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Hop/Sti1  FACTS & LITERATURE 
 

(necessarily incomplete!) 
 

Hop = p60 = Sti1 = Stip1 = Stress-inducible protein 1 
 

General: 
 
♦ Reviews:  Frydman and Höhfeld, 1997; Odunuga et al., 2004; Smith, 2004 
♦ yeast Sti1 and mammalian Hop are 42% identical. 
♦ upregulated by viral transformation (Honoré et al., 1992) and in colon cancer 

(Kubota et al., 2010). 
♦ primarily cytoplasmic by IF (Lässle et al., 1997), but also in Golgi and vesicles 

(Honoré et al., 1992), and about 6% even on the cell surface (Martins et al., 1997; 
Zanata et al., 2002) or in the membrane fraction (Sakudo et al., 2005). Certain 
treatments including G1/S arrest (Longshaw et al., 2004) and heat-shock or 
treatment with leptomycin B promote more nuclear localization (Daniel et al., 
2008). Recruited to stress granules along with Hsp90 and several other co-
chaperones (Pare et al., 2009). 

♦ Plants have Hop, too (Zhang et al., 2003). 
♦ By global analysis in yeast, the Hsp90 complex including Sti1 can be classified as 

a stress-inducible chaperone complex as opposed to a chaperone linked to 
protein synthesis (CLIPs) which also associates with nascent polypeptides 
(Albanèse et al., 2006). 

♦ differential presence of different domains across evolution (see Flom et al., 2007). 
♦ Evolutionary plasticity of Hsp90 and cochaperones (Johnson and Brown, 2009). 
 
Genetics: 
 
♦ ∆sti1 in yeast:  ts and cs (Nicolet and Craig, 1989). 
♦ Sti1 overexpression suppresses cut4 mutants in S. pombe (Cut4 is a component 

of the cyclosome) (Yamashita et al., 1996). 
♦ in budding yeast: synthetic lethality and allele-specific complementation between 

HSP90 and STI1 (Chang et al., 1997), and synthetic lethality with ∆cpr7 (Duina et 
al., 1996), mps1-1 (Jones et al., 1999), ∆sse1 (Liu et al., 1999b), cdc37-34 
(Abbas-Terki et al., 2002) and cdc37S14A (Caplan et al., 2007). GR hormonal 
response and v-Src activity impaired in ∆sti1 (Chang et al., 1997; Carrigan et al., 
2004).  Synthetic growth defects at 18°C and 37°C in ∆sti1∆sba1 (Fang et al., 
1998). ∆sti1 strain is hypersensitive to Hsp90 inhibitors (Liu et al., 1999b; Piper et 
al., 2003; Zhao et al., 2005; Parsons et al., 2006). Synthetic lethal screen yields 
HSC82, CPR7, YDJ1, SSL2, and UTP21 (Flom et al., 2005). 

♦ Sti1 overexpression cannot suppress lethality of ∆cns1 (Dolinski et al., 1998; 
Marsh et al., 1998) and Cns1 cannot suppress synthetic lethality of ∆sti1 hsp82 
(Dolinski et al., 1998) in budding yeast. 

♦ Sti1 overexpression weakly suppresses [PSI+] (prion) phenotype in yeast, notably 
with a particular ssa1 allele (Kryndushkin et al., 2002; Jones et al., 2004). 
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Deletion improves it; effects are through Hsp70 (Jones et al., 2004). Deletion 
impairs Hsp104-mediated elimination of prions (Moosavi et al., 2010; Reidy and 
Masison, 2010), and both TPR domains and Hsp90 interaction are required for 
curing (Reidy and Masison, 2010); Sti1 is also required for allowing 
overexpression of ubiquitin to promote the curing. 

♦ A ∆sti1 budding yeast strain is defective in pheromone signaling, Ste11 kinase 
activity, and Hsp90 and Cdc37 loading onto Ste11; these defects (but not v-Src 
function) can all be suppressed by Cdc37 overexpression (Lee et al., 2004). Also 
defective in vertebrate AhR signaling (Yao et al., 2004). 

