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            Abstract
A network of molecular chaperones is known to bind proteins (â€˜clientsâ€™) and balance their folding, function and turnover. However, it is often unclear which chaperones are critical for selective recognition of individual clients. It is also not clear why these key chaperones might fail in protein-aggregation diseases. Here, we utilized human microtubule-associated protein tau (MAPT or tau) as a model client to survey interactions between ~30 purified chaperones and ~20 disease-associated tau variants (~600 combinations). From this large-scale analysis, we identified human DnaJA2 as an unexpected, but potent, inhibitor of tau aggregation. DnaJA2 levels were correlated with tau pathology in human brains, supporting the idea that it is an important regulator of tau homeostasis. Of note, we found that some disease-associated tau variants were relatively immune to interactions with chaperones, suggesting a model in which avoiding physical recognition by chaperone networks may contribute to disease.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 12 print issues and online access
$189.00 per year
only $15.75 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
        



    

                
                    Fig. 1: In vitro tau aggregation screen identifies chaperones that inhibit or promote tau aggregation.


Fig. 2: Unique chaperone profiles with respect to tau aggregation suggest distinct mechanisms of anti-aggregation activity.


Fig. 3: Anti-aggregation chaperones bind to regions spanning the tau aggregation motifs.


Fig. 4: Tau fibrils formed in the presence of DnaJA2 have a reduced capacity to seed tau aggregation in cells.


Fig. 5: DnaJA2 levels are selectively increased in neurons positive for tau pathology in samples from patients with MCI and late-stage AD.



                


                
                    
                
            

            
                References
	Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U. Molecular chaperone functions in protein folding and proteostasis. Annu. Rev. Biochem. 82, 323â€“355 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Brehme, M. et al. A chaperome subnetwork safeguards proteostasis in aging and neurodegenerative disease. Cell Reps. 9, 1135â€“1150 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Taipale, M. et al. A quantitative chaperone interaction network reveals the architecture of cellular protein homeostasis pathways. Cell 158, 434â€“448 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rodina, A. et al. The epichaperome is an integrated chaperome network that facilitates tumour survival. Nature 538, 397â€“401 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mu, T. W. et al. Chemical and biological approaches synergize to ameliorate protein-folding diseases. Cell 134, 769â€“781 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Morimoto, R. I. The heat shock response: systems biology of proteotoxic stress in aging and disease. Cold Spring Harb. Symp. Quant. Biol. 76, 91â€“99 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Walther, D. M. et al. Widespread proteome remodeling and aggregation in aging C. elegans. Cell 161, 919â€“932 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Soto, C. Unfolding the role of protein misfolding in neurodegenerative diseases. Nat. Rev. Neurosci. 4, 49â€“60 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hsu, A.-L., Murphy, C. T. & Kenyon, C. Regulation of aging and age-related disease by DAF-16 and heat-shock factor. Science 300, 1142â€“1145 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cohen, E., Bieschke, J., Perciavalle, R. M., Kelly, J. W. & Dillin, A. Opposing activities protect against age-onset proteotoxicity. Science 313, 1604â€“1610 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Krobitsch, S. & Lindquist, S. Aggregation of huntingtin in yeast varies with the length of the polyglutamine expansion and the expression of chaperone proteins. Proc. Natl. Acad. Sci. USA 97, 1589â€“1594 (2000).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Abisambra, J. F. et al. Phosphorylation dynamics regulate Hsp27-mediated rescue of neuronal plasticity deficits in tau transgenic mice. J. Neurosci. 30, 15374â€“15382 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jinwal, U. K. et al. Chemical manipulation of hsp70 ATPase activity regulates tau stability. J. Neurosci. 29, 12079â€“12088 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kakkar, V., Kuiper, E. F. E., Pandey, A., Braakman, I. & Kampinga, H. H. Versatile members of the DNAJ family show Hsp70 dependent anti-aggregation activity on RING1 mutant parkin C289G. Sci. Rep. 6, 34830 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Spillantini, M. G. & Goedert, M. Tau pathology and neurodegeneration. Lancet Neurol. 12, 609â€“622 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Young, Z. T., Mok, S. A. & Gestwicki, J. E. Therapeutic strategies for restoring tau homeostasis. Cold Spring Harb. Perspect. Med. 8, a024612 (2018).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Thompson, A. D. et al. Analysis of the tau-associated proteome reveals that exchange of Hsp70 for Hsp90 is involved in tau degradation. ACS Chem. Biol. 7, 1677â€“1686 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gunawardana, C. G. et al. The human tau interactome: binding to the ribonucleoproteome, and impaired binding of the proline-to-leucine mutant at position 301 (P301L) to chaperones and the proteasome. Mol. Cell. Proteomics 14, 3000â€“3014 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jinwal, U. K. et al. The Hsp90 cochaperone, FKBP51, increases Tau stability and polymerizes microtubules. J. Neurosci. 30, 591â€“599 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Voss, K., Combs, B., Patterson, K. R., Binder, L. I. & Gamblin, T. C. Hsp70 alters tau function and aggregation in an isoform specific manner. Biochemistry 51, 888â€“898 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	von Bergen, M. et al. Mutations of tau protein in frontotemporal dementia promote aggregation of paired helical filaments by enhancing local beta-structure. J. Biol. Chem. 276, 48165â€“48174 (2001).
ArticleÂ 
    
