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Abbreviations: 

Affinity purification combined with mass spectrometry; AP-MS, blue-native; BN, liquid 

chromatography-tandem mass spectrometry; LC-MS/MS, protein co-migration 

database; PCoM-DB, protein-protein interaction; PPI, ribulose 1,5-bisphosphate 

carboxylase/oxygenase; RubisCO, yeast two-hybrid system; Y2H. 

 

[Abstract] 

The identification of protein complexes is important to understand protein structure and 

function, and the regulation of cellular processes. We used blue-native PAGE and 

tandem mass spectrometry to identify protein complexes systematically, and built a web 

database, the protein co-migration database (PCoM-DB, 

http://pcomdb.lowtem.hokudai.ac.jp/proteins/top), to provide prediction tools for 

protein complexes. PCoM-DB provides migration profiles for any given protein of 

interest, and allows users to compare them with migration profiles of other proteins, 

showing the oligomeric states of proteins and thus identifying potential interaction 

partners. The initial version of PCoM-DB (launched in January 2013) included protein 

complex data for Synechocystis whole cells and Arabidopsis thaliana thylakoid 

membranes. Herein, we report PCoM-DB version 2.0, which includes new data sets and 

http://pcomdb.lowtem.hokudai.ac.jp/proteins/top
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analytical tools. Additional data are included from whole cells of the pelagic marine 

picocyanobacterium Prochlorococcus marinus, the thermophilic cyanobacterium 

Thermosynechococcus elongatus, the unicellular green alga Chlamydomonas reinhardtii, 

and the bryophyte Physcomitrella patens. The Arabidopsis protein data now include 

data for intact mitochondria, intact chloroplasts, chloroplast stroma and chloroplast 

envelopes. The new tools comprise a multiple-protein search form and a heat map 

viewer for protein migration profiles. Users can compare migration profiles of a protein 

of interest among different organelles or compare migration profiles among different 

proteins within the same sample. For Arabidopsis proteins, users can compare migration 

profiles of a protein of interest with putative homologous proteins from 

non-Arabidopsis organisms. The updated PCoM-DB will help researchers find novel 

protein complexes and estimate their evolutionary changes in the green lineage. 

 

Key words: 

Protein complex database, protein–protein interaction, blue-native PAGE, 

photosynthetic organisms 
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[Introduction] 

As more genome sequences have become available, mass spectrometry-based 

proteomics has become increasingly important in many organisms to understand the 

localization, expression and interactions of proteins. In particular, the importance of 

protein complexes is becoming more evident, because complex protein networks often 

underlie cellular biological processes.  

To understand protein networks in plants, databases that store plant protein–

protein interaction (PPI) information have been developed (Braun et al. 2013). The main 

sources of data for these databases are Arabidopsis large-scale PPI identification studies 

using the yeast two-hybrid system (Y2H) and affinity purification combined with mass 

spectroscopy (AP-MS) (Zhang et al. 2010, Braun et al. 2013). Y2H has been the most 

widely used method for studying plant PPIs because it is a high-throughput method that 

does not require plant transformation. However, Y2H has some drawbacks, such as a 

high error rate (Zhang et al. 2010, Braun et al. 2013, Wodak et al. 2013). In addition, 

Y2H detects only direct interactions between two proteins (binary interactions) that can 

be formed in yeast. By contrast, AP-MS can purify whole protein complexes, leading to 

the identification of additional protein complex components (Zhang et al. 2010, Wodak 

et al. 2013). However, false positives also affect AP-MS (Zhang et al. 2010). Another 
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concern is that AP-MS requires plant transformation, which is typically labor-intensive 

and time-consuming; thus, AP-MS is not a high-throughput method. This is probably 

the main reason why PPI data are derived from Y2H more frequently than from AP-MS. 