♦ Hop, and other TRP-containing proteins, fished out in a 2-hybrid with the Hsc70 
substrate binding domain (Liu et al., 1999a). 

♦ A ∆sti1 yeast strain is defective for for glucocorticoid receptor signaling and this 
can be complemented with human Hop (Carrigan et al., 2004; Nelson et al., 
2004). 

♦ Sti1 not required for folding of VHL but for degradation of misfolded VHL in yeast 
(McClellan et al., 2005). 

♦ Sti1 domain requirements for Hsp70-mediated functions (prion suppression), 
Hsp90-mediated ones (drug sensitivity), and ones that depend on both (substrate 
maturation) are different (Song and Masison, 2005). 

♦ Complementation of ∆ydj1 ∆sti1 synthetic lethality with Sti1 mutants correlates 
with resistance to radicicol and support of GR function (Flom et al., 2006). TPR1 
and DP1 domains not required for viability but for GR function (Flom et al., 2007). 

♦ Hsc82 G309S mutant particularly dependent on Sti1 to mediate interaction with 
Hsp70 (Flom et al., 2007). 

♦ A tpk2 ts allele is synthetically lethal with ∆sti1, but can be partially rescued by a 
dominant CDC37 mutation (Ren et al., 2007). 

♦ Sti1 is required for rapid galactose induction, possibly for removal of nucleosomes 
at target promoters (Floer et al., 2008). 

♦ Sti1 required for maturation and activation of the maltose-inducible transcription 
factor Mal63 (Ran et al., 2008). 

♦ Partitioning of misfolded proteins between JUNQ and IPOD depends on Sti1; 
misfolded VHL is directed to IPOD in ∆sti1 (Kaganovich et al., 2008). 

♦ ∆sti1 strains are hypersensitive to molybdate (Millson et al., 2009). 
♦ C. elegans: knock-down in an hsf1 mutant leads to sterility (defects in gonadal 

development) (Gaiser et al., 2009), and a sti1 mutant has a shortened lifespan 
and an impaired heat stress response (Song et al., 2009). 

♦ Overexpression promotes expression of USP2 in transgenic silk worms (Hong et 
al., 2010). 

♦ Maternal Hop is important for canalization in Drosophila by preventing transposon 
expression through a complex with Piwi and Hsp90 (Gangaraju et al., 2011). 

♦ Loss of function of Hop enhances tau toxicity in a fly model (Ambegaokar and 
Jackson, 2011). 
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Other in vivo analyses: 
 

♦ Overexpression and antibody injections in Xenopus oocytes: anti-Hop delays 
attenuation; attenuation accelerated by Hop overexpression (Bharadwaj et al., 
1999). 

♦ Drug sensitivity: ∆sti1 and even more so ∆sse1 ∆sti1 yeast strains are 
hypersensitive to Hsp90 drugs (Liu et al., 1999b; Piper et al., 2003; see also Song 
and Masison, 2005). 

♦ Antibodies inhibit import into lysosomes in vitro (Agarraberes and Dice, 2001). 
♦ Mouse Sti1 or the PrPc interacting peptide of Sti1 confer neuroprotection (Zanata 

et al., 2002). Elicits neuritogenesis and neuroprotection dependent on interaction 
and activation of kinases (Lopes et al., 2005). Extracellular Hop stimulates 
activation of MAPK, possibly in endocytosis-dependent way (Americo et al., 
2007). There are both PrPc-dependent and independent pathways for 
neuroprotection and control of proliferation in the developing retina (Arruda-
Carvalho et al., 2007). Intra-hippocampal infusion of antibodies to Hop/Sti1 
impairs both short- and longterm memory (Coitinho et al., 2007). PrPc-dependent 
stimulation of translation by Sti1 is mediated by mTOR signaling and gets 
corrupted by PrPSc (Roffé et al., 2010). Sti1 modulates activity of α7 nicotinic 
acetylcholine receptor for which PrPc may act as receptor or co-receptor (Beraldo 
et al., 2010). 

♦ Overexpression of Hop partially inhibits glucocorticoid receptor function (Brychzy 
et al., 2003). 

