton clusters, we used 9 

FoldSeek to select a representative structure from each cluster and align it to every other member 10 

of the cluster to calculate the LDDT and template modelling (TM) scores for each alignment. The 11 

median LDDT and TM scores are 0.84 and 0.74, respectively (Figure 1D). Further, all cluster 12 

members were predicted for Pfam domains followed by calculation of Pfam consistency for each 13 

cluster, which revealed that 67.6% of the non-singleton clusters exhibit 100% Pfam consistency 14 

(Figure 1D). Compared to the previous study using Foldseek cluster (Barrio-Hernandez et al. 2023), 15 

our LDDT, TM and Pfam consistency scores are slightly higher, supporting high structural 16 

homogeneity in the angiosperm non-singleton clusters in this study.  17 

 18 

Structure-guided functional annotation 19 

To identify structural homologs of the plant protein clusters from annotated proteins, we first 20 

selected a representative protein from each non-singleton cluster, using the Arabidopsis homologs 21 

when available or the protein with the highest pLDDT score. Then we employed FoldSeek to 22 

perform structural alignment between these representative proteins and the UniProtKB/Swiss-Prot 23 

database, which contains manually curated and reviewed UniProtKB entries with high-quality 24 

annotations (Bairoch 2000). Alignments for 15,566 of the plant protein clusters were found, and 25 

the best-hit match was kept as the final structural alignment for each cluster (Figure 2A). 26 

To exclude functional annotations that could already be resolved through routine BLAST, we 27 

conducted parallel BLAST searches against Swiss-Prot and found 14,151 successful alignments 28 

(Figure 2A). Unlike our approach for structure matches, where only the best hits were retained, we 29 
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retained all detectable sequence matches identified by BLAST. Comparison of structural and 1 

sequence alignments identified 3,109 plant protein clusters whose best-hit structural alignments 2 

cannot be captured by BLAST (Figure 2A), representing proteins with conserved structural 3 

architecture despite extensive sequence deviations from their structural matches.  4 

We further filtered the 3,109 clusters down to 1,292, which show high structural and 5 

alignment quality according to pLDDT (≥0.7) and TM (≥0.5) scores (Figure 2B; Supplementary 6 

Data Set 3). Next, we analyzed the number of plant species present in each cluster and focused on 7 

the 246 that contain more than 10 plant species (Figure 2C), which in theory carry functional 8 

importance broadly in plants.  9 

To focus on the plant protein functions that have not yet been recognized to date, we manually 10 

checked whether our structure-based findings coincided at least partially with existing annotations 11 

in the full UniProtKB database, TAIR (Reiser et al. 2024), or even the predictions by EGGNOG-12 

mapper (including PFAM domain information) (Cantalapiedra et al. 2021) and HHblits (a software 13 

for sensitive protein sequence searching based on the pairwise alignment of Hidden Markov 14 

Models or HMM) (Steinegger et al. 2019) (Figure 2D). Through this rigorous filtering process, we 15 

ultimately identified 120 conserved clusters, whose functions could not be inferred from sequence-16 

based annotations (i.e., UniProtKB, TAIR, EGGNOG-mapper, or HHblits predictions) and 17 

required structural similarities to provide reliable functional insights (Figure 2D, Supplementary 18 

Data Set 4).   19 

 20 

Discovery of protein functions in plants 21 

Among the 120 selected clusters, 55 displayed the closest structural homology to proteins 22 

from other non-plant eukaryotes (animals, fungi, and protists), 32 showed prokaryotic affinities 23 

(predominantly bacterial with few archaeal matches), and 33 had their strongest structural matches 24 

within plants (Figure 3A, Supplementary Data Set 4). Most of these 33 clusters contain 25 

Arabidopsis members, which maintain high structural conservation with another protein in the 26 

same species despite significant sequence divergence. For example, AT3G20680 in cluster_1902 27 

lacks identifiable BLAST matches in Arabidopsis but shares striking structural similarity with 28 

Arabidopsis LPA3 (low PSII accumulation 3, AT1G73060), a protein predicted to localize to 29 

chloroplasts and had been shown to be essential for photosystem II assembly (Järvi et al. 2015) 30 
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(Figure 3B). Similarly, AT3G60810 in cluster_24424 was predicted to localize to chloroplasts and 1 

structurally resembled AT4G24930, a protein annotated as the chloroplast thylakoid lumenal 17.9 2 

kDa protein (Figure S1A). Moreover, AT1G23110 and AT1G70900 in cluster_1567 mirrored the 3 

structural fold of the stress-responsive ACER protein (alkaline ceramidase, AT4G22330) (Wu et 4 

al. 2015; Huang et al. 2022) (Figures S1B). These plant genes might have originated from ancient 5 

duplication events within plant lineages and subsequently underwent extensive sequence 6 

diversification while preserving core structural features.  7 

We further predicted targeting signals for chloroplasts, mitochondria, and peroxisomes for the 8 