                    Google ScholarÂ 
                

	von Bergen, M. et al. Assembly of tau protein into Alzheimer paired helical filaments depends on a local sequence motif ((306)VQIVYK(311)) forming beta structure. Proc. Natl. Acad. Sci. USA 97, 5129â€“5134 (2000).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Li, W. & Lee, V. M. Y. Characterization of two VQIXXK motifs for tau fibrillization in vitro. Biochemistry 45, 15692â€“15701 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Van Cauwenberghe, C., Van Broeckhoven, C. & Sleegers, K. The genetic landscape of Alzheimer disease: clinical implications and perspectives. Genet. Med. 18, 421â€“430 (2016).
ArticleÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shinohara, H., Inaguma, Y., Goto, S., Inagaki, T. & Kato, K. Î± B crystallin and HSP28 are enhanced in the cerebral cortex of patients with Alzheimerâ€™s disease. J. Neurol. Sci. 119, 203â€“208 (1993).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lim, J. et al. Pin1 has opposite effects on wild-type and P301L tau stability and tauopathy. J. Clin. Invest. 118, 1877â€“1889 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sugata, H. et al. A peptidyl-prolyl isomerase, FKBP12, accumulates in Alzheimer neurofibrillary tangles. Neurosci. Lett. 459, 96â€“99 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hansen, J. et al. Decreased expression of the mitochondrial matrix proteases Lon and ClpP in cells from a patient with hereditary spastic paraplegia (SPG13). Neuroscience 153, 474â€“482 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Howarth, J. L., Glover, C. P. J. & Uney, J. B. HSP70 interacting protein prevents the accumulation of inclusions in polyglutamine disease. J. Neurochem. 108, 945â€“951 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lee, J. et al. Heat shock protein (Hsp) 70 is an activator of the Hsp104 motor. Proc. Natl. Acad. Sci. USA 110, 8513â€“8518 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Quan, S. et al. Genetic selection designed to stabilize proteins uncovers a chaperone called Spy. Nat. Struct. Mol. Biol. 18, 262â€“269 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lennon, C. W. et al. Folding optimization in vivo uncovers new chaperones. J. Mol. Biol. 427, 2983â€“2994 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yerbury, J. J. et al. The extracellular chaperone clusterin influences amyloid formation and toxicity by interacting with prefibrillar structures. FASEB J. 21, 2312â€“2322 (2007).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Arimon, M., Grimminger, V., Sanz, F. & Lashuel, H. A. Hsp104 targets multiple intermediates on the amyloid pathway and suppresses the seeding capacity of Abeta fibrils and protofibrils. J. Mol. Biol. 384, 1157â€“1173 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Glover, J. R. & Lindquist, S. Hsp104, Hsp70, and Hsp40: a novel chaperone system that rescues previously aggregated proteins. Cell 94, 73â€“82 (1998).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Niblock, M. & Gallo, J. M. Tau alternative splicing in familial and sporadic tauopathies. Biochem. Soc. Trans. 40, 677â€“680 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jinwal, U. K. et al. Imbalance of Hsp70 family variants fosters tau accumulation. FASEB J. 27, 1450â€“1459 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Young, Z. T. et al. Stabilizing the Hsp70-tau complex promotes turnover in models of tauopathy. Cell Chem. Biol. 23, 992â€“1001 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Arosio, P., Knowles, T. P. J. & Linse, S. On the lag phase in amyloid fibril formation. Phys. Chem. Chem. Phys. 17, 7606â€“7618 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Arosio, P. et al. Kinetic analysis reveals the diversity of microscopic mechanisms through which molecular chaperones suppress amyloid formation. Nat. Commun. 7, 10948 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gao, X. et al. Human Hsp70 disaggregase reverses Parkinsonâ€™s-linked Î±-synuclein amyloid fibrils. Mol. Cell 59, 781â€“793 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Verba, K. A. et al. Atomic structure of Hsp90-Cdc37-Cdk4 reveals that Hsp90 traps and stabilizes an unfolded kinase. Science 352, 1542â€“1547 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kirschke, E., Goswami, D., Southworth, D., Griffin, P. R. & Agard, D. A. Glucocorticoid receptor function regulated by coordinated action of the Hsp90 and Hsp70 chaperone cycles. Cell 157, 1685â€“1697 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	KaragÃ¶z, G. E. et al. Hsp90-tau complex reveals molecular basis for specificity in chaperone action. Cell 156, 963â€“974 (2014).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Cheng, G., Basha, E., Wysocki, V. H. & Vierling, E. Insights into small heat shock protein and substrate structure during chaperone action derived from hydrogen/deuterium exchange and mass spectrometry. J. Biol. Chem. 283, 26634â€“26642 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wang, J. Z., Xia, Y. Y., Grundke-Iqbal, I. & Iqbal, K. Abnormal hyperphosphorylation of tau: sites, regulation, and molecular mechanism of neurofibrillary degeneration. J. Alzheimers Dis. 33, S123â€“S139 (2013).
PubMedÂ 
    
