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            Abstract
Cells grow well only in a narrow range of physiological conditions. Surviving extreme conditions requires the instantaneous expression of chaperones that help to overcome stressful situations. To ensure the preferential synthesis of these heat-shock proteins, cells inhibit transcription, pre-mRNA processing and nuclear export of non-heat-shock transcripts, while stress-specific mRNAs are exclusively exported and translated1. How cells manage the selective retention of regular transcripts and the simultaneous rapid export of heat-shock mRNAs is largely unknown. In Saccharomyces cerevisiae, the shuttling RNA adaptor proteins Npl3, Gbp2, Hrb1 and Nab2 are loaded co-transcriptionally onto growing pre-mRNAs. For nuclear export, they recruit the export-receptor heterodimer Mex67â€“Mtr2 (TAPâ€“p15 in humans)2. Here we show that cellular stress induces the dissociation of Mex67 and its adaptor proteins from regular mRNAs to prevent general mRNA export. At the same time, heat-shock mRNAs are rapidly exported in association with Mex67, without the need for adapters. The immediate co-transcriptional loading of Mex67 onto heat-shock mRNAs involves Hsf1, a heat-shock transcription factor that binds to heat-shock-promoter elements in stress-responsive genes. An important difference between the export modes is that adaptor-protein-bound mRNAs undergo quality control, whereas stress-specific transcripts do not. In fact, regular mRNAs are converted into uncontrolled stress-responsive transcripts if expressed under the control of a heat-shock promoter, suggesting that whether an mRNA undergoes quality control is encrypted therein. Under normal conditions, Mex67 adaptor proteins are recruited for RNA surveillance, with only quality-controlled mRNAs allowed to associate with Mex67 and leave the nucleus. Thus, at the cost of error-free mRNA formation, heat-shock mRNAs are exported and translated without delay, allowing cells to survive extreme situations.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Stress induces the dissociation of Mex67 and its adaptor proteins from mRNAs and Mex67-mediated export of heat-shock mRNAs.[image: ]


Figure 2: Mex67 directly binds and exports heat-shock mRNAs using the same domain as it uses to interact with the adaptor protein Npl3.[image: ]


Figure 3: Stress induces direct recruitment of Mex67 to promoters of heat-shock genes.[image: ]


Figure 4: Stress-specific mRNAs are not quality controlled.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Termination of the unfolded protein response is guided by ER stress-induced HAC1 mRNA nuclear retention
                                        
                                    

                                    
                                        Article
                                         Open access
                                         25 October 2022
                                    

                                

                                Laura Matabishi-Bibi, Drice Challal, â€¦ Anna Babour

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        SAGA DUBm-mediated surveillance regulates prompt export of stress-inducible transcripts for proteostasis
                                        
                                    

                                    
                                        Article
                                         Open access
                                         05 June 2019
                                    

                                

                                Minhoo Kim, Yoonjung Choi, â€¦ Daeyoup Lee

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        DHH1/DDX6-like RNA helicases maintain ephemeral half-lives of stress-response mRNAs
                                        
                                    

                                    
                                        Article
                                        
                                         01 June 2020
                                    

                                

                                Thanin Chantarachot, Reed S. Sorenson, â€¦ Julia Bailey-Serres

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Accession codes

              
              
                Primary accessions

                
                  Gene Expression Omnibus
	
                      
                        GSE81542
                      

                    
	
                      
                        GSE83267
                      

                    


                
              
            