♦ Promotes sequential triage of ricin catalytic A chain from Hsc70 system to Hsp90-
CHIP thereby protecting cells (Spooner et al., 2008). 

♦ Hop knock-down in mouse ES cells reduces Stat3 (Longshaw et al., 2009). 
♦ see below for use of novel inhibitors of interaction with Hsp90. 
♦ Nitrosylation or knock-down improves CFTR ∆F508 maturation (Marozkina et al., 

2010). Hop is part of a quality control system for misfolded membrane proteins 
(Okiyoneda et al., 2010). 

♦ Knock-down reduces expression of MMP-2 and several other Hsp90 client protein 
and invasion of pancreatic cancer cells (Walsh et al., 2011). 

 
Biochemistry: 
 
♦ Methodological reviews: Buchner et al., 1998 
♦ dimeric (Bose et al., 1996; Prodromou et al., 1999; Hildenbrand et al., 2011) or 

rather monomeric (Yi et al., 2010; Li et al., 2011). Monomeric, dimer being very 
weak (Southworth and Agard, 2011). Hop monomer can bind Hsp90 dimer 
whereas FKBP52 can also bind Hsp90 monomer (Ebong et al., 2011). 

♦ heat-shock -> changes in isoform composition (Lässle et al., 1997). 
♦ casein kinase II, pp90rsk , and cell cycle kinases phosphorylate mouse Hop in 

vitro (Lässle et al., 1997; Longshaw et al., 2000). Phosphorylation sites modulate 
nuclear localization (Longshaw et al., 2004). Further study on in vivo 
phosphorylation (Daniel et al., 2008). Sites identified by phosphoproteome 
analysis in Leishmania, some of which are essential for viability (Morales et al., 
2010). 
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♦ all of Hop in reticulocyte lysates is immunoadsorbed with Hsp90 (Silverstein et al., 
1999). 

♦ Crystal structure of N-terminal and central TPR domains with bound EEVD-
containing peptides (Scheufler et al., 2000). Central grooves form a "two-
carboxylate clamp" structure that contacts the C-terminal Asp. Structure of 
TPR2A with non-cognate Hsp70 ligand (Kajander et al., 2009). 

♦ Cleaved by granzyme B, but this does not contribute to apoptosis (Bredemeyer et 
al., 2006). 

♦ enhances reconstitution of functional Chk1 with Hsp90, Hsp70, Hsp40, Cdc37 
and CK2 (Arlander et al., 2006; Felts et al., 2007). 

♦ C. elegans Hop lacks TPR1 domain, but interacts both with Hsp70 and Hsp90 
competitively (Gaiser et al., 2009; Song et al., 2009). 

♦ Hsp90 required for maintenance under heat stress and for refolding in 
collaboration with Hop-Hsp70 (Walerych et al., 2009). 

♦ Hop can be nitrosylated (Marozkina et al., 2010). 
♦ Screen with protein arrays reveals Sti1 as a potential RNA binding protein that 

binds mRNAs encoding proteins enriched in GO terms suggesting they act in 
telomere maintenance and DNA recombination (Scherrer et al., 2010). 

 
 
Complexes: 
 
♦ Mutual competition for Hsp90 binding with Cyp40 and FKBP52 (Owens-Grillo et 

al., 1996; see also Chang et al., 1997). But there is evidence for Hsp90-FKBP52-
Hop and Hsp90-FKBP52-p23-Hop complexes (Hildenbrand et al., 2011). 
Moreover, mixed Sti/Hop-PPIase-Hsp90 complexes are a favored intermediate 
and Sti/Hop displacement requires ATP and p23 (Li et al., 2011). 

♦ Hop holds Hsp70 and Hsp90 together in a tripartite complex (Chen et al., 1996). 
♦ Hop may be ADP/ATP exchange factor for Hsc70 (Gross and Hessefort, 1996), 

but others see only binding to ADP-bound Hsp70 (Johnson et al., 1998); Hsp40 
stimulates Hsp70 binding to Hop by stimulating conversion to Hsp70•ADP 
(Hernández et al., 2002). 

♦ Hop unable to bind Hsp70 in the presence of misfolded substrates unless Hip is 
present ;  dominant-negative Hip blocks this (Prapapanich et al., 1998). 