                    Google ScholarÂ 
                

	Nakamura, K. et al. Proline isomer-specific antibodies reveal the early pathogenic tau conformation in Alzheimerâ€™s disease. Cell 149, 232â€“244 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Combs, B., Hamel, C. & Kanaan, N. M. Pathological conformations involving the amino terminus of tau occur early in Alzheimerâ€™s disease and are differentially detected by monoclonal antibodies. Neurobiol. Dis. 94, 18â€“31 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kfoury, N., Holmes, B. B., Jiang, H., Holtzman, D. M. & Diamond, M. I. Trans-cellular propagation of Tau aggregation by fibrillar species. J. Biol. Chem. 287, 19440â€“19451 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Clavaguera, F. et al. Transmission and spreading of tauopathy in transgenic mouse brain. Nat. Cell Biol. 11, 909â€“913 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Prusiner, S. B. Cell biology. A unifying role for prions in neurodegenerative diseases. Science 336, 1511â€“1513 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Mirbaha, H., Holmes, B. B., Sanders, D. W., Bieschke, J. & Diamond, M. I. Tau trimers are the minimal propagation unit spontaneously internalized to seed intracellular aggregation. J. Biol. Chem. 290, 14893â€“14903 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sanders, D. W. et al. Distinct tau prion strains propagate in cells and mice and define different tauopathies. Neuron 82, 1271â€“1288 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Fontaine, S. N. et al. Isoform-selective genetic inhibition of constitutive cytosolic Hsp70 activity promotes client tau degradation using an altered co-chaperone complement. J. Biol. Chem. 290, 13115â€“13127 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Dickey, C. A. et al. Deletion of the ubiquitin ligase CHIP leads to the accumulation, but not the aggregation, of both endogenous phospho- and caspase-3-cleaved tau species. J. Neurosci. 26, 6985â€“6996 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gendreau, K. L. & Hall, G. F. Tangles, toxicity, and tau secretion in AD â€“ new approaches to a vexing problem. Front. Neurol. 4, 160 (2013).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Pooler, A. M. et al. Propagation of tau pathology in Alzheimerâ€™s disease: identification of novel therapeutic targets. Alzheimers Res. Ther. 5, 49 (2013).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ikura, T. & Ito, N. Peptidyl-prolyl isomerase activity of FK506 binding protein 12 prevents tau peptide from aggregating. Protein Eng. Des. Sel. 26, 539â€“546 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ghetti, B. et al. Invited review: frontotemporal dementia caused by microtubule-associated protein tau gene (MAPT) mutations: a chameleon for neuropathology and neuroimaging. Neuropathol. Appl. Neurobiol. 41, 24â€“46 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rissman, R. A. et al. Caspase-cleavage of tau is an early event in Alzheimer disease tangle pathology. J. Clin. Invest. 114, 121â€“130 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Moore, C. L. et al. Secondary nucleating sequences affect kinetics and thermodynamics of tau aggregation. Biochemistry 50, 10876â€“10886 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Winsor, C. P. The Gompertz curve as a growth curve. Proc. Natl. Acad. Sci. USA 18, 1â€“8 (1932).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	R Development Core Team. R: a language and environment for statistical computing. (The R Foundation for Statistical Computing, Vienna, Austria, 2013).

                    Google ScholarÂ 
                