120 conserved clusters (see METHODS). Chloroplast targeting signals were identified for 24 9 

clusters, among which 7 were matched with plant proteins and 10 were matched with bacterial 10 

proteins in Swiss-Prot (Figure 3A). Considering the endosymbiotic origin of chloroplasts from 11 

cyanobacteria and the fact that cyanobacterial proteins are largely underrepresented in Swiss-Prot, 12 

we speculated that some of the 10 clusters matched with bacterial proteins would be structurally 13 

more like proteins from cyanobacteria than those from other bacteria, if they have an 14 

endosymbiotic origin. Thus, we specifically included the available AFDB structures of their 15 

cyanobacterial homologs in the structural alignment analysis. In addition to the 2 clusters aligned 16 

with cyanobacteria in the original analysis (Figures S2A-B), we identified 3 additional clusters 17 

with stronger structural similarities to cyanobacterial homologs than to other bacterial proteins 18 

(Figures 3C, S2C-D), suggesting their endosymbiotic origin. An example is cluster_18328, which 19 

structurally aligns with B. subtilis Lipase EstA, an alkaline-tolerant lipase (Nguyen et al. 2024) 20 

(Figure 3C).  21 

Although most of these 120 clusters contain Arabidopsis members, there are 24 exceptions, 22 

among which cluster_21741 shows structural similarity to yeast vacuolar protein 8 (VAC8) (Figure 23 

3D), an armadillo repeat protein mediating vacuole inheritance and cytoplasm-to-vacuole protein 24 

targeting (Wang et al. 1998). Interestingly, plant VAC8-like genes seem to have an unusual 25 

evolutionary history, as they are completely absent in green and streptophyte algae and appeared 26 

sporadically in bryophytes before undergoing significant expansion in seed plants, with four 27 

subgroups in gymnosperms and five in most angiosperms. Except cluster_21741, the other four 28 

angiosperm subgroup members are mostly excluded from AFDB due to their large size, i.e., above 29 

the 1,200 amino-acid upper limit of AFDB. Additionally, four angiosperm subgroups, including 30 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koag022/8469560 by Zhejiang U

niversity user on 14 February 2026



7 

cluster_21741, are specifically lost in the core Brassicales (Brassicaceae, Cleomaceae, and 1 

Capparaceae), contrasting with their broad conservation in other angiosperms (Figure S3).  2 

We also categorized the 120 clusters using the Gene Ontology (GO) molecular function terms  3 

of their best-hit structural matches in the Swiss-Prot database, which had been converted into their 4 

corresponding plant-specific GO terms (see METHODS). Enriched GO terms include protein 5 

binding, hydrolase activity, transferase activity, nucleotide binding, and others (Figure 4A; 6 

Supplementary Data Set 4).  7 

There are 41 clusters associated with GO terms of different enzymatic activities (Figure 4A; 8 

Supplementary Data Set 4). For example, cluster_15445 of “transferase activity” is matched with 9 

M. vanbaalenii PapA5 (phthiocerol/phthiodiolone dimycocerosyl transferase) (Figure 4B), which 10 

catalyzes the acylation of diol-containing polyketides for the biosynthesis of phenolic glycolipids 11 

(Chavadi et al. 2012).  12 

There are 8 clusters sharing the GO term “nucleotide binding”. An interesting example is 13 

cluster_12521, which is matched with S. pombe PCT1 (Pombe capping enzyme triphosphatase 1), 14 

an RNA 5′ triphosphatase (TPase) catalyzing the first step in mRNA capping (Pei et al. 2001) 15 

(Figure 4C). Yeast-type RNA triphosphatases are unrelated in mechanism and structure to 16 

mammalian-type RNA TPases, such as the human MCE1 (mRNA-capping enzyme 1), a 17 

bifunctional enzyme exhibiting RNA TPase activity in the N-terminus and mRNA 18 

guanylyltransferase (GTase) activity in the C-terminus (Ramanathan et al. 2016). The two known 19 

ARCP1 and ARCP2 (mRNA capping phosphatase 1 and 2) proteins in Arabidopsis are 20 

mammalian-type bifunctional MCEs (Ning et al. 2024), yet yeast-type TPases have never been 21 

identified in plants. Our findings indicate that angiosperms may have both types of TPases.  22 