Note that comparisons of large-scale PPI data produced by different methods are 

required to identify bona fide interactions, given that most methods for finding protein 

complexes have technical limitations and can produce erroneous and biased data (von 

Mering et al. 2002, Wodak et al. 2013). In addition, large-scale identification studies 

have predominantly been limited to a few intensively studied model organisms, like 

Arabidopsis. Therefore, a database that stores large-scale PPI datasets produced by 

different methods, including Y2H and AP-MS, and in different species including 

Arabidopsis, will help to further our understanding of plant protein networks.  

Recently, blue-native (BN)-PAGE has been used for large-scale purification of 

protein complexes because of its favorable characteristics: first, BN-PAGE is a 

high-resolution electrophoresis method that can separate protein complexes, ranging up 

to several thousand kDa, while maintaining their structural integrity and enzymatic 

activity (Wittig and Schagger 2008, 2009). Notably, BN-PAGE can separate not only 

soluble protein complexes, but also membrane protein complexes using mild detergents 

like dodecyl maltoside. Second, the oligomeric states of protein complexes are revealed 
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by BN-PAGE, which is useful to understand the dynamic regulation of protein 

complexes. Third, the separation of protein complexes by BN-PAGE does not require 

genetic transformation, which not only saves labor, but also makes it suitable for 

organisms that lack established genetic transformation methods. BN-PAGE has been 

used widely to study protein complexes in photosynthetic organisms, including 

cyanobacteria, algae and plants.  

Protein complexes separated by BN-PAGE are typically further separated by 

2D-SDS-PAGE so they can be systematically identified. The protein spots are then 

visualized by staining methods and identified by tandem mass spectrometry 

(LC-MS/MS) analysis. This workflow is effective for identifying protein complexes 

systematically, especially in plant organelles (for examples, see Aro et al. 2005, Peltier 

et al. 2006, Majeran et al. 2008, Klodmann et al. 2011, Senkler and Braun 2012, 

Behrens et al. 2013). Notably, the GelMap Portal is an online tool for the annotation of 

protein spots visualized on 2D-BN/SDS-PAGE gels (Senkler and Braun 2012). Data 

generated for various photosynthetic species and organelles by 2D-BN/SDS-PAGE can 

be accessed through the GelMap Portal, which is a widely used data source for 

understanding protein complexes.  

Alternatively, BN-PAGE has been directly coupled with LC-MS/MS to analyze 
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protein complexes (Fandino et al. 2005, Helbig et al. 2009, Wessels et al. 2009, 

Remmerie et al. 2011, Heide et al. 2012). This method omits the 2D-SDS-PAGE after 

BN-PAGE, which saves time and labor, making it suitable for high-throughput analysis. 

In addition, it does not suffer from incomplete visualization of protein spots, because it 

avoids staining methods that have a limited dynamic range (Remmerie et al. 2011). For 

this method, a BN-gel is cut horizontally into gel slices and the proteins in each gel slice 

are identified by LC-MS/MS analysis. The proteins identified in one gel slice represent 

co-migrating proteins in BN-PAGE, suggesting that they are possible interaction 

partners. The protein migration profiles, often produced using a label-free 

semi-quantitative method from the LC-MS/MS data, are useful for finding protein 

complexes. Proteins with shared peaks in their migration profiles are possible 

interaction partners, because a peak in the migration profile corresponds to a protein 

band on BN-PAGE (Helbig et al. 2009, Wessels et al. 2009, Remmerie et al. 2011). This 

method has shown potential for identifying protein complexes; however, the number of 

biological samples used in previous reports has been limited. Furthermore, only one 

public database for data produced using this method, PCoM-DB (Takabayashi et al. 

2013), has been released that can help researchers to find novel protein complexes.  

The original version of PCoM-DB allowed researchers to find novel protein 
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complexes from Arabidopsis thaliana thylakoids and cyanobacteria Synechocystis sp. 