	Coppola, G. et al. Evidence for a role of the rare p.A152T variant in MAPT in increasing the risk for FTD-spectrum and Alzheimerâ€™s diseases. Hum. Mol. Genet. 21, 3500â€“3512 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Augustinack, J. C., Schneider, A., Mandelkow, E.-M. & Hyman, B. T. Specific tau phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimerâ€™s disease. Acta Neuropathol. 103, 26â€“35 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Min, S.-W. et al. Critical role of acetylation in tau-mediated neurodegeneration and cognitive deficits. Nat. Med. 21, 1154â€“1162 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Cohen, T. J. et al. The acetylation of tau inhibits its function and promotes pathological tau aggregation. Nat. Commun. 2, 252â€“259 (2011).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Corsetti, V. et al. Identification of a caspase-derived N-terminal tau fragment in cellular and animal Alzheimerâ€™s disease models. Mol. Cell. Neurosci. 38, 381â€“392 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Barghorn, S., Biernat, J. & Mandelkow, E. Purification of recombinant tau protein and preparation of Alzheimer-paired helical filaments in vitro. Methods Mol. Biol. 299, 35â€“51 (2005).
CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mukrasch, M. D. et al. Sites of tau important for aggregation populate beta-structure and bind to microtubules and polyanions. J. Biol. Chem. 280, 24978â€“24986 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Thompson, A. D., Bernard, S. M., Skiniotis, G. & Gestwicki, J. E. Visualization and functional analysis of the oligomeric states of Escherichia coli heat shock protein 70 (Hsp70/DnaK). Cell Stress Chaperones 17, 313â€“327 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chang, L. et al. Chemical screens against a reconstituted multiprotein complex: myricetin blocks DnaJ regulation of DnaK through an allosteric mechanism. Chem. Biol. 18, 210â€“221 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Rauch, J. N. & Gestwicki, J. E. Binding of human nucleotide exchange factors to heat shock protein 70 (Hsp70) generates functionally distinct complexes in vitro. J. Biol. Chem. 289, 1402â€“1414 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Rauch, J. N. et al. BAG3 is a modular, scaffolding protein that physically links heat shock protein 70 (Hsp70) to the small heat shock proteins. J. Mol. Biol. 429, 128â€“141 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Makley, L. N. et al. Pharmacological chaperone for Î±-crystallin partially restores transparency in cataract models. Science 350, 674â€“677 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Dunyak, B. M., Nakamura, R. L., Frankel, A. D. & Gestwicki, J. E. Selective targeting of cells via bispecific molecules that exploit coexpression of two intracellular proteins. ACS Chem. Biol. 10, 2441â€“2447 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Assimon, V. A., Southworth, D. R. & Gestwicki, J. E. Specific binding of tetratricopeptide repeat proteins to heat shock protein 70 (Hsp70) and heat shock protein 90 (Hsp90) is regulated by affinity and phosphorylation. Biochemistry 54, 7120â€“7131 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wilson, M. R. & Easterbrook-Smith, S. B. Clusterin binds by a multivalent mechanism to the Fc and Fab regions of IgG. Biochim. Biophys. Acta 1159, 319â€“326 (1992).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Morishima, Y. et al. Heme-dependent activation of neuronal nitric oxide synthase by cytosol is due to an Hsp70-dependent, thioredoxin-mediated thiol-disulfide interchange in the heme/substrate binding cleft. Biochemistry 50, 7146â€“7156 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank E. Poss and K. Widjaja for technical support, S. Ambadipudi for NMR analysis and J. Stoehr for advice on ThT assays. We are grateful to the Bardwell group (University of Michigan) for supplying chaperone proteins and M. Diamond (Tau consortium) for providing Clone 1 cells. Human autopsied brain tissue was provided by W. W. Seeley and the UCSF Neurodegenerative Disease Brain Bank, which is supported by the NIH (AG023501 and AG19724 to W. W. Seeley), the Tau Consortium, and the Consortium for Frontotemporal Dementia Research. This work was funded by grants to J.E.G. from the Tau Consortium, BrightFocus Foundation and the NIH (NS059690) and to F.T.F.T. from the NIH (GM104980 and GM111084).