Six clusters share the GO term “transporter activity”. Cluster_12986 was matched with D. 23 

acidovorans Omp32 (Outer membrane porin protein 32) (Figure 4D), a major outer membrane 24 

protein of the bacteria (Zachariae et al. 2006). Its best match in E. coli is OmpC, a general porin 25 

on the outer membrane of gram-negative bacteria that forms pores to allow passive diffusion of 26 

small molecules (Bölter and Soll 2001). The Arabidopsis protein in this cluster is AT1G11320, 27 

which has been shown to localize to the plastid envelope based on fluorescence microscopy and 28 

mass spectrometry (MS) evidence (Bouchnak et al. 2019; Trentmann et al. 2020), suggesting that 29 

this cluster may represent a porin on the chloroplast envelope. Interestingly, proteins in this cluster 30 
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do not align with any eukaryotic proteins and show higher structural and sequence similarities to 1 

the cyanobacterial than the E. coli counterpart (Figure 4D), suggesting that this protein might have 2 

been acquired with the chloroplast from its cyanobacterial ancestor.  3 

The largest GO category is “protein binding”, which contains 37 clusters. Cluster_10847,  4 

which was predicted to be peroxisomal (Supplementary Data Set 4), is matched with the yeast 5 

peroxin 8 (PEX8) protein (Figure 4E), a key peroxisome biogenesis factor whose orthologs had 6 

been elusive in plants. Plant PEX8-like proteins have high structural but low sequence similarities 7 

with PEX8 proteins from the yeasts S. cerevisiae, Pichia pastoris, Hansenula polymorpha, and 8 

Yarrowia lipolytica (Figure 4E) (Waterham et al. 1994; Liu et al. 1995; Rehling et al. 2000; Smith 9 

and Rachubinski 2001; Jansen et al. 2021). Our findings suggest that this essential peroxin also 10 

exists in plants but have evaded sequence-based searches. 11 

 12 

Functional validation of plant PEX8 13 

Since our main research interest is in plant organelle biology, we elucidated the function of 14 

the identified PEX8-like proteins to confirm the reliability of our structure-based methods in 15 

protein function annotation. To this end, we characterized their phylogenetics, subcellular 16 

localization, and Arabidopsis mutant phenotypes. While PEX8 can only be found in some species 17 

in green and streptophyte algae with limited sequence similarities, they are well conserved in 18 

protein sequence and the C-terminal peroxisome targeting signal type 1 (PTS1) peptide in 19 

embryophytes (land plants) (Figure 5A). Fusions of a fluorescent protein to the N-terminus of 20 

either the full length or the C-terminal 15-aa peptide of PEX8-like proteins from Arabidopsis, rice, 21 

and moss Physcomitrium patens all localized to peroxisomes, when stably or transiently expressed 22 

(Figures S4A-S4B). To analyze its physiological importance, we obtained two T-DNA mutants of 23 

Arabidopsis PEX8 (AtPEX8). Neither allele could produce viable homozygotes, while seeds from 24 

heterozygous plants showed 1:2:0 segregation of wild type: heterozygous: homozygous (Figure 25 

S4C). In heterozygous Atpex8 plants, ~21% of the seeds in the siliques appeared aborted (Figure 26 

S4D) and the aborted embryos were arrested at the heart stage (Figure S4E). The seed and embryo 27 

defects of Atpex8 mutants are similar to those of the previously reported peroxin mutants such as 28 

Atpex10 and Atpex12 (Schumann et al. 2003; Fan et al. 2005) (Figures S4D-S4E), consistent with 29 

the notion that AtPEX8 might be a peroxin.  30 
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During the review process of this work, Buck et al reported the identification of AtPEX8 using 1 

HHpred (a server running HMM-HMM comparison and also integrating information from 2 

predicted secondary structure) (Steinegger et al. 2019) and similar observations regarding its 3 

conservation in plants, subcellular localization, and null mutant phenotypes (Buck et al. 2025). 4 

Both of our findings support the hypothesis that plant PEX8-like genes are functional equivalents 5 

of yeast PEX8s.  6 

We further performed a yeast complementation experiment to validate the above hypothesis, 7 

by complementing the yeast mutant with plant PEX8 proteins. We generated a mutant of Pichia 8 

pastoris lacking PEX8 and then introduced the different plant PEX8 genes driven by the P. pastoris 9 

TEF-1 promoter into the mutant (Figures 5B-5C). Disruption of PEX8 compromises yeast cell 10 

growth (Figure 5C), consistent with previous reports (Waterham et al. 1994; Liu et al. 1995; 11 

Rehling et al. 2000; Smith and Rachubinski 2001; Agne et al. 2003). PEX8 genes from Arabidopsis, 12 

rice and Physcomitrium all rescued the growth defect of P. pastoris pex8 (Figure 5C), providing 13 

strong evidence that these structurally PEX8-like plant proteins can indeed function as PEX8.  14 

Yeast PEX8 proteins are known to be independent of PTS1 for localization and function 15 

(Waterham et al. 1994; Liu et al. 1995; Rehling et al. 2000; Smith and Rachubinski 2001; Wang et 16 

al. 2004; Zhang et al. 2006; Ma et al. 2009; Deckers et al. 2010; Jansen et al. 2021). Consistently, 17 

we confirmed that plant PEX8s can target peroxisomes when PTS1 is blocked or deleted in either 18 

plant (Figures S5A-S5B) or yeast cells (Figure S5C). Moreover, when we re-introduced AtPEX8 19 

driven by its native promoter into heterozygous Atpex8 plants, the full-length genomic or cDNA 20 

sequence, as well as the truncated PTS1-less version, fully complemented the mutant defects 21 