PCC6803 cells using data produced by BN-PAGE coupled directly with LC-MS/MS 

(Takabayashi et al. 2013). A unique feature of PCoM-DB is its search and comparison 

functions for protein migration profiles. Users can find and compare protein migration 

profiles, enabling them to discover unidentified protein complexes. Another unique 

feature of PCoM-DB is that comparisons of migration profiles between homologous 

proteins can be used to understand the evolutionary changes of Arabidopsis thylakoid 

protein complexes from their cyanobacterial origins. From this perspective, the addition 

of data from different photosynthetic organisms (e.g. algae and bryophytes) should 

provide more information to understand the evolutionary changes in protein complexes 

of the green lineage. The addition of data from Arabidopsis organelles is not only 

practical, as reliable isolation methods for organelles have been reported in this species, 

but also informative, because the isolation of organelles increases the detection 

sensitivity of organelle proteins by mass spectrometry. In fact, when we analyzed 

Arabidopsis whole leaf proteins, the number of identified proteins was poor (data not 

shown). Additionally, comparing the exponentially modified protein abundance index 

(emPAI) values of protein migration profiles from different organelles can help users to 

predict the localization of proteins of interest, because the emPAI value correlates with 
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the relative abundance of a protein (Ishihama et al. 2005).  

Here, we report a major update of PCoM-DB. We have added data from 

Physcomitrella patens (bryophytes), Chlamydomonas reinhardtii (green algae), 

Thermosynechococcus elongatus BP-1 (cyanobacteria), and Prochlorococcus marinus 

(CCMP1986, CCMP1375, and CCMP2773) (cyanobacteria) cells. In addition, we have 

added data from Arabidopsis organelles, including intact chloroplasts, chloroplast 

stroma, the chloroplast envelope and mitochondria. We have also added functions to 

help users search and compare protein migration profiles. This update will help 

researchers to find unidentified protein complexes and to compare the evolutionary 

changes in protein complexes of the green lineage. Furthermore, as a case study, we 

examined the possibility that At3g07480 is a subunit of complex I in Arabidopsis 

mitochondria. At3g07480 has significant sequence similarity with NUOP3 and thus was 

suggested to be a subunit of complex I (Subrahmanian et al. 2016); however, there has 

been no evidence to confirm this. Initially, we observed that it co-migrated with known 

complex I subunits. We then determined that its mRNA was co-expressed with mRNAs 

of known complex I subunits, which strongly suggests that At3g07480 is a subunit of 

complex I.   
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[Results and Discussion] 

The protein data stored in PCoM-DB 

In this study, we report additional data for protein complexes newly analyzed 

by the BN-PAGE coupled with LC-MS/MS method for the following biological 

materials: the chloroplast envelope (Supplementary Table S1) and mitochondria 

(Supplementary Table S2) from Arabidopsis thaliana; whole cells of Chlamydomonas 

reinhardtii (Supplementary Table S3); whole cells of the pelagic marine 

picocyanobacterium Prochlorococcus marinus (for three strains: CCMP1986, 

CCMP1375 and CCMP2773) (Supplementary Tables S4-S6); and whole cells of the 

thermophilic cyanobacterium Thermosynechococcus elongatus strain BP-1 

(Supplementary Table S7) (Table 1). BN-PAGE profiles of these samples are shown in 

Fig. 1. We added data from three different strains of Prochlorococcus marinus to allow 

comparisons among them; the three strains possess different amounts of divinyl 

chlorophyll b to adapt to various light conditions. Comparing their protein migration 

profiles could help reveal their light adaptation mechanisms (Mimuro et al. 2011, 

Hamada et al. 2015). In addition, we added data for the stroma and intact chloroplasts 

from Arabidopsis thaliana and whole cells of Physcomitrella patens, which were 

reported recently by Takabayashi et al. (2016). Furthermore, we included additional data 
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for intact chloroplasts from Arabidopsis thaliana (Supplementary Table S8) that were 

generated independently in a previous study (Takabayashi et al. 2016). All of the 

analyzed data can be accessed in the current version of PCoM-DB. 