Author information
Author notes	Deceased: Chad A. Dickey.


Authors and Affiliations
	Department of Neurology, University of California at San Francisco, San Francisco, CA, USA
Sue-Ann Mok,Â Carlo CondelloÂ &Â Jason E. Gestwicki

	Department of Pharmaceutical Chemistry, University of California at San Francisco, San Francisco, CA, USA
Rebecca Freilich,Â Anne Gillies,Â Taylor Arhar,Â Olivier Julien,Â Victoria A. Assimon,Â Jennifer N. Rauch,Â Bryan M. DunyakÂ &Â Jason E. Gestwicki

	Deutsches Zentrum fÃ¼r Neurodegenerative Erkrankungen (DZNE), GÃ¶ttingen, Germany
Javier Oroz,Â Harindranath KadavathÂ &Â Markus Zweckstetter

	Department of Biochemistry and Molecular Biology, Baylor College of Medicine, Houston, TX, USA
Jungsoon LeeÂ &Â Francis T. F. Tsai

	llawarra Health and Medical Research Institute, School of Biological Sciences, University of Wollongong, Wollongong, New South Wales, Australia
Mark R. Wilson

	Max-Planck-Institut fÃ¼r Biophysikalische Chemie, Goettingen, Germany
Markus Zweckstetter

	Department of Neurology, University Medical Center GÃ¶ttingen, University of GÃ¶ttingen, GÃ¶ttingen, Germany
Markus Zweckstetter

	Department of Molecular Medicine and Byrd Alzheimerâ€™s Research Institute, University of South Florida, Tampa, FL, USA
Chad A. Dickey