(Figures S5D-S5G). Thus, plant and yeast PEX8 proteins share the unique PTS1-independent 22 

targeting mechanism, further supporting that they derive from the same ancestral gene despite 23 

deviant sequences.  24 

 25 

DISCUSSION 26 

Our study highlights the power of structural comparison in uncovering novel protein functions in 27 

plants. Here, we employed a structure-based approach that goes beyond the traditional sequence 28 

alignment to systematically annotate the function of plant proteins. We identified 1,292 29 
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angiosperm protein clusters with significant structural matches in the Swiss-Prot database that 1 

were undetectable by BLAST searches due to low sequence similarities. Focusing on the 120 2 

protein clusters that are highly reliable and widely present across plants, we demonstrated many 3 

cases where structural similarities revealed potential functional relationships despite low sequence 4 

identities. One of such examples is PEX8, a missing plant peroxin we experimentally validated in 5 

this study. As proof of concept, we only showcased a few selected examples in this report. For 6 

convenient access to our full dataset of non-singleton clusters and their structural and sequence 7 

alignments, an online database was generated to allow gene ID-based data retrieval (currently at 8 

https://ai-biolab.cn).  9 

Protein structures not only provide functional insights but also reveal intriguing evolutionary 10 

patterns. For example, we unveiled proteins with high structural conservation but sequence 11 

divergence within the same species such as Arabidopsis thaliana (Figures 3B, 3C, & S1) and 12 

lineage-specific gene losses such as the absence of VAC8-like genes from core Brassicales (Figure 13 

S3). Another example is the discovery of potential ancient origins of some proteins, such as PEX8 14 

that was previously thought to be lineage specific but found in our study to be widely present in 15 

eukaryotes and possibly dating back to the most ancient common ancestor of eukaryotes (Figure 16 

5). Structural data thus complements traditional evolutionary studies by uncovering relationships 17 

that sequence-based methods alone might miss. However, current limitations remain in conducting 18 

reliable phylogenetic analyses based solely on protein structures, particularly for proteins with 19 

highly divergent sequences. Our attempt to reconstruct the evolutionary history of PEX8 across 20 

eukaryotes, for instance, was complicated by extreme sequence divergence that made it difficult 21 

to confidently resolve the phylogenetic relationships. The structure-based tree-building methods 22 

also require further development to improve robustness. Establishing reliable structure-based 23 

phylogenetic approaches will be crucial for advancing our understanding of protein evolution and 24 

function, especially for ancient or rapidly evolving gene families where sequence conservation is 25 

low but structural features are preserved.  26 

This study has several limitations that should be considered in future research. First, the 27 

relatively small sampling size of angiosperm species may have led to the omission of certain 28 

lineage-specific genes, particularly those restricted to specific families (e.g., Poaceae) or orders. 29 

This limited taxonomic coverage likely contributed to the observed abundance of singleton clusters 30 
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and small-sized clusters containing few proteins. Future studies employing similar approaches 1 

should incorporate broader species representation, especially within key lineages, such as 2 

monocots and Poaceae, to better understand patterns of gene family diversification in plants. 3 

Second, technical constraints of the AlphaFold DB resulted in the exclusion of many large proteins 4 

(>1,200 amino acids), potentially introducing bias to our cluster analysis. For example, many 5 

members of the VAC8-like protein family were missing from the database. Moreover, certain plant 6 

genes currently have ambiguous functional annotations, particularly within large superfamilies. 7 

While these genes may be annotated based on broad functional characteristics of their respective 8 

superfamilies, they often lack precise, gene-specific functional characterizations. Although such 9 

genes were not classified as functionally unknown in this study, they warrant more detailed future 10 

investigations to elucidate their specific roles.  11 

 12 

METHODS 13 

Acquisition and quality assessment of protein structural data and database construction 14 

Protein structures for the 17 angiosperms (Supplementary Data Set 1) were acquired from the 15 

the AlphaFold DB (AFDB) (Varadi et al. 2024), and sequence data were obtained from UniProt 16 

Proteome (https://www.uniprot.org/proteomes). Completeness of the proteome data was estimated 17 

by BUSCO (Manni et al. 2021) v5.6.1 using the lineage dataset “embryophyte_odb10”. Phylogeny 18 

of the 17 species was reconstructed using the 1,614 BUSCO genes. Sequences were aligned using 19 

MAFFT (Katoh and Standley 2013) v7.525 with the “auto” mode and trimmed using TrimAl 20 

