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            Abstract
We observe that the time of appearance of cellular compartmentalization correlates with atmospheric oxygen concentration. To explore this correlation, we predict and characterize the topology of all transmembrane proteins in 19 taxa and correlate differences in topology with historical atmospheric oxygen concentrations. Here we show that transmembrane proteins, individually and as a group, were probably selectively excluding oxygen in ancient ancestral taxa, and that this constraint decreased over time when atmospheric oxygen levels rose. As this constraint decreased, the size and number of communication-related transmembrane proteins increased. We suggest the hypothesis that atmospheric oxygen concentrations affected the timing of the evolution of cellular compartmentalization by constraining the size of domains necessary for communication across membranes.
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                    Figure 1: 
                        Oxygen content density functions on full proteome, transmembrane and non-transmembrane protein sets.
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Figure 2: 
                        Ternary diagrams of compositional data for transmembrane, extracellular and intracellular domains for the entire predicted transmembrane protein set.
                      [image: ]


Figure 3: 
                        Mean domain length versus time of appearance of class.
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Figure 4: 
                        Inside, outside and transmembrane domain oxygen content versus time of appearance of class.
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Figure 5: 
                        Mean proteome oxygen content.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The role of mitochondrial energetics in the origin and diversification of eukaryotes
                                        
                                    

                                    
                                        Article
                                        
                                         01 August 2022
                                    

                                

                                Paul E. Schavemaker & Sergio A. Muñoz-Gómez

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Nucleotide substitution rates of diatom plastid encoded protein genes are positively correlated with genome architecture
                                        
                                    

                                    
                                        Article
                                         Open access
                                         01 September 2020
                                    

                                

                                Yan Ren, Mengjie Yu, … Irfan A. Rather

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Driven progressive evolution of genome sequence complexity in Cyanobacteria
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 November 2020
                                    

                                

                                Andrés Moya, José L. Oliver, … Ramón Román-Roldán

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Change history
	31 January 2008
The institute in address 2 should have been listed as 'Institute of Molecular Biology and Bioinformatics' and not 'Institute of Molecular Biology and Biochemistry'. This was corrected in the HTML on 31 January 2008.





References
	Han, T. M. & Runnegar, B. Macroscopic eukaryotic algae from the 2.1-billion-year-old Negaunee iron-formation, Michigan. Science 257, 232–235 (1992)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Schopf, J. W. & Klein, C. (eds) The Proterozoic Biosphere: a Multidisciplinary Study (Cambridge Univ. Press, New York, 1992)
Book 
    
                    Google Scholar 
                

	Knoll, A. H. Proterozoic and early Cambrian protists: evidence for accelerating evolutionary tempo. Proc. Natl Acad. Sci. USA. 91, 6743–6750 (1994)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Ren, Q. & Paulsen, Q. T. Comparative analyses of fundamental differences in membrane transport capabilities in prokaryotes and eukaryotes. PLoS Comp.Biol. 1, e27 (2005)
Article 
    ADS 
    
                    Google Scholar 
                

	Kyte, J. & Doolittle, R. F. A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105–132 (1982)
Article 
    CAS 
    
                    Google Scholar 
                

	von Heijne, G. Net N–C charge imbalance may be important for signal sequence function in bacteria. J. Mol. Biol. 192, 287–290 (1986)
Article 
    CAS 
    
                    Google Scholar 
                

	Sipos, L. & von Heijne, G. Predicting the topology of eukaryotic membrane proteins. Eur. J. Biochem. 213, 1333–1340 (1993)
Article 
    CAS 
    
                    Google Scholar 
                

	von Heijne, G. Membrane protein structure prediction. Hydrophobicity analysis and the positive-inside rules. J. Mol. Biol. 225, 487–494 (1992)
Article 
    CAS 
    