References
	Bond, U. Stressed out! Effects of environmental stress on mRNA metabolism. FEMS Yeast Res. 6, 160â€“170 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tutucci, E. & Stutz, F. Keeping mRNPs in check during assembly and nuclear export. Nat. Rev. Mol. Cell Biol. 12, 377â€“384 (2011)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Carmody, S. R., Tran, E. J., Apponi, L. H., Corbett, A. H. & Wente, S. R. The mitogen-activated protein kinase Slt2 regulates nuclear retention of non-heat shock mRNAs during heat shock-induced stress. Mol. Cell. Biol. 30, 5168â€“5179 (2010)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Krebber, H., Taura, T., Lee, M. S. & Silver, P. A. Uncoupling of the hnRNP Npl3p from mRNAs during the stress-induced block in mRNA export. Genes Dev. 13, 1994â€“2004 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wallace, E. W. et al. Reversible, specific, active aggregates of endogenous proteins assemble upon heat stress. Cell 162, 1286â€“1298 (2015)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mitchell, S. F., Jain, S., She, M. & Parker, R. Global analysis of yeast mRNPs. Nat. Struct. Mol. Biol. 20, 127â€“133 (2013)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rollenhagen, C., Hodge, C. A. & Cole, C. N. Following temperature stress, export of heat shock mRNA occurs efficiently in cells with mutations in genes normally important for mRNA export. Eukaryot. Cell 6, 505â€“513 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yamamoto, A., Mizukami, Y. & Sakurai, H. Identification of a novel class of target genes and a novel type of binding sequence of heat shock transcription factor in Saccharomyces cerevisiae. J. Biol. Chem. 280, 11911â€“11919 (2005)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Yao, W. et al. Nuclear export of ribosomal 60S subunits by the general mRNA export receptor Mex67-Mtr2. Mol. Cell 26, 51â€“62 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Singh, H. et al. A functional module of yeast mediator that governs the dynamic range of heat-shock gene expression. Genetics 172, 2169â€“2184 (2006)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, S. & Gross, D. S. Mediator recruitment to heat shock genes requires dual Hsf1 activation domains and mediator tail subunits Med15 and Med16. J. Biol. Chem. 288, 12197â€“12213 (2013)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	StrÃ¤sser, K. et al. TREX is a conserved complex coupling transcription with messenger RNA export. Nature 417, 304â€“308 (2002)
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Doma, M. K. & Parker, R. RNA quality control in eukaryotes. Cell 131, 660â€“668 (2007)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Burkard, K. T. & Butler, J. S. A nuclear 3â€²-5â€² exonuclease involved in mRNA degradation interacts with Poly(A) polymerase and the hnRNA protein Npl3p. Mol. Cell. Biol. 20, 604â€“616 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Galy, V. et al. Nuclear retention of unspliced mRNAs in yeast is mediated by perinuclear Mlp1. Cell 116, 63â€“73 (2004)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Green, D. M., Johnson, C. P., Hagan, H. & Corbett, A. H. The C-terminal domain of myosin-like protein 1 (Mlp1p) is a docking site for heterogeneous nuclear ribonucleoproteins that are required for mRNA export. Proc. Natl Acad. Sci. USA 100, 1010â€“1015 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hackmann, A. et al. Quality control of spliced mRNAs requires the shuttling SR proteins Gbp2 and Hrb1. Nat. Commun. 5, 3123 (2014)
ArticleÂ 
    ADSÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Inoue, K., Mizuno, T., Wada, K. & Hagiwara, M. Novel RING finger proteins, Air1p and Air2p, interact with Hmt1p and inhibit the arginine methylation of Npl3p. J. Biol. Chem. 275, 32793â€“32799 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Schmid, M. et al. Rrp6p controls mRNA poly(A) tail length and its decoration with poly(A) binding proteins. Mol. Cell 47, 267â€“280 (2012)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Baejen, C. et al. Transcriptome maps of mRNP biogenesis factors define pre-mRNA recognition. Mol. Cell 55, 745â€“757 (2014)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shen, E. C., Stage-Zimmermann, T., Chui, P. & Silver, P. A. 7The yeast mRNA-binding protein Npl3p interacts with the cap-binding complex. J. Biol. Chem. 275, 23718â€“23724 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tuck, A. C. & Tollervey, D. A transcriptome-wide atlas of RNP composition reveals diverse classes of mRNAs and lncRNAs. Cell 154, 996â€“1009 (2013)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Schmid, M. et al. The nuclear polyA-binding protein Nab2p is essential for mRNA production. Cell Reports 12, 128â€“139 (2015)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Windgassen, M. & Krebber, H. Identification of Gbp2 as a novel poly(A)+ RNA-binding protein involved in the cytoplasmic delivery of messenger RNAs in yeast. EMBO Rep. 4, 278â€“283 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Hilleren, P., McCarthy, T., Rosbash, M., Parker, R. & Jensen, T. H. Quality control of mRNA 3â€²-end processing is linked to the nuclear exosome. Nature 413, 538â€“542 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Thomsen, R., Libri, D., Boulay, J., Rosbash, M. & Jensen, T. H. Localization