(Capella-Gutiérrez et al. 2009) v1.4.rev15. Then, a maximum likelihood (ML) tree was constructed 21 

by IQ-TREE (Minh et al. 2020) v2.3.5, with model “LG+G4” and 1,000 ultrafast bootstraps 22 

(Hoang et al. 2018). The iTOL website (Letunic and Bork 2024) was used for tree visualization.  23 

Structural data for the Swiss-Prot database (Supplementary Data Set 1) were downloaded from 24 

the AFDB. Sequence data for proteins in the Swiss-Prot database were obtained from the UniProt 25 

database. Proteins with unclear entries in the annotation, such as those with terms like 26 

“uncharacterized”, “unknown”, “hypothetical”, “domain of unknown function (DUF)”, or 27 

“putative”, were excluded. Based on Swiss-Prot, the structural database was constructed using 28 

ACCEPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koag022/8469560 by Zhejiang U

niversity user on 14 February 2026



12 

FoldSeek v8.ef4e90 (Van Kempen et al. 2024) and sequence database was built using BLAST 1 

v2.12.0 (Camacho et al. 2009). 2 

Clustering of protein structure  3 

The angiosperm protein structures were initially clustered using FoldSeek “easy-cluster”. 4 

With the threshold of ≥30% sequence identity and a target coverage rate of ≥50% in the 3D-5 

interaction sequences, we prioritized structural similarities over sequence similarities within the 6 

same cluster. The specific parameters used were “--cov-mode 0 --align-type 2 –min-seqid 0.3 -c 7 

0.5”.  8 

Calculation of the local distance difference test (LDDT), template modeling (TM) score, 9 

predicted local distance difference test (pLDDT), and Pfam consistency 10 

To evaluate structural similarities, the average LDDT and TM scores were calculated for each 11 

cluster. For each cluster, the representative structure was matched to the cluster members using 12 

"structurealign -e INF -a module" in FoldSeek. The representative for each cluster was selected by 13 

FoldSeek during clustering. The alignment LDDT and TM scores were obtained using "format-14 

output lddt,alntmscore". The pLDDT values were extracted and calculated from a PDB file 15 

obtained from AFDB, using the PDBParser in BioPython v1.84 (Cock et al. 2009). All proteins 16 

within each cluster underwent Pfam prediction using InterProScan (Jones et al. 2014) v5.66-98.0. 17 

Only clusters containing at least two annotated sequences were chosen for calculating Pfam 18 

consistency, based on a previously published method (Barrio-Hernandez et al. 2023). 19 

Search for structural and sequence alignments in the Swiss-Prot dataset 20 

For each non-singleton cluster, we selected the Arabidopsis thaliana protein as the 21 

representative if available. Otherwise, the protein structure with the highest confidence was chosen. 22 

Using FoldSeek for structural annotation with Swiss-Prot structure database, an e-value <0.01 23 

was required and parameters "--max-seqs 50,000 -s 9.5 -e 0.01 –alignment-type 2 –cov-mode 0" 24 

were used. For sequence searches, e-value <0.01 was required in Blastp command as well, 25 

ensuring that the alignment reflects structural but not sequence homology. In the filtering process, 26 

TM-align v20190425 (Zhang 2005) was used to further compare the alignment results using the 27 
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13 

parameter "-a". The TM-score between representative of cluster and the best hit was calculated to 1 

determine whether it was ≥0.5 to ensure significant structural similarities.  2 

Calculating global sequence similarities using the Needleman-Wunsch algorithm  3 

Global sequence similarities for all sequences presented in the figures were calculated using 4 

the Needleman-Wunsch algorithm and via the EMBOSS package (v.6.6.0.0). This approach 5 

ensures a comprehensive and optimal global alignment across the entire length of both sequences.  6 

Gene annotation 7 

  Gene sequences were annotated using EggNOG-Mapper v2.1.9 with the v5 database 8 

(Huerta-Cepas et al. 2019; Cantalapiedra et al. 2021) under default parameters. For profile-to-9 

profile annotation, we employed HHblits from the HH-suite 3.3.0 (Steinegger et al. 2019) against 10 

the "PDB_mmCIF" database using the parameters "-n 2 -d pdb70 -cpu 2 -E 0.001". 11 

GO term counts 12 

We performed this analysis using the top matches in Swiss-Prot database for the 120 high-13 

confidence cluster representative sequences (Supplementary Data Set 4). Their GO terms on 14 

molecular functions were obtained from QuickGO (https://www.ebi.ac.uk/QuickGO) on EMBL’s 15 

European Bioinformatics Institute website. Using the Python package GOATOOLS v9 16 

(Klopfenstein et al. 2018), all the GO terms were converted into plant-specific GO terms. The list 17 

of plant GO terms was downloaded from GOslim (https://www.ebi.ac.uk/QuickGO/slimming) by 18 

selecting "predefined GO slims" as "goslim_plant" on the Explore Biology page in QuickGO. The 19 

conversion process itself was implemented using the Python script "slim_GO_by_list.py" which 20 

is available on GitHub (https://github.com/Chenjiaron/Structure-guided-plant-protein-discovery). 21 