 

Web interface 

 The main function of PCoM-DB is as a protein migration profile viewer. The 

migration profile of a protein corresponds to its band pattern on a BN-PAGE gel (Fig. 2). 

Users can find the protein migration profile of a protein of interest easily using the 

search function in PCoM-DB, with keywords including “gene ID (locus name)”, 

“symbol”, and “description”, through a “single protein search” interface (Fig. 3A). For 

example, users can find the large subunit of the ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RubisCO) protein using “AtCg00490” (gene ID), RbcL 

(symbol), and “ribulose-bisphosphate carboxylases” (description). When using the 

description as a query for a search, any word contained in the description can be used, 

e.g. “ribulose” can be used to search for RbcL.  

Because of the increased number of samples in the updated database, we have 

implemented a heat map viewer for migration profiles across different samples for a 

query protein (Figs. 2C and 3B). Each column in the heat map viewer represents a gel 
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slice from BN-PAGE and gel slices are ordered from left (top of the gel) to right 

(bottom of the gel). A red column shows that a query protein was identified in the 

corresponding gel slice of the BN-PAGE gel. The intensity of the red color reflects the 

relative protein accumulation level, which was estimated using the label-free 

semi-quantitative method emPAI. Users can compare the migration profile of a query 

protein across the samples using the viewer. It should be noted that users are required to 

select a sample to navigate to the protein migration profile viewer page (Fig. 2B). Thus, 

the comparison of the migration profiles of a protein of interest across different samples 

can only be performed in the heat map viewer (Fig. 3B). Additionally, the predicted 

molecular masses of protein complexes in the same position in the gel slices should be 

different, because the intervals (around 1 mm) and the total numbers (around 60 slices) 

of gel slices were significantly different among samples, although the heat maps can be 

useful to compare protein migration profiles across different samples.  

 In addition to the single protein search function, we have implemented a 

multiple-protein search function. Users can input multiple-protein locus IDs and select a 

sample (Fig. 3C). After searching the query items, heat maps of the protein migration 

profiles in the selected sample will appear (Fig. 3D). Users can compare migration 

profiles among proteins of interest in the selected sample, which can help users to judge 
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whether the proteins co-migrate. It should be noted that users must first select a protein 

to navigate to the page with the protein migration profile viewer.  

As an alternative to the search interface, users can also select a protein of 

interest through the “Browse” interface. First, users select a sample taxon, such 

Arabidopsis thaliana or Synechocystis sp. PCC6803, from a drop-down list, and then 

select a sample name, such as thylakoid or whole cells, from a second drop-down list 

(Fig. 4A). Users can then select a protein of interest from the list of proteins detected in 

the selected sample (Fig. 4B). Users can also use a single protein search function from 

the results page that will only search within the sample selected through the Browse 

interface. Then, by clicking a protein locus ID, users can navigate to the page showing 

the protein migration profile viewer. 

Through the protein migration profile viewer interface, users can compare 

profiles with other identified proteins (Fig. 5). As shown in Fig. 2, peaks in a protein 

migration profile should correspond to protein bands on a BN-PAGE gel. Thus, proteins 

that share a peak at the same position in the migration profile with the protein of interest 

are candidate protein interaction partners. To find putative interacting partner proteins, 

users can view the list of identified proteins in the gel slice that correspond to the peak 

on the migration profile by clicking the data point. Users can choose the proteins from 
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the protein list by clicking their checkboxes, and can compare protein migration profiles 

by clicking “reCharts” (Fig. 5). In cases where the total emPAI values of the compared 

proteins are quite different, users can compare relative protein migration profiles, which 

are normalized to the maximum emPAI value, by clicking “max100%”. Note that users 

can estimate the presence of a peak in the selected gel slice on the protein migration 

profile to find the presence of “P” in the peak column (Fig. 5). 