of nuclear retained mRNAs in Saccharomyces cerevisiae. RNA 9, 1049â€“1057 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zid, B. M. & Oâ€™Shea, E. K. Promoter sequences direct cytoplasmic localization and translation of mRNAs during starvation in yeast. Nature 514, 117â€“121 (2014)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Winston, F., Dollard, C. & Ricupero-Hovasse, S. L. Construction of a set of convenient Saccharomyces cerevisiae strains that are isogenic to S288C. Yeast 11, 53â€“55 (1995)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gorsch, L. C., Dockendorff, T. C. & Cole, C. N. A conditional allele of the novel repeat-containing yeast nucleoporin RAT7/NUP159 causes both rapid cessation of mRNA export and reversible clustering of nuclear pore complexes. J. Cell Biol. 129, 939â€“955 (1995)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shen, E. C. et al. Arginine methylation facilitates the nuclear export of hnRNP proteins. Genes Dev. 12, 679â€“691 (1998)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	StrÃ¤sser, K., Bassler, J. & Hurt, E. Binding of the Mex67p/Mtr2p heterodimer to FXFG, GLFG, and FG repeat nucleoporins is essential for nuclear mRNA export. J. Cell Biol. 150, 695â€“706 (2000)
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Segref, A. et al. Mex67p, a novel factor for nuclear mRNA export, binds to both poly(A)+ RNA and nuclear pores. EMBO J. 16, 3256â€“3271 (1997)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bassler, J. et al. Identification of a 60S preribosomal particle that is closely linked to nuclear export. Mol. Cell 8, 517â€“529 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hackmann, A., Gross, T., Baierlein, C. & Krebber, H. The mRNA export factor Npl3 mediates the nuclear export of large ribosomal subunits. EMBO Rep. 12, 1024â€“1031 (2011). 10.1038/embor.2011.155
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Baierlein, C. et al. Monosome formation during translation initiation requires the serine/arginine-rich protein Npl3. Mol. Cell. Biol. 33, 4811â€“4823 (2013). 10.1128/MCB.00873-13
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Marfatia, K. A., Crafton, E. B., Green, D. M. & Corbett, A. H. Domain analysis of the Saccharomyces cerevisiae heterogeneous nuclear ribonucleoprotein, Nab2p. Dissecting the requirements for Nab2p-facilitated poly(A) RNA export. J. Biol. Chem. 278, 6731â€“6740 (2003)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Taura, T., Krebber, H. & Silver, P. A. A member of the Ran-binding protein family, Yrb2p, is involved in nuclear protein export. Proc. Natl Acad. Sci. USA 95, 7427â€“7432 (1998)
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sikorski, R. S. & Hieter, P. A system of shuttle vectors and yeast host strains designed for efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics 122, 19â€“27 (1989)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Christianson, T. W., Sikorski, R. S., Dante, M., Shero, J. H. & Hieter, P. Multifunctional yeast high-copy-number shuttle vectors. Gene 110, 119â€“122 (1992)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lee, M. S., Henry, M. & Silver, P. A. A protein that shuttles between the nucleus and the cytoplasm is an important mediator of RNA export. Genes Dev. 10, 1233â€“1246 (1996)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	HÃ¤cker, S. & Krebber, H. Differential export requirements for shuttling serine/arginine-type mRNA-binding proteins. J. Biol. Chem. 279, 5049â€“5052 (2004)
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Santos-Rosa, H. et al. Nuclear mRNA export requires complex formation between Mex67p and Mtr2p at the nuclear pores. Mol. Cell. Biol. 18, 6826â€“6838 (1998)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Duncan, K., Umen, J. G. & Guthrie, C. A putative ubiquitin ligase required for efficient mRNA export differentially affects hnRNP transport. Curr. Biol. 10, 687â€“696 (2000)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gilbert, W., Siebel, C. W. & Guthrie, C. Phosphorylation by Sky1p promotes Npl3p shuttling and m RNA dissociation. RNA 7, 302â€“313 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zenklusen, D., Vinciguerra, P., Strahm, Y. & Stutz, F. The yeast hnRNP-Like proteins Yra1p and Yra2p participate in mRNA export through interaction with Mex67p. Mol. Cell. Biol. 21, 4219â€“4232 (2001)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Conrad, N. K. et al. A yeast heterogeneous nuclear ribonucleoprotein complex associated with RNA polymerase II. Genetics 154, 557â€“571 (2000)
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Strambio-de-Castillia, C., Blobel, G. & Rout, M. P. Proteins connecting the nuclear pore complex with the nuclear interior. J. Cell Biol. 144, 839â€“855 (1999)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Faza, M. B., Chang, Y., Occhipinti, L., Kemmler, S. & Panse, V. G. Role of Mex67-Mtr2 in the nuclear export of 40S pre-ribosomes. PLoS Genet. 8, e1002915 (2012)
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank H. Bastians for advice, L. Oldehaver for technical assistance, W. Kramer for discussion and R. Lill, P. A. Silver, C. Dargemont and E. Hurt for providing plasmids, strains or antibodies. This work was funded by grants from the Deutsche Forschungsgemeinschaft and the SFB860 to H.K.