                    Google Scholar 
                

	Tourasse, N. J. & Li, W. H. Selective constraints, amino acid composition, and the rate of protein evolution. Mol. Biol. Evol. 17, 656–664 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Mazel, D. & Marlière, P. Adaptive eradication of methionine and cysteine from cyanobacterial light-harvesting proteins. Nature 341, 245–248 (1989)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Baudouin-Cornu, P., Surdin-Kerjan, Y., Marlière, P. & Thomas, D. Molecular evolution of protein atomic composition. Science 293, 297–300 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Baudouin-Cornu, P., Schuerer, K., Marlière, P. & Thomas, D. Intimate evolution of Proteins. Proteome atomic content correlates with genome base composition. J. Biol. Chem. 279, 5421–5428 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Elser, J. J., Fagan, W. F., Subramanian, S. & Kumar, S. Signatures of ecological resource availability in the animal and plant proteomes. Mol. Biol. Evol. 23, 1946–1951 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Elser, J. J. et al. Biological stoichiometry from genes to ecosystems. Ecol. Lett. 3, 540–550 (2000)
Article 
    
                    Google Scholar 
                

	Kay, A. D. et al. Toward a stoichiometric framework for evolutionary biology. Oikos 109, 6–17 (2005)
Article 
    
                    Google Scholar 
                

	Hasenfuss, I. A possible evolutionary pathway to insect flight starting from lepismatid organization. J. Zool. Syst. Evol. Res. 40, 65–81 (2002)
Article 
    
                    Google Scholar 
                

	Elser, J. J., Watts, J., Schampel, J. H. & Farmer, J. Early Cambrian food webs on a trophic knife-edge? A hypothesis and preliminary data from a modern stromatolite-based ecosystem. Ecol. Lett. 9, 295–303 (2006)
Article 
    
                    Google Scholar 
                

	Knoll, A. H. Life on a Young Planet: The First Three Billion Years of Evolution on Earth (Princeton Univ. Press, Princeton and Oxford, 2003)

                    Google Scholar 
                

	Berner, R. A. Atmospheric oxygen over Phanerozoic time. Proc. Natl Acad. Sci. USA. 96, 10955–10957 (1999)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. Predicting transmembrane protein topology with a hidden Markov model: application to complete genomes. J. Mol. Biol. 305, 567–580 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Stevens, T. J. & Arkin, I. T. Do more complex organisms have a greater proportion of membrane proteins in their genomes?. Proteins 39, 417–420 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Wallin, E. & von Heijne, G. Genome-wide analysis of integral membrane proteins from eubacterial, archaean, and eukaryotic organisms. Protein Sci. 7, 1029–1038 (1998)
Article 
    CAS 
    
                    Google Scholar 
                

	Liò, P. & Vannucci, M. Investigating the evolution and structure of chemokine receptors. Gene 317, 29–37 (2003)
Article 
    
                    Google Scholar 
                

	Aitchison, J. The Statistical Analysis of Compositional Data 154–155 (Chapman and Hall, London, 1986)
Book 
    
                    Google Scholar 
                

	Tamames, J., Ouzounis, C., Sander, C. & Valencia, A. Genomes with distinct function composition. FEBS Lett. 389, 96–101 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Liu, J. & Rost, B. Comparing function and structure between entire proteomes. Protein Sci. 10, 1970–1979 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Akashi, H. & Gojobori, T. Metabolic efficiency and amino acid composition in the proteomes of Escherichia coli and Bacillus subtilis.. Proc. Natl Acad. Sci. USA. 99, 3695–3700 (2002)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Raymond, J. & Segre, D. The effect of oxygen on biochemical networks and the evolution of complex life. Science 311, 1764–1767 (2006)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Hedges, S. B., Blair, J. E., Venturi, M. L. & Shoe, J. L. A molecular timescale of eukaryote evolution and the rise of complex multicellular life. BMC Evol. Biol. 4, 2 (2004)
Article 
    
                    Google Scholar 
                

	Martin, W. et al. Early cell evolution, eukaryotes, anoxia, sulfide, oxygen, fungi first (?), and a tree of genomes revisited. IUBMB Life 55, 193–204 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Douzery, E. J. P., Snell, E. A., Bapteste, E., Delsuc, F. & Philippe, H. The timing of eukaryotic evolution: does a relaxed molecular clock reconcile proteins and fossils?. Proc. Natl Acad. Sci. USA. 101, 15386–15391 (2004)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Sheridan, P. P., Freeman, K. H. & Brenchley, J. E. Estimated minimal divergence times of the major bacterial and archaeal phyla. Geomicrobiol. J. 20, 1–14 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Hedges, S. B. The origin and evolution of model organisms. Nature Rev. Genet. 3, 838–849 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Anderson, J. S. & Sues, H.-D. (eds) Major Transitions in Vertebrate Evolution (Indiana Univ. Press, Bloomington and Indianapolis, in the press).