Authors	Sue-Ann MokView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Carlo CondelloView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rebecca FreilichView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Anne GilliesView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Taylor ArharView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Javier OrozView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Harindranath KadavathView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Olivier JulienView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Victoria A. AssimonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jennifer N. RauchView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bryan M. DunyakView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jungsoon LeeView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Francis T. F. TsaiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Mark R. WilsonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Markus ZweckstetterView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Chad A. DickeyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jason E. GestwickiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
S.-A.M., C.A.D. and J.E.G. conceived and designed the study. S.-A.M., R.F., C.C., J.O., H.K., A.G. and T.A. acquired data. S.-A.M., R.F., C.C., J.O., H.K. and O.J. analyzed and interpreted data. S.-A.M., F.T.F.T., M.R.W., M.Z., J.E.G. drafted and/or revised the manuscript. N.J., V.A.A., B.M.D., J.N.R., J.L., F.T.F.T., M.R.W. and M.Z. contributed reagents.
Corresponding author
Correspondence to
                Jason E. Gestwicki.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Integrated supplementary information

Supplementary Figure 1 Supporting data for in vitro tau aggregation screen.
a) Addition of Hsc70 to tau prior to aggregation induction leads to dose-dependent effects on aggregation. 0N4R tauWT incubated with indicated concentrations of Hsc70 or Hsc70NBD was induced to aggregate with the addition of heparin. The aggregation kinetic parameters (lag time, elongation rate constant, and amplitude) calculated from the corresponding ThT aggregation curves are plotted (meanâ€‰Â±â€‰SD, triplicates, representative of 3 independent experiments). b) Calculated elongation rate constant for tau variants tested in the in vitro aggregation screen (meanâ€‰Â±â€‰SD, triplicates). c and d) Replicate experiments demonstrating reproducibility of lag time effects. c) 18 chaperones were assayed for effects on 0N4R tauWT aggregation for two independent experiments. The fold change in lag time due to addition of chaperone was plotted for each experiment on the x and y axes, respectively (meanâ€‰Â±â€‰SD, triplicates for each experiment). The calculated values for the Spearmanâ€™s rank correlation are shown. d) Hsc70 was assayed against the entire panel of 0N4R tau variants in triplicate within the same plate for 3 independent experiments. The fold change in lag time due to addition of full-length Hsc70 was plotted for each replicate paradigm on the x and y axes, respectively (meanâ€‰Â±â€‰SD). The calculated values for the Spearmanâ€™s rank correlation are shown.


Supplementary Figure 2 Data analysis of additional calculated kinetic parameters from tau aggregation screen.
a) Heatmap representing the effect of individual chaperones on the elongation rate constant parameter of aggregation for each tau variant. For each chaperone-tau combination, the log2 fold change in elongation rate of tau when aggregated in the absence or presence of an equimolar concentration of chaperone was plotted. Red and blue represent chaperoneâ€“dependent decreases or increases in aggregation elongation rate constant, respectively. Greyâ€‰=â€‰not tested. b) Dose-dependent effects of chaperone screen hits on tau aggregation lag time. Fold change in lag time of 0N4R tauWT (10â€‰Î¼M) in the presence of multiple chaperone concentrations are plotted (meanâ€‰Â±â€‰SD, triplicates). c) Comparison of DnaJA1 and DnaJA2 effects on tau aggregation kinetics. 0N4R tauWT (7.5â€‰ÂµM) was aggregated in the presence of an equimolar concentration of DnaJA1 or DnaJA2. The ThT fluorescence for each reaction is plotted (meanâ€‰Â±â€‰SD from triplicate wells is plotted, representative of 2 independent experiments). d) Heatmap of absolute values for lag time kinetic parameter for 0N4R tauWT and Î”K280 in the presence of chaperones. The calculated lag time (h) is displayed according to the indicated color scale for each chaperone-tau combination (1:1 stoichiometry). The lag time value (h) for each tau variant without chaperone is included.