♦ Hop binds ADP-bound form of Hsp90 and blocks its ATP-dependent conversion 
to p23-binding form (Johnson et al., 1998), except if Hop is also bound to Hsp70 
(Hernández et al., 2002). 

♦ Stoichiometry: Hop dimer binds two molecules of Hsp70 in the absence of Hsp90, 
but only one in the ternary complex (Hernández et al., 2002). 

♦ Hop binds C-terminal domain of Hsp70s that is distinct from substrate binding site 
-> can form ternary complexes with substrate; binding of Hop to Hsc70 inhibited 
by Hap46 even though the latter binds the ATPase domain of Hsc70 -> steric 
hindrance between the two even though they bind separate sites (Gebauer et al., 
1998b). 

♦ Two molecules of Hop can bind Hsp90 dimer independently, but asymmetric 
trimer may be the favored form in vivo (Southworth and Agard, 2011). 
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♦ Yeast Sti1 specifically stimulates ATPase activity of yeast Ssa1 (yeast Hsp70) 
200-fold (Wegele et al., 2003). 

♦ Hop binds CCT and stimulates its nucleotide exchange but blocks its refolding 
activity (Gebauer et al., 1998a). 

♦ Sti1 (yeast Hop) binds N-terminal domain of Hsp82 and blocks access to ATP; 
antagonized by Cpr6 (Prodromou et al., 1999). Hop does not affect rate of 
ATPase of human Hsp90, but inhibits the substrate-stimulated rate (McLaughlin 
et al., 2002). Sti1 blocks ATPase of yeast Hsp90 but not nucleotide binding, 
probably by blocking N-terminal dimerization of Hsp90 (Richter et al., 2003). 
Blocks earliest conformational changes after ATP binding and involving ATPase 
lid (Hessling et al., 2009). Also blocks C-terminal opening of Hsp90 (Ratzke et al., 
2010). EM analysis shows that the TPR1 domain of a single Hop molecule can 
sterically block Hsp90 N-terminal dimerization by being situated between the 
Hsp90 monomers and interacting with the adjacent N-terminal/middle domains; 
nevertheless, the TPR1 domain remains available for Hsp70 (Southworth and 
Agard, 2011). 

♦ Full-length Sti1 blocks interaction of Hsp90 with Aha1 (Lotz et al., 2003). 
♦ Sti1 binds to Hsp82 dimer as dimer and induces a large conformational change 

(Prodromou et al., 1999). 
♦ There are multiple distinct binding determinants on Hsp90 for PP5 and FKBP52 

versus Hop, but C-terminal MEEVD necessary under most conditions (Chen et 
al., 1998; Carrello et al., 1999; Ramsey et al., 2000). Determinants of EEVD 
containing ligands of Hsp70 and Hsp90 characterized in detail: MEEVD 
necessary and sufficient to bind TPR2A; additional contacts help in the case of 
Hsp70; differential requirements for individual amino acid positions (Brinker et al., 
2002). Affinity of for entire Hsp90 considerably higher than for MEEVD alone 
(Hernández et al., 2002). Extreme N-terminus required for high affinity binding of 
Sti1 but not Cpr6 (Richter et al., 2003). Additional contacts in C-terminal and 
middle domains of Hsp90 (Onuoha et al., 2008). 

♦ Hsp90 - yeast cyclophilin or Sti1 binding constants 14-57 nM; measured with 
Hsp90 on BiaCore chip (Mayr et al., 2000). Affinity of Sti1 for Ssa1 (yeast Hsp70) 
is 7.5 and 3 µM without and with ATP, respectively (Wegele et al., 2003). 

♦ Binding constants for Hsp90 and Hsp70 are 90 nM and 1.3 µM, respectively, but 
the latter affinity increases to 250 nM in the ternary complex (Hernández et al., 
2002). 

♦ in complexes with Harc (Scholz et al., 2001) through Hsp90 or Hsp70 (Cartledge 
et al., 2007). 

♦ Binds Hsp104 in respiring yeast and directly in vitro (Abbas-Terki et al., 2001). 
This interaction is strongly inhibited by Ssd1, which is required for Hsp104 
oligomerization and function (Mir et al., 2009). 