 

An example scenario (Arabidopsis mitochondria complex I) 

Plant complex I is a respiratory complex in the inner mitochondrial membrane. 

Complex I is a large, fragile membrane protein complex, and 2D-BN/SDS-PAGE has 

been useful to maintain its native form during separation (Klodmann and Braun 2011, 

Meyer 2012, Subrahmanian et al. 2016). Here, we have chosen Arabidopsis 

mitochondria complex I as an example of the utility of PCoM-DB. 

First, to verify the enrichment of mitochondrial proteins in our mitochondria 

sample, we estimated the abundances of the identified proteins using emPAI values 

(Ishihama et al. 2005) (Supplementary Tables S2 and S9). Based on comparison with a 

previous mitochondrial proteome (Lee et al. 2013), we found that the total emPAI 

values of known mitochondrial proteins accounted for more than 90% of those of all the 

http://springerplus.springeropen.com/articles/10.1186/2193-1801-2-148#CR9
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identified proteins (Supplementary Table S9), showing that mitochondrial proteins were 

substantially enriched in the sample.  

According to the emPAI-based protein migration profile, the known 

mitochondrial complex I subunits were identified mainly in gel slices 16 and 17, where 

the band for mitochondrial complex I is expected to migrate. According to the list of 

complex I subunits described in Subrahmanian et al. (2016), 36 subunits were identified 

in these gel slices (Table 2), although the remaining 14 subunits were not identified. We 

identified protein At3g07480 in both gel slices 16 and 17, in addition to known complex 

I subunits (Fig. 6). At3g07480 has been suggested to be a subunit of mitochondrial 

complex I because of its sequence similarity with NUOP3, but it has not been identified 

in previous Arabidopsis proteomic analyses (Subrahmanian et al. 2016). However, our 

data showed that At3g07480 co-migrated with complex I subunits (Fig. 6), supporting 

the notion that At3g07480 (NUOP3) is in fact a subunit of mitochondrial complex I 

(Subrahmanian et al. 2016). Note that the 14 unidentified subunits from Subrahmanian 

et al. (2016) were largely membrane-spanning proteins, whereas the identified subunits 

were mostly matrix and peripheral membrane subunits. We hypothesize that 

denaturation treatment of BN-PAGE gel strips with SDS and 2-mercaptoethanol before 

in-gel trypsin digestion might improve the sensitivity of LC-MS/MS for membrane 



18 
 

proteins, which is an avenue of future research we intend to study. Supporting the 

results from PCoM-DB, the mRNA expression profile of At3g07480 correlates 

significantly with those of the other complex I genes, according to the ATTED-II 

database (Aoki et al. 2016). Thus, a comparison of mRNA expression profiles for 

protein–protein interaction partner candidates using PCoM-DB may be useful to judge 

whether the proteins actually interact.  

 

[Conclusion and Perspectives] 

 In this study, we have added large data sets to PCoM-DB. Together with the 

new functions, we expect that the updated version of PCoM-DB will help researchers to 

find novel protein complexes. In a case study, we showed that At3g07480 is probably a 

subunit of mitochondrial complex I using PCoM-DB. Future identification of protein 

complexes using PCoM-DB will demonstrate the effectiveness of BN-PAGE directly 

coupled with LC-MS/MS. In addition to the updates mentioned here, we plan to further 

improve the quality of PCoM-DB. First, we would like to enhance the sensitivity of 

protein identification. Identifying peaks in protein migration profiles is essential to find 

novel protein complexes, but these profiles require sufficient numbers of unique 

peptides to plot. Thus, increased sensitivity in identifying protein migration profile 
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peaks should enable us to find more novel protein complexes. We believe that a 

substantial number of novel protein complexes will be found if the sensitivity of protein 

identification is improved. Future improvements to mass spectrometry will also increase 

the sensitivity. For instance and as discussed above, the addition of SDS and 

2-mercaptoethanol to BN-gel strips before the in-gel tryptic digestion for membrane 

proteins should be investigated. In addition, multiple fractionation or improved 

resolution of BN-PAGE might be effective to enhance the sensitivity for unidentified or 

poorly identified proteins. Second, the use of different detergents for the solubilization 

of membrane proteins could improve the stability of some protein complexes. One 

candidate detergent is digitonin, which can stably solubilize certain large and labile 

protein complexes, including PSI-PSII supercomplexes (Jarvi et al. 2011, Yokono et al. 