Finally, GO terms were counted by number and plotted in R.  22 

Prediction of protein subcellular localization 23 

Prediction of the mitochondrial and chloroplast transit peptides was performed by TargetP 24 

v2.0 (Emanuelsson et al. 2000) and based on the experimental localization information on SUBA5 25 

(Hooper et al. 2022). Peroxisome targeting signal type 1 (PTS1) was initially identified by 26 

examining the C-terminal tripeptide (Deng et al. 2022) and further confirmed by PredPlantPTS1 27 

(Reumann et al. 2012).  28 
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In vivo protein targeting analysis 1 

For protein expression in tobacco and Arabidopsis leaves, cDNA sequences were PCR-2 

amplified and cloned into a pCambia1300-YFP vector or a pCambia1300-mVenus vector, using 3 

the ClonExpress II One Step Cloning Kit (Vazyme, Nanjing). Agrobacterium tumefaciens strain 4 

GV3101 (pMP90) was transformed with the binary construct and selected on kanamycin. To detect 5 

stable subcellular localization in Arabidopsis leaves, Arabidopsis plants were transformed by 6 

Agrobacterium containing the constructs using floral dip and selected on 40 mg/L hygromycin. To 7 

detect the subcellular localization of proteins transiently expressed in tobacco leaves, 8 

Agrobacterium was infiltrated into tobacco leaves, and fluorescence signals were observed 2 d 9 

later.  10 

For peroxisomal localization studies in Saccharomyces cerevisiae, the BY4741 laboratory 11 

strain was used. Vector pGADT7 expressing YFP fusion proteins and pYES2 expressing the 12 

peroxisomal mox3Cerulean fluorescent protein (PEX14p-Cerulean) were co-transferred into 13 

BY4741. Both fluorescent proteins were expressed under the control of the constitutive ADH1 14 

promoter. The nuclear localization signal peptide was deleted from pGADT7. Yeast cells harboring 15 

both constructs were selected on SC agar medium with 2 % (w/v) glucose in the absence of Leu 16 

(pGADT7) and uracil (pYES2). Cells in growing colonies were used for fluorescence signal 17 

detection. 18 

Confocal microscopy of plant leaf cells and yeasts was performed using a Fluoview FV3000 19 

confocal laser-scanning microscope (Olympus, Tokyo, Japan). YFP and mVenus were excited with 20 

514 nm lasers and detected at 530–630 nm, while CFP and mox3Cerulean signals were excited 21 

with 445 nm lasers and detected at 460–500 nm. 22 

For subcellular localization in Arabidopsis protoplast, PEX8 coding sequences from various 23 

species were amplified and cloned into the p2GYW7 vector, which carries the mEGFP coding 24 

sequence. The mRFP CDS was amplified by primers with an added C-terminal SKL tripeptide in 25 

one of them, and ligated into a modified HBT95 vector to generate the RFP-SKL construct. All 26 

constructs were verified by DNA sequencing. Arabidopsis protoplast isolation and transformation 27 

assays were carried out as previously described (Shen et al. 2014). Typically, 0.1 ml aliquots of 28 

protoplasts were transfected with 10µg of plasmid DNA in each sample. After overnight incubation, 29 

protoplasts were examined by a Leica SR5 laser scanning confocal microscope (Germany). 30 
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Excitation (ex) and emission (em) parameters for the detection of the different fluorophores are as 1 

follows (ex/em): 488 nm/510–550 nm for GFP, 561 nm/590–631 nm for RFP, and 633 nm/680–2 

740 nm for chlorophyll. The pinhole was set at 1 Airy unit. All images were captured using the 3 

same settings for direct comparisons.  4 

Generation of P. pastoris pex8 mutants and complementation analysis  5 

Plasmids (Supplementary Data Set 5) were constructed using Gibson Assembly. Oligonucleotides 6 

(TSINGKE Biological Technology, Hangzhou, China) used for gRNA construction, DNA 7 

amplification, plasmid assembly, and diagnostic PCR verification are listed in Supplementary Data 8 

Set 5. The gRNA sequences were designed using the Benchling CRISPR tool 9 

(https://benchling.com/crispr/), and the corresponding gRNA plasmid HZP-sgRNA-IntPpaPEX8 10 

was constructed using a previously reported toolkit (Gao et al. 2022).PEX8 CDS from A. thaliana, 11 

P. patens, and Rice was respectively inserted into the helper plasmids to obtain Int33-AtPEX8, 12 

Int33-PpPEX8 and Int33-OsPEX8. After plasmid construction and sequencing, the DNA segment 13 

was amplified to generate donor DNA. The CRISPR-Cas9 system was employed to integrate genes 14 

into P. pastoris, using a previous method for transformation (Gao et al. 2022).  15 