♦ binds and recruits PrPc on the cell surface; interaction maps to short peptide 
(Zanata et al., 2002). PrPc in stimulating SOD activity (Sakudo et al., 2005). 

♦ part of a multichaperone complex with Tom70-directed mitochondrial precursors 
(Young et al., 2003; Bhangoo et al., 2007). 

♦ in OCA-S coactivator complex with GAPDH (Zheng et al., 2003). 
♦ Direct interaction of yeast Sti1 with Cdc37 (Abbas-Terki et al., 2002), and 2-hybrid 

interaction with C. albicans Cdc37 (Ni et al., 2004). Direct interaction of Hop with 
Cdc37 (Harst et al., 2005). 
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♦ Two-hybrid interaction with Crk1 of C. albicans (Ni et al., 2004). 
♦ Interleukin-1 receptor-associated kinase 1 (De Nardo et al., 2005). 
♦ Competes with Aha1, p23 and Cdc37 for binding to Hsp90 (Harst et al., 2005), 

and yet, complexes with Hsp90-FKBP52-p23-Hop seem to form (Hildenbrand et 
al., 2011). 

♦ Potassium channel HERG, possibly during trafficking (Walker et al., 2007). 
♦ no Hsp90α/Hsp90β-isoform specific interactions with a number of cochaperones 

(p23, immunophilins, Hip, Hop, Hsp70) and substrates detected (Taherian et al., 
2008). None either in vitro (Chadli et al., 2008). 

♦ in mature complex of Mal63 with Hsp70 and Hsp90 (Ran et al., 2008). 
♦ The S100 family proteins S100A2 and S100A6 bind TPR domains in Ca2+-

dependent fashion competing with Hsp90 and Hsp70 (Shimamoto et al., 2008). 
♦ Coimmunoprecipitates (along with Hsp90) with Stat3 (Longshaw et al., 2009). 
♦ Inhibitor screens to block interaction with Hsp90 (Yi et al., 2009). Small molecules 

(Yi and Regan, 2008) and modified TPR modules (Cortajarena et al., 2008) block 
it in vitro and in vivo. Cell-permeable hybrid TPR peptide specifically inhibits 
interaction with Hop and affects Hsp90 clients and cell growth (Horibe et al., 
2011). Compound that blocks interaction between Hop and Hsp90 but does not 
induce Hsp70 (Pimienta et al., 2011). 

♦ PAMP receptor OsCERK1 in rice along with Hsp90; interact at endoplasmic 
reticulum and required for transport to membrane upon interaction with OsRac1 
(Chen et al., 2010). 

♦ Sse1 and Sse2 as part of an early quality control step with Hsp70 (Mandal et al., 
2010). 

♦ Piwi in Drosophila (Gangaraju et al., 2011). 
♦ Co-IPs with MMP-2 from conditioned medium (Walsh et al., 2011). 
♦ PP5 pulls out Hop in TPR-dependent fashion, possibly indirect (Skarra et al., 

2011). 
♦ Blocks methylation of Hsp90 by SMYD2 (Abu-Farha et al., 2011). 
♦ Toc64-dependent chloroplast precursor proteins (Fellerer et al., 2011). 
 
 
Hop chaperone? 
  
♦ no activity in vitro (Bose et al., 1996; Freeman et al., 1996). 
♦ absolutely required for assembly of GR-Hsp90 complexes in vitro (Dittmar et al., 

1996). 
♦ Hop stimulates refolding by Hsp70+Ydj1 (Johnson et al., 1998). Hop has no effect 

on ATP and substrate binding of Hsc70, but interferes with protein refolding 
(Gebauer et al., 1998b). 

♦ Hop functions as an adaptor that directs Hsp90 to preexisting Hsp70-PR 
complexes (Chen and Smith, 1998). 

♦ a combination of Hsp90, Hsc70, and co-chaperones is required for DNA binding 
ability of EcR/USP heterodimer in vitro (not for hormone binding) (Arbeitman and 
Hogness, 2000. 