2015), which have not been stably isolated using dodecyl maltoside. Third, we would 

like to add data for new species and samples (e.g. organelles) to PCoM-DB. Finally, we 

would like to introduce functions that help researchers to increase the accuracy of 

protein complex prediction using data from different biological sources. It should be 

noted that co-migration of proteins on BN-PAGE by itself does not always indicate an 

actual interaction. Different biological data sources, including protein–protein 

interaction data generated by different methods, mRNA expression profiles, and 
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phylogenetic profiles produced using genome data and mutant phenotypes, will 

therefore be useful to increase the accuracy of protein complex prediction. Our future 

efforts will be directed at improving the features of PCoM-DB as mentioned above.  

 

[Materials and Methods] 

Organisms and growth conditions 

Arabidopsis thaliana (ecotype Columbia) plants were grown in soil for 6 weeks 

under a 10-h photoperiod of 70 µmol photons m−2 s−1 at 23 °C. Chlamydomonas 

reinhardtii (cc1931 [arg7]) was cultivated in Tris-Acetate-Phosphate (TAP) medium 

with 200 mM arginine under a 14-h photoperiod of 40 µmol photons m−2 s−1 at 24.5 °C 

(Kunugi et al. 2016). The growth conditions for the three strains of Prochlorococcus 

marinus (CCMP1986, CCMP1375 and CCMP2773) were as described previously 

(Hamada et al. 2015). The thermophilic cyanobacterium, Thermosynechococcus 

elongatus strain BP-1 (NIES-2133) was grown at 45 °C as described previously (Iwai et 

al. 2004). 

BN-PAGE 

Chloroplast envelopes and intact chloroplasts were prepared from rosette 

leaves according to the methods described by Salvi et al. (2008). Intact mitochondria 
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were isolated from Arabidopsis rosette leaves, according to Keech et al. (2005). The 

cells of Chlamydomonas, the three species of Prochlorococcus, and 

Thermosynechococcus were homogenized using 0.1-mm glass beads on a vortex mixer 

in ice-cold solubilization buffer (50 mM imidazole-HCl (pH 7.0), 20% glycerol, 5 mM 

6-aminocaproic acid, and 1 mM EDTA-2Na). Genomic DNA was removed using 

Benzonase nuclease (Merck, Darmstadt, Germany).  

The suspensions in the solubilization buffer were solubilized with 1% (w/v) 

n-dodecyl-α-D-maltoside (for envelopes, mitochondria and Thermosynechococcus cells) 

or n-dodecyl-β-D-maltoside (for chloroplasts, Chlamydomonas cells, and 

Prochlorococcus cells) on ice for 5 min. After centrifugation at 18,800 ×g for 10 min at 

4 °C, the supernatants were separated in 4–13% polyacrylamide gradient gels at 4 °C, as 

described previously (Takabayashi et al. 2013). 

 

Nano-LC/MS/MS for proteomics 

BN-PAGE gel strips were cut horizontally into approximately 60 pieces from 

the top to the dye front. All gel pieces were subjected to in-gel digestion with trypsin 

and analyzed by LC-MS/MS, according to a previously described method (Takabayashi 

et al. 2013).  