Supplementary Figure 3 DnaJA2 and Hsc70 present similar anti-aggregation behaviors when heparin concentrations are varied or the alternate tau accelerant arachadonic acid is employed.
a) 0N4R tauWT (10â€‰Î¼M) was induced with arachadonic acid in the absence or presence of 5â€‰Î¼M Hsc70 or DnaJA2. Thioflavin T fluorescence was used to monitor the aggregation process (meanâ€‰Â±â€‰SD from triplicate wells is plotted). b) ITC traces of heparin (200â€‰Î¼M/1â€‰mM) titrated into cells containing 100â€‰Î¼M Hsc70 or DnaJA2. The average calculated Kd from duplicate experiments is indicated. c) Example aggregation curves of 0N4R tauWT (10â€‰Î¼M) induced with a range of concentrations of heparin in the presence of 5â€‰Î¼M Hsc70 or DnaJA2 (meanâ€‰Â±â€‰SD, triplicates).


Supplementary Figure 4 Representative data of Hsc70, Hsp72 and Hsp90 binding to the tau peptide array from three independent experiments.
Raw signal intensity (rfu) of chaperone binding as assayed via fluorescently-tagged His-antibody is plotted for each peptide. The N-terminal amino acid is used to mark the position of each peptide within the 2N4R tau sequence. Dotted red line for each plot represents the mean of the corresponding array dataset. False positive peptide values in the array are not graphed for clarity. Bound peptide regions as defined in materials and methods are indicated by (*).


Supplementary Figure 5 Chaperone screen hits present during the aggregation of tau reduce the amount of pelletable tau material.
a) SDS-PAGE of pellet and supernatant fractions from tau aggregation samples. 10â€‰Î¼M tau samples aggregated for 24â€‰h in the presence of indicated chaperones (20â€‰Î¼M) were centrifuged at 100,000g for 1â€‰h and equal fractions of reactions were subject to SDS-PAGE. b) Quantification of bands corresponding to tau (bars) and indicated chaperone (circles) for each aggregated tau sample is plotted as the fraction of the total amount present in the supernatant plus pellet (meanâ€‰Â±â€‰SEM from 3 independent experiments). c) Chaperone addition to pre-formed tau fibrils does not alter their ability to seed aggregation in clone 1 cells. Samples of 0N4R tauWT (10â€‰Î¼M) aggregated in the presence of indicated chaperones (20â€‰Î¼M) were compared to samples of 0N4R tauWT fibrils formed without chaperones followed by incubation with 20â€‰Î¼M of chaperone for 1â€‰h. Equal amounts of tau from each sample (blue, chaperone added prior to aggregation, red, chaperone added after aggregation) were transfected into clone 1 cells and the percentage of cells that formed punctae are plotted (meanâ€‰Â±â€‰SD, triplicates).


Supplementary Figure 6 Immunostaining of DnaJA2 and other chaperones in samples from patients with MCI and AD.
Fixed brain sections from MCI, late-stage AD, or non-demented control (NDC) samples were co-stained for chaperone (red), phospho-tau (AT8, green) antibodies as well as the amyloid-binding small molecule, FSB (white). Nuclei were visualized with propidium iodide (PI) stain. a and b) Low magnification images show that MCI samples have a low incidence of AT8 positive neurons compared to late-stage AD samples. Scale barâ€‰=â€‰100 microns. c) In an MCI sample, 3D rendering of one face of a neuron showing DnaJA2 is interspersed between or surrounds areas of AT8 staining. Colocalization between DnaJA2 and AT8 is not evident. The neuron shown is the same as presented in Fig. 5b (main text). d) Representative image from late-stage AD samples showing increased DnaJA2 staining adjacent (arrows), but not within, an AT8 and FSB positive neuron. Scale barâ€‰=â€‰10 microns. e) DnaJA2 antibody does not detect other J-proteins such as the closely related family member, DnaJA1. Dot blot of recombinant chaperones with the same DnaJA2 antibody used for immunostaining. Ponceau stain of the same blot to verify protein transfer to membrane (representative of 2 independent experiments). f-h) Representative images of chaperone staining patterns in MCI and non-demented control samples. Scale barâ€‰=â€‰10 microns for all images. Samples probed with antibodies against f) Hsp72, g) Hsp27 and h) Hsc70. Arrowheads mark neurons in h). Note that sections stained for Hsp27 could not be co-stained for phospho-tau (AT8).
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