Observation of Arabidopsis seed development  16 

Four heterozygous plants from each pex8 mutant allele and four wild-type self-fertilized plants 17 

were analyzed. Developing seeds from 10 siliques from each plant were removed and scored for 18 

abnormalities in appearance. More than 200 seeds per plant were scored, and the average frequency 19 

of abnormal seeds per heterozygous plant was calculated. 20 

Complementation of Arabidopsis pex8 21 

The AtPEX8 genomic sequence or cDNA sequence with or without the C-terminal PTS1, all driven 22 

by the 1.5- kb promoter fragment of AtPEX8, was respectively inserted into the binary vector 23 

pCAMBIA 1300 digested with HindIII and XbaI. Agrobacterium tumefaciens strain GV3101 24 

(pMP90) was transformed with the resulted constructs and selected on kanamycin. Arabidopsis 25 

PEX8/pex8 heterozygous plants were transformed with the constructs via floral dipping. Seeds of 26 

the transformants were selected on MS medium with 40 mg/L hygromycin to select mutants 27 

containing PEX8pro:: PEX8genomic, PEX8pro:: PEX8cDNA and PEX8pro:: PEX8ΔPTS1. 28 
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Plant materials and growth conditions 1 

The T-DNA insertion mutants of Atpex8-1 (SALK_129140) and Atpex8-2 (SALK_032940) were 2 

obtained from the Arabidopsis Biological Recourse Center (ABRC; Columbus, OH, USA). 3 

Homozygous lines were identified by PCR genotyping, using genomic DNA from seedlings and 4 

gene-specific primers (Supplementary Data Set 5). Arabidopsis seeds were plated on 1/2 MS 5 

medium and stored at 4°C for 2 d. Then, plants were grown on 1/2 MS medium for 2 weeks 6 

followed by transfer to the soil, at 23 °C and under a 16/8h light/dark photoperiod unless otherwise 7 

specified in the text.  8 

Embryo dissection and microscopy observations 9 

Seed morphology was observed under a microscope (Nikon AZ100) after siliques were gently 10 

dissected with tweezers. Pictures were taken by a Nikon DigiSight DS-Ri1 camera. To analyze 11 

embryo development, developing seeds from the same siliques were placed onto a glass side in a 12 

drop of transparent liquid (30% glycerol, 2.5 g/ml hydrated trichloroacetaldehyde). Embryonic 13 

development was observed for normal and abnormal seeds from the same silique under a Nomarski 14 

contrast microscope (Nikon Eclipse Ni) and recorded with a Nikon DS-Ri2 CCD camera. 15 

Phylogenetic analysis of VAC8 gene family 16 

Protein sequences were aligned using MAFFT in "auto" mode and subsequently trimmed with 17 

TrimAl. Phylogenetic trees were then inferred with IQ-TREE using the "LG+F+G4" model and 18 

1,000 ultrafast bootstrap replicates. Final tree visualization was conducted in iTOL. The multiple 19 

sequence alignment used to generate this phylogeny, along with the resulting tree file, are provided 20 

as Supplementary Data File 1 and Supplementary Data File 2, respectively. 21 

Quantitative analysis and data visualization 22 

Quantifications and statistical analyses were performed in R and plotted using the ggplot2 23 

(Wickham 2016) v3.5.1 package. Protein structures were generated by PyMOL (https://pymol.org) 24 

for visualization. 25 

Accession numbers 26 
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Sequence/Structure data from this article can be found in UniProt/Alphafold DB under accession 1 

numbers that are listed in Supplementary Data Set 4. 2 

Data availability 3 

All data are available in the main text or the supplementary materials. Information of the non-4 

singleton clusters is provided on the website https://ai-biolab.cn and can be retrieved by gene IDs. 5 

The code used in this study has been uploaded to GitHub 6 

(https://github.com/Chenjiaron/Structure-guided-plant-protein-discovery). 7 
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 21 

Figure Legends 22 

Figure 1. Structure-based clustering of angiosperm proteins.  23 
(A) Analysis of the 17 selected angiosperm species. The three bar graphs following the phylogenetic tree show 24 
the BUSCO assessments of proteome completeness, number of available protein structures in their proteomes, 25 
and distribution of structure prediction confidence scores (pLDDT), respectively. (B) Illustration of the 26 
clustering process of angiosperm protein structures. A total of 564,657 protein structures from 17 flowering plant 27 
species were retrieved from AlphaFold DB and clustered into 177,510 clusters. After removing singleton clusters, 28 