Protein identification was performed using Mascot (Matrix Science) by 
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searching the protein annotation data from TAIR10 (The Arabidopsis Information 

Resource) (Lamesch et al. 2012) for Arabidopsis proteins, the Chlamydomonas v5.3 

annotations from the Phytozome database (http://www.phytozome.net/) (Goodstein et al. 

2012) for Chlamydomonas proteins, and the protein data from CyanoBase 

(http://genome.kazusa.or.jp/cyanobase/) (Fujisawa et al. 2014) for Prochlorococcus 

proteins. The search parameters used for Mascot were the same as those described 

previously (Takabayashi et al. 2013). 

 

Similarity search 

       Homologs of Arabidopsis proteins in the genomes of the non-Arabidopsis 

eukaryotic organisms (Chlamydomonas v5.3 and Physcomitrella v1.6) were identified 

based on the Phytozome database. In addition, we used the BLASTP program (version 

2.2) to find putative Arabidopsis proteins (TAIR10) with the highest sequence similarity 

to cyanobacterial proteins. 

 

Data availability 

 All of the proteomic data analyzed here are available as Supplementary Tables 

S1–S8. The proteomic data from Arabidopsis intact chloroplasts, Arabidopsis stroma, 
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and Physcomitrella cells were reported previously in the supplementary tables of 

Takabayashi et al. (2016). The proteomic data of Arabidopsis thylakoid membranes and 

Synechocystis sp. PCC6803 cells were previously reported in the supplementary tables 

of Takabayashi et al. (2013). 

 

Database implementation 

 PCoM-DB has been implemented in a web application framework, Ruby on 

Rails (http://rubyonrails.org/), with an SQLite database. Protein migration profiles are 

plotted using HighCharts, which is an open source JavaScript graphing library. 
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[Tables] 

Table 1 Summary of the proteomic data stored in the updated version of PCoM-DB. 
 

Organisms Classifications Samples 
Identified 

proteins 
Data sources 

Arabidopsis thaliana  Vascular plants 

chloroplast  (1) 804 
Takabayashi et 

al. (2016) 

chloroplast  (2)  1,159 In this study 

envelope  309 In this study 

stroma  452 
Takabayashi et 

al. (2016) 

thylakoid  244 
Takabayashi et 

al. (2013) 

mitochondria  1,264 In this study 

Physcomitrella patens  Bryophytes whole cells  1,663 
Takabayashi et 

al. (2016) 

Chlamydomonas 

reinhardtii  
Green algae whole cells  1,115 In this study 

Synechosystis sp. 

PCC6803  

Cyanobacteria 

whole cells  1,458 
Takabayashi et 

al. (2013) 

Prochlorococcus 

marinus CCMP1986  
whole cells  761 In this study 

Prochlorococcus 

marinus CCMP1375  
whole cells  891 In this study 

Prochlorococcus 

marinus CCMP2773  
whole cells  892 In this study 

Thermosynechococcus 

elongates BP-1 
whole cells  1,001 In this study 
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Table 2 List of complex I subunits identified in this study. 
 

Accession number Name Localization 

AT5G08530 51 kDa matrix 
AT1G47260 CA2 mb peripheral 
ATMG00070 Nad9/30 kDa matrix 
AT2G20360 39 kDa matrix 
AT5G52840 B13 matrix 

AT4G16450 20.9 kDa/MNLL mb 

AT5G11770 PSST/20 kDa matrix 
AT5G63510 CAL1 mb peripheral 
AT5G37510 75 kDa matrix 
AT3G48680 CAL2 mb peripheral 