Author information
Author notes	Gesa Zander, Alexandra Hackmann and Lysann Bender: These authors contributed equally to this work


Authors and Affiliations
	Abteilung fÃ¼r Molekulare Genetik, Institut fÃ¼r Mikrobiologie und Genetik, GÃ¶ttinger Zentrum fÃ¼r Molekulare Biowissenschaften, Georg-August UniversitÃ¤t GÃ¶ttingen, GÃ¶ttingen, Germany
Gesa Zander,Â Alexandra Hackmann,Â Lysann Bender,Â Daniel BeckerÂ &Â Heike Krebber

	Transkriptomanalyselabor, Institut fÃ¼r Entwicklungsbiochemie, Georg-August UniversitÃ¤t GÃ¶ttingen, GÃ¶ttingen, Germany
Thomas LingnerÂ &Â Gabriela Salinas


Authors	Gesa ZanderView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Alexandra HackmannView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lysann BenderView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Daniel BeckerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas LingnerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gabriela SalinasView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Heike KrebberView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
Experiments were designed and data interpreted by all authors; experiments were performed by G.Z. (Figs 1b, c, 2d, e, 3c, 4bâ€“d), A.H. (Figs 1c, 3a, b, 4a), L.B. (Figs 1a, 2aâ€“c) D.B. (Fig. 1c) and T.L. and G.S. (Fig. 1c). The manuscript was written by H.K.; all authors discussed the results and commented on the manuscript.
Corresponding author
Correspondence to
                Heike Krebber.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 Mex67 dissociates from poly(A)+ RNA together with the adaptor proteins, which are dispensable for heat-shock mRNA export.
a, Stress leads to the dissociation of Mex67 and its adaptor proteins from bulk mRNAs. Example experiments of immunoprecipitations from Fig. 1a with the indicated GFP-tagged or Myc-tagged proteins are shown in western blots. The co-precipitated poly(A)+RNA was detected in northern blots with a DIG-labelled oligo d(T)50 probe. b, Gbp2 precipitates after extended heat stress. Western blot analysis for the presence of Gbp2 in the soluble supernatant fraction or the insoluble pellet fraction is shown. c, Mex67 dissociates from mRNA, but not from its adaptor protein. Immunoprecipitation analysis of Mex67 and the co-precipitated Npl3 is shown in western blots. Mex67-bound poly(A)+RNA was analysed in northern blots. d, FISH experiments of the SSA4 heat-shock mRNA reveal export defects in mutants of MEX67â€“MTR2, but not the Mex67 adaptor proteins, upon a 30-min temperature shift to 42â€‰Â°C. A DIG-labelled SSA4 RNA probe (green) detects the heat-shock mRNA in the indicated strains. DNA was stained with Hoechst (blue) and poly(A)+RNA with an oligo d(T)50 probe (red). e, Overview of the experiment shown in d. The frame indicates the enlarged single cells in d. f, Control experiment that shows the experiment described in d at 25â€‰Â°C, in which heat-shock RNAs are not produced in visible amounts. g, The experiment was performed as described in d, with the cells shifted to 37â€‰Â°C for 30â€‰min. h, The same experiment as described in d with a different heat-shock RNA probe against HSP12. i, The same experiment as in d with probes against a single mRNA, GPM1 (Cy3, red) and poly(A)+ (Atto488, green). j, Control experiment that shows the experiment described in i without the DIG-labelled probe (green) or a Cy3 probe (red). The circle indicates the contour of the cells. k, Deletion of all three SR-protein genes is lethal to cells. The indicated strains were spotted in serial dilution onto agar plates selecting either for a covering plasmid (plates lacking uracil, âˆ’URA) or for the loss of this plasmid (5-fluoroorotic acid plates, FOA).