♦ Hop may (Morishima et al., 2000) or may not (Rajapandi et al., 2000) accelerate 
rate of formation of GR-Hsp90 complexes. 
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Mapping of Hop domains: 
 
♦ N-terminal TPR region (TPR1) binds Hsp70 (Chen et al., 1996; Lässle et al., 

1997; Chen and Smith, 1998; van Der Spuy et al., 2000) and Hsp104 (Abbas-
Terki et al., 2001); central TPR-containing region (TPR2A) binds Hsp90 (Chen et 
al., 1996; Chen and Smith, 1998). The former binds C-terminal heptapeptide with 
EEVD of Hsp70, the latter the pentapeptide MEEVD of Hsp90 (Scheufler et al., 
2000). 

♦ Mutations in C-terminal DP (DP2) motif disrupt interaction with Hsp70 perhaps by 
perturbing some interdomain interaction (Chen and Smith, 1998) or structural 
integrity (Nelson et al., 2003) (see also Carrigan et al., 2004). Not seen by others 
(Flom et al., 2007). 

♦ Ligand of TPR2B cluster remains unknown (Scheufler et al., 2000; Brinker et al., 
2002), but mutations in carboxylate clamp diminish Hsp70 binding without 
affecting steroid receptor-related functions (Carrigan et al., 2004). 

♦ Complementation of ∆sti1 yeast strain for glucocorticoid receptor function: TPR1 
and TPR2A point mutations are partial, DP2 mutation is defective (Carrigan et al., 
2004), and DP2 of Drosophila Hop cannot complement for this function (Carrigan 
et al., 2005). 

♦ Somewhat different results from independent in vivo complementation 
experiments in yeast, e.g. DP2 not required for Hsp70-mediated function, and 
TPR2B mutants are defective in Hsp90-mediated functions (Song and Masison, 
2005). 

♦ Mutational analysis of Hsc70 binding to mSti1 shows that hydrophobic contacts 
contribute and that Hsc70 binding to TPR1 is more specific than binding of Hsp90 
to TPR2A; AA substitutions in TPR1 can confer Hsp90 binding, but a similar 
specificity switch of TPR2A is not possible (Odunuga et al., 2003). 

♦ Complementation of ∆ydj1 ∆sti1 synthetic lethality with Sti1 mutants for viability, 
radicicol resistance, and GR function does not correlate with Hsp90 interaction, 
but points out importance of DP2, and either TPR1 or TPR2B (Flom et al., 2006). 

♦ Dimerization contained in TRP2A domain of Sti1 (Flom et al., 2007; Onuoha et 
al., 2008). A TPR2B point mutant can be both monomeric and dimeric (Goncalves 
et al., 2010). 

♦ Sti1 interaction domains: both TPR1 and TPR2B contribute to Hsp70 binding with 
TPR1 being the primary site; TRP2A insufficient to bind Hsp90 without TPR2B 
(Flom et al., 2007). 

♦ Analysis of coevolution with Hsp90 and Hsp70 suggest additional functional 
domains (Travers and Fares, 2007). 

♦ Bipartite NLS overlaps TPR2a (Daniel et al., 2008). 
 
Extracellular: 
 
♦ Hsp90 complex with secreted co-chaperones p23, Hop, Hsp70 and Hsp40 

increases activation of MMP-2 (ATP-independent!) (Sims et al., 2011). 
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Hop relatives: 
 
♦ Yeast Cns1 is a distant relative with 13-20 % identity. 
♦ N-terminus of yeast Sgt1 has homology (27% identity) to portions of human Hop 

(Stemmann et al., 2002). 
 
 
 
References: 
 
Abbas-Terki, T., Briand, P.-A., Donzé, O., and Picard, D. (2002). The Hsp90 co-

chaperones Cdc37 and Sti1 interact physically and genetically. Biol. Chem. 
383, 1335-1342. 

Abbas-Terki, T., Donzé, O., Briand, P.-A., and Picard, D. (2001). Hsp104 interacts 
with Hsp90 cochaperones in respiring yeast. Mol. Cell. Biol. 21, 7569–7575. 