AT2G33220 B16.6/GRIM-19 mb 

ATMG00510 Nad7/49 kDa matrix 
AT5G66510 CA3 mb peripheral 
AT4G02580 24 kDa matrix 
AT1G19580 CA1 mb peripheral 
AT2G42210 B14.7 mb 
AT4G20150 NDU9/B14.5b mb 
AT5G47890 B8 matrix 
AT5G67590 18 kDa matrix 
AT2G46540 B9 mb 
AT3G12260 B14 mb 
AT3G08610 MWFE mb 
AT1G14450 B12 mb 
AT2G31490 NDU8/B15 mb 
AT3G07480* At3g07480* unidentified 
AT4G00585 NDU10/KFYI mb peripheral 
AT2G27730 P2/16 kDa mb 
AT3G03070 13 kDa matrix 
AT1G79010 TYKY/23 kDa matrix 
AT1G49140 PDSW mb peripheral 
AT5G08060 B14.5a matrix 
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AT1G16700 TYKY/23 kDa matrix 
ATMG00285 Nad2 mb 
ATMG00060 Nad5 mb 
AT4G34700 B22 mb 
AT2G42310 NDU12/ESSS mb 
AT3G18410 PDSW mb peripheral 
AT5G47570 ASHI mb 
AT2G47690 15 kDa mb 

 
Names and localizations of the subunits are according to Subrahmanian et al. 2016.  
 
* At3g07480 had not been identified as a complex I subunit in Arabidopsis; however, a 
Chlamydomonas homolog (NUOP3) has been identified as a complex I subunit. 
 

[Legends to Figures] 

Fig. 1 Protein band patterns of the analyzed samples on BN-PAGE gels. The 

separation patterns of protein complexes solubilized by dodecyl maltoside and separated 

by BN-PAGE in samples of Arabidopsis intact chloroplasts, Arabidopsis envelopes, 

Arabidopsis mitochondria, Chlamydomonas cells, three strains of Prochlorococcus cells, 

and Thermosynechococcus cells, are shown. These BN-gels were cut into approximately 

1-mm pieces and then subjected to LC-MS/MS analyses. 

 

Fig. 2 The relationships among the band pattern on the BN-PAGE gel, the protein 

migration profile, and the heat map view of the protein migration profile. (A) The 

separation of the protein complexes in Arabidopsis intact chloroplasts. The RubisCO 
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protein band is indicated. (B) The protein migration profile of RubisCO in Arabidopsis 

chloroplasts. (C) The heat map view of the protein migration profile of RubisCO in 

Arabidopsis chloroplasts. 

 

Fig. 3 The search interfaces and subsequent sample/protein selection interfaces in 

PCoM-DB. (A) The single protein search window interface. Users can input the gene 

locus ID, gene symbol and descriptions. (B) After searching a protein through the single 

protein search window, heat map views of the protein migration profiles will appear. 

Users can click a sample name to navigate to the protein migration profile viewer page. 

When searching for Arabidopsis proteins, the heat map views of the migration profiles 

of the putative homologous proteins in non-Arabidopsis organisms will be shown. (C) 

The multiple-protein search window interface. Users can input multiple gene locus IDs, 

although they must select a sample. (D) After searching a protein through the 

multiple-protein search window, the heat map views of the protein migration profiles in 

the selected sample will appear. Users can click a gene locus ID to move to the protein 

migration profile viewer page. 

 

Fig. 4 The browse interface in PCoM-DB. (A) Users can select a sample from the 
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browse tab using a drop-down list. (B) After selecting a sample through the browse 

window, the list of the proteins that were identified in the sample will be shown. Users 

can select a protein from the list and click it to move to the protein migration profile 

viewer page. Users can search a protein from the selected sample using a search 

window. 

 

Fig. 5 The migration profiles of Rubisco large (ATCG00490) and small 

(AT1G67090) subunit proteins through the protein migration profile viewer. The 

shared peaks in their migration profiles in gel slice 24 correspond to the band of a 

RubisCO protein complex separated by the BN-PAGE (Fig. 2).  

 

Fig. 6 Comparison of the migration profile of AT3G07480 with the migration 

profiles of known mitochondrial complex I subunits (AT5G08530 and 

ATMG00070). All of the proteins have peaks in their migration profiles in gel slices 16 

and 17, showing that they co-migrate in BN-PAGE.  

 

 