Download references




Acknowledgements
The authors would like to thank J. Anderson for help with the estimates of the time of appearance of the organisms used for this study, and D. Schomburg, R. Wünschiers, D. Bauer, A. Scialpi, M. Koornneef, H. Hillebrand, A. M. Tarchi, P. Bruni, T. Wiehe, B. Haubold and T. Rothery for valuable discussions. Author Contributions C.A. initiated and devised the project; C.A., S.C. and J.K. analysed the data; and S.C. and C.A. wrote the manuscript.


Author information
Author notes	Claudia Acquisti
Present address: Center for Evolutionary Functional Genomics, The Biodesign Institute, Arizona State University, Tempe, Arizona, 85287-5301, USA


Authors and Affiliations
	Max Planck Institute for Plant Breeding Research, Carl-von-Linnè-Weg 10, Köln, 50829, Germany
Claudia Acquisti & Sinéad Collins

	Institute of Molecular Biology and Bioinformatics, Charité Campus Benjamin Franklin, Arnimallee 22, 14195, Berlin, Germany
Jürgen Kleffe


Authors	Claudia AcquistiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jürgen KleffeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sinéad CollinsView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Claudia Acquisti.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at www.nature.com/reprints. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
This file contains Supplementary Table showing organisms names and data sets sample sizes and Supplementary Figures 1- 7 with legends. (PDF 2115 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Acquisti, C., Kleffe, J. & Collins, S. Oxygen content of transmembrane proteins over macroevolutionary time scales.
                    Nature 445, 47–52 (2007). https://doi.org/10.1038/nature05450
Download citation
	Received: 08 June 2006

	Accepted: 14 November 2006

	Published: 20 December 2006

	Issue Date: 04 January 2007

	DOI: https://doi.org/10.1038/nature05450


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Subcellular stoichiogenomics reveal cell evolution and electrostatic interaction mechanisms in cytoskeleton
                                    
                                

                            
                                
                                    	Yu-Juan Zhang
	Chengxu Zhu
	Bin Chen


                                
                                BMC Genomics (2018)

                            
	
                            
                                
                                    
                                        GRASP [Genomic Resource Access for Stoichioproteomics]: comparative explorations of the atomic content of 12 Drosophila proteomes
                                    
                                

                            
                                
                                    	James D J Gilbert
	Claudia Acquisti
	William F Fagan


                                
                                BMC Genomics (2013)

                            
	
                            
                                
                                    
                                        Mapping of the minimal inorganic phosphate transporting unit of human PiT2 suggests a structure universal to PiT-related proteins from all kingdoms of life
                                    
                                

                            
                                
                                    	Pernille Bøttger
	Lene Pedersen


                                
                                BMC Biochemistry (2011)

                            
	
                            
                                
                                    
                                        The evolutionary consequences of oxygenic photosynthesis: a body size perspective
                                    
                                

                            
                                
                                    	Jonathan L. Payne
	Craig R. McClain
	Steve C. Wang


                                
                                Photosynthesis Research (2011)

                            
	
                            
                                
                                    
                                        A Review of metabolic staging in severely injured patients
                                    
                                

                            
                                
                                    	Maria-Angeles Aller
	Jose-Ignacio Arias
	Jaime Arias


                                
                                Scandinavian Journal of Trauma, Resuscitation and Emergency Medicine (2010)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Coming up for air
Fossils are conventionally used to trace evolutionary change over time. But we may also preserve our history in our biochemistry. Claudia Acquisti et al. have discovered systematic variation in the ways in which various organisms incorporate oxygen into membrane-spanning proteins. Membrane proteins in compartmentalized prokaryotes and eukaryotes tend to contain more oxygen than those of simpler prokaryotes. This may be an echo of the low atmospheric oxygen on the early Earth.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Oxygen at life's boundaries
                

                
	Peggy Baudouin-Cornu
	Dominique Thomas



                
    
        
            Nature
        
        News & Views
        
        
            20 Dec 2006
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