25,825 clusters containing at least two members were kept. (C) Cumulative distribution of structure prediction 29 
confidence scores (pLDDT) in the 564,657 protein structures. The x-axis represents pLDDT values, and the y-30 
axis represents the percentage of structures with pLDDT values greater than the corresponding value on the x-31 
axis. (D) Distribution of purities of the 25,825 non-singleton clusters quantified by Pfam consistency, template 32 
modeling score (TM-score), and local distance difference test (LDDT). The graphs show a median TM-score of 33 
0.74, a median LDDT of 0.84, and 67.6% of clusters exhibiting 100% Pfam consistency.   34 
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 1 
Figure 2. Structure-based annotation of non-singleton clusters.  2 
(A) Alignment process for the 25,825 non-singleton clusters. Clusters containing proteins that are annotated in 3 
Swiss-Prot were removed, followed by selection of a representative protein for each remaining cluster on which 4 

both FoldSeek structural alignments and BLASTp sequence searches against the Swiss-Prot database were 5 
performed. By comparing the structural and sequence alignment results, we categorized clusters into three groups: 6 
clusters without structural alignment results, clusters with structural alignment results that can also be identified 7 
through sequence BLAST, and clusters with structural alignment results that cannot be identified through 8 
sequence BLAST. (B) Distribution of the 3,109 clusters with structural alignment results unidentifiable by 9 
sequence BLAST. X-axis, pLDDT score; y-axis, TM-score (TMalign). The selected clusters (orange) meet the 10 
following criteria: (1) TM-score ≥0.5 to indicate significant structural similarity; and (2) pLDDT score ≥0.7 to 11 

ensure a high-confidence level in the structural predictions. (C) Number of species in the 1,292 selected clusters. 12 
The x-axis represents the number of species per cluster, and the y-axis indicates the number of clusters. Protein 13 
count distribution for the 1,292 successfully annotated clusters is indicated at the top of the bar graphs. (D) 14 
Manual cross-validation against multiple reference databases to exclude representatives/clusters with existing 15 
functional annotations at least partially overlapping with the functional annotations of their structural matches.  16 
 17 

Figure 3. Distribution of the 120 conserved clusters and examples of potential novel functions.  18 
(A) Distribution of the best matches of the 120 conserved clusters in different types of species and the predicted 19 
organellar locations of the proteins. (B) Example of an uncharacterized Arabidopsis protein matched with 20 
another Arabidopsis protein (LPA3). (C) Example of the cyanobacterial-like proteins. Structural comparison of 21 
Cluster_18328, the Lipase EstA of Bacillus subtilis, and a cyanobacterial homologue is shown. (D) Example of 22 
clusters absent from Arabidopsis. The representative of this cluster, a rice protein, is aligned with the vacuolar 23 
protein 8 in yeast. The red and blue numbers in all the panels indicate TM-score and Seq-id, respectively, and 24 

numbers in parentheses are UniProt accessions of the proteins corresponding to the displayed structures.  25 
 26 
Figure 4. Examples of potentially unannotated molecular functions in the plant clusters.  27 

(A) Top 10 GO terms for the molecular functions of the 120 angiosperm clusters. The GO terms were predicted 28 
by QuickGO and then converted to plant-specific GO terms through GOslim. (B) Cluster_15445 is matched with 29 

the M. vanbaalenii phthiocerol/phthiodiolone dimycocerosyl transferase. (C) Cluster_12521 is matched with the 30 
S. pombe RNA TPase. (D) Cluster_12986 is matched with D. acidovorans OmpC. Further comparison revealed 31 
a closer structural similarity to the cyanobacterial (e.g., Gloeomargarita lithophora) homolog. (E) Comparison 32 
of protein structures of the Arabidopsis PEX8-like protein from cluster_10847 with PEX8 proteins from 4 33 
different yeasts, namely, Pichia pastoris, Saccharomyces cerevisiae, Hansenula polymorpha, and Yarrowia 34 
lipolytica. The red and blue numbers in all the panels indicate TM-score and Seq-id, respectively. The numbers 35 

in parentheses are UniProt accessions of the proteins corresponding to the displayed structures.  36 
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Figure 5. Sequence, structural and functional analysis of plant PEX8. 1 

(A) Potential PEX8 homologs in land plants, algae, and yeasts, with conserved sequence motifs shown. The 2 

heatmaps represent the sequence (Seq ID) and structural (TM score) similarities between Arabidopsis PEX8 and 3 
other PEX8 homologs. Sequences at the far right are the PTS1-containing 15 amino acids at the C-terminus of 4 
PEX8 homologs, where the PTS1 tripeptides are indicated in pink.  (B) Protein structures of PEX8 in 5 

Arabidopsis thaliana, Oryza sativa and Physcomitrella patens. (C) Growth analysis of wild-type and 6 

modified strains of P. pastoris. The cell culture was diluted to different concentrations before being inoculated 7 
onto YNO plates. YNO medium (0.1% oleic acid, 0.05% Tween 40, 0.1% yeast extract and 0.67% yeast nitrogen 8 
base without amino acids) was used. Genotype of the mutant P. pastoris is GS115-HIS4::Cas9-∆PpPEX8.  9 
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