Abu-Farha, M., Lanouette, S., Elisma, F., Tremblay, V., Butson, J., Figeys, D., and 
Couture, J. F. (2011). Proteomic analyses of the SMYD family interactomes 
identify HSP90 as a novel target for SMYD2. J. Mol. Cell. Biol. 3, 301-308. 

Agarraberes, F. A., and Dice, J. F. (2001). A molecular chaperone complex at the 
lysosomal membrane is required for protein translocation. J. Cell Sci. 114, 
2491-2499. 

Albanèse, V., Yam, A. Y., Baughman, J., Parnot, C., and Frydman, J. (2006). 
Systems analyses reveal two chaperone networks with distinct functions in 
eukaryotic cells. Cell 124, 75-88. 

Ambegaokar, S. S., and Jackson, G. R. (2011). Functional genomic screen and 
network analysis reveal novel modifiers of tauopathy dissociated from tau 
phosphorylation. Hum. Mol. Genet. 20, 4947-4977. 

Americo, T. A., Chiarini, L. B., and Linden, R. (2007). Signaling induced by hop/STI-1 
depends on endocytosis. Biochem. Biophys. Res. Commun. 358, 620-625. 

Arbeitman, M. N., and Hogness, D. S. (2000). Molecular chaperones activate the 
Drosophila ecdysone receptor, an RXR heterodimer. Cell 101, 67-77. 

Arlander, S. J., Felts, S. J., Wagner, J. M., Stensgard, B., Toft, D. O., and Karnitz, L. 
M. (2006). Chaperoning checkpoint kinase 1 (Chk1), an Hsp90 client, with 
purified chaperones. J. Biol. Chem. 281, 2989-2998. 

Arruda-Carvalho, M., Njaine, B., Silveira, M. S., Linden, R., and Chiarini, L. B. (2007). 
Hop/STI1 modulates retinal proliferation and cell death independent of PrPC. 
Biochem. Biophys. Res. Commun. 361, 474-480. 

Beraldo, F. H., Arantes, C. P., Santos, T. G., Queiroz, N. G. T., Young, K., Rylett, R. 
J., Markus, R. P., Prado, M. A. M., and Martins, V. R. (2010). Role of α7 
nicotinic acetylcholine receptor in calcium signaling induced by prion protein 
interaction with stress-inducible protein 1. J. Biol. Chem. 285, 36542-36550. 

Bhangoo, M. K., Tzankov, S., Fan, A. C., Dejgaard, K., Thomas, D. Y., and Young, J. 
C. (2007). Multiple 40-kDa heat-shock protein chaperones function in Tom70-
dependent mitochondrial import. Mol. Biol. Cell 18, 3414-3428. 

Bharadwaj, S., Ali, A., and Ovsenek, N. (1999). Multiple components of the HSP90 
chaperone complex function in regulation of heat shock factor 1 in vivo. Mol. 
Cell. Biol. 19, 8033-8041. 



Picard, 01/2012 

- 10 - 

Bose, S., Weikl, T., Bügl, H., and Buchner, J. (1996). Chaperone function of Hsp90-
associated proteins. Science 274, 1715-1717. 

Bredemeyer, A. J., Carrigan, P. E., Fehniger, T. A., Smith, D. F., and Ley, T. J. 
(2006). Hop cleavage and function in granzyme B-induced apoptosis. J. Biol. 
Chem. 281, 37130-37141. 

Brinker, A., Scheufler, C., von der Mülbe, F., Fleckenstein, B., Herrmann, C., Jung, 
G., Moarefi, I., and Hartl, F. U. (2002). Ligand discrimination by TPR domains. 
Relevance and selectivity of EEVD- recognition in Hsp70÷Hop÷Hsp90 
complexes. J. Biol. Chem. 277, 19265-19275. 

Brychzy, A., Rein, T., Winklhofer, K. F., Hartl, F. U., Young, J. C., and Obermann, W. 
M. (2003). Cofactor Tpr2 combines two TPR domains and a J domain to 
regulate the Hsp70/Hsp90 chaperone system. EMBO J. 22, 3613-3623. 

Buchner, J., Weikl, T., Bugl, H., Pirkl, F., and