Extended Data Figure 2 Genome-wide analyses of Mex67- and Npl3-associated RNAs.
Dissociation of Mex67 and Npl3 from highly expressed transcripts upon a 30-min heat shock at 42â€‰Â°C. a, Genome-wide RNA-seq studies reflect the dissociation of Mex67 and Npl3 from bulk RNA. RIP experiments were performed with both proteins before and after a 30-min incubation at 42â€‰Â°C. Shown are 20 highly expressed transcripts arranged into functional groups that were bound by Mex67 or Npl3 and released upon heat shock. b, The top 50 transcripts from which indicated proteins dissociate that were obtained in microarray analysis are displayed by functional group. c, d, Top 50 transcripts obtained in RNA-seq. experiments for Npl3 (c) and Mex67 (d) are displayed by functional group. e, Genome-wide analysis of microarray data showing functional groups of mRNAs that co-purify with Npl3 or Mex67 at 25â€‰Â°C or 42â€‰Â°C (log2 â‰¥â€‰0.5). f, Reduced binding of Npl3 and Mex67 to housekeeping mRNAs (transcripts shown in e) upon shift from 25â€‰Â°C to 42â€‰Â°C.


Extended Data Figure 3 Analyses of Mex67 and Npl3 binding to mRNAs of Hsf1 controlled genes.
Mex67 binds preferentially to mRNAs controlled by Hsf1 at 42â€‰Â°C. a, Detailed view with the bound Hsf1 gene names depicted shown in Fig. 1c. b, Heat map showing the change in binding from 25â€‰Â°C to 42â€‰Â°C for Npl3 and Mex67 for the genes depicted in Fig. 1c. c, qRTâ€“PCR experiments for selected transcripts confirm the simultaneous binding of Mex67 and Npl3 to regular transcripts at 25â€‰Â°C and the selective binding of Mex67 to heat-shock transcripts upon incubation for 30â€‰min at 42â€‰Â°C.


Extended Data Figure 4 The loop-domain of Mex67 is important for binding and export of heat-shock mRNAs.
a, b, Western blot showing purified recombinant His6â€“Mtr2 and the co-precipitated recombinant Mex67 with Mex67-specific antibodies (top) and anti-His antibodies (bottom) used for Fig. 2a, b (a and b, respectively). c, Scheme of the heterodimer Mex67â€“Mtr2 which indicates the loop domain that is mutated in the experiments shown in Fig. 2 (adapted from refs 9, 48). d, The loop mutants of Mex67 are not degraded in vivo. Western blots are shown from cells cultivated at 25â€‰Â°C and from cells that were shifted to 42â€‰Â°C for 30â€‰min. e, f, FISH experiments reveal defects in the export of the heat-shock mRNAs SSA4 (e) or HSP12 (f) (green) in mutants of MEX67 with defects in the loop-domain upon 30-min heat shock at 42â€‰Â°C. The framed areas in e indicate the enlarged cells shown in Fig. 2c. g, FISH experiments as performed in e and f, with probes against the single housekeeping mRNA GPM1, show accumulation in all strains. h, Quantification of four different experiments shown in Fig. 2d. i, In vitro interaction study of Npl3 and the indicated Mex67 proteins. Recombinant Mex67 or mutant mex67 were incubated with recombinant GSTâ€“Npl3. Subsequent co-immunoprecipitations of Npl3 with Mex67 are shown. j, Quantification of five different experiments shown in i. k, Increasing amounts of RNA, but not DNA, substantially reduce the interaction of Npl3 and Mex67. l, Full version of the western blot shown in Fig. 3b. The blot was cut into three pieces (black frame) and probed with the indicated antibodies. The green frame indicates the parts that are shown in Fig. 3b.


Extended Data Figure 5 Mex67 adaptor proteins have no mRNA export defects when deleted, but induce defects when overexpressed or mutated.
a, c, Deletion of the adaptor proteins results in no mRNA export defects and the nuclear accumulation seen in rrp6âˆ† cells alone is reduced when adaptor proteins are also deleted. Cells were grown at 30â€‰Â°C (a) or at 25â€‰Â°C and shifted to 37â€‰Â°C for 3 h (c) before FISH experiments with an oligo d(T)50 probe (red, top), with a Cy3-labelled probe against an ADH1 promoter driven GFP RNA and the U3 snoRNA (red, bottom) were carried out (a). DNA was stained with Hoechst (blue). Framed areas reflect the enlarged cells. b, Quantification of FISH experiments shown in Fig. 4a. d, The deletion of NAB2 is lethal, but the simultaneous deletion of RRP6 supresses lethality and allows growth at 25â€‰Â°C. The indicated strains are shown in tenfold serial dilution on plates that retain a covering plasmid or an empty vector (âˆ’URA) and on plates that select for the loss of the covering wild-type plasmid (FOA). e, The combination of rrp6âˆ† mex67-5 is synthetically lethal. Growth of the indicated strains with (âˆ’URA) or without (FOA) a covering plasmid is shown. f, Overexpression of mex67-5 in the indicated rrp6âˆ† adaptor proteinâˆ† double mutants decreases the leakage of poly(A)+RNA to the cytoplasm as shown by FISH experiments. g, Overexpression of quality control factors from the strong GAL1 promoter is toxic to cells. The indicated strains are shown in tenfold serial dilution on the indicated plates. h, Overexpression of quality control factors lead to mRNA export defects and identifies them as mRNA retention factors. FISH with an oligo d(T)50 probe is shown in the indicated strains. i, Mutation in NPL3 is dominant and toxic to cells, as seen in serial drop tests. j, Mutation in NPL3 is dominant and causes mRNA export defects as shown in FISH experiments with an oligo d(T)50 probe.


Extended Data Figure 6 Heat-shock transcripts are not retained in the nuclei of cells defective in nuclear quality control factors.
a, FISH experiments with a DIG-labelled SSA4 probe (green) and an oligo d(T)50 probe (red) are shown in the indicated strains. Nuclear accumulation of mRNA was quantified (bottom). b, c, FISH experiments with DIG-labelled SSA4 and HSP12 probes (green) are shown in the indicated strains that had been shifted to 42â€‰Â°C for 30â€‰min (b) or 1â€‰h (c). The frames in b indicate the enlarged cells that are also shown in a.


Extended Data Figure 7 Transcripts expressed from heat-shock promoters are not quality-controlled.
a, Representative expression analysis upon heat stress via qRTâ€“PCR. Expression of GPM1 and HSP12, controlled by the indicated promoters, is shown upon 30-min heat stress at 42â€‰Â°C. The endogenous SSA1 RNA served as a positive control. b, DNA staining of the cells shown in Fig. 4b. c, Experiment as shown in a but with CYC1 and HSP12 transcripts. d, Promoter-dependent accumulation of transcripts in quality-control-factor mutants. All strains carrying plasmids with the indicated gene constructs were analysed in FISH experiments with oligonucleotides targeting GFP mRNA (red) and poly(A)+ RNA (green). The DNA is stained with Hoechst (blue). Examples of typical cells (top) and quantification of the nuclear accumulation (bottom) is shown. e, The intron containing RPL23B RNA is expressed upon heat stress, when driven from the HSP12 promoter. qRTâ€“PCR was carried out using lysates of log-phase cells that were subjected to 42â€‰Â°C for 30â€‰min. f, Schematic model of the retention of regular mRNAs under stress and the selective export of heat-shock mRNAs to the cytoplasm. Under normal conditions, adaptor proteins control the maturation of the transcripts and prevent the early association of Mex67 with Mtr2, avoiding premature nuclear export. Upon maturation, the adaptor proteins recruit Mex67â€“Mtr2, which allows subsequent nuclear export. Proper Mex67â€“Mtr2 coverage of the adaptor proteins is controlled at the NPC by the gatekeeper Mlp1 (top). During stress (bottom), regular mRNAs are retained in the nucleus by dissociation of Mex67â€“Mtr2 through its adaptor proteins. By contrast, heat-shock mRNAs circumvent an adaptor-mediated quality control by instant loading of Mex67â€“Mtr2 through Hsf1, resulting in an immediate nuclear export. Proper RNP formation is not controlled by Mlp1 at the NPC because Mlp1 is detached and accumulates in nuclear foci. This mechanism allows a quick switch between the controlled export of correct mRNAs and the immediate and uncontrolled export of stress-specific transcripts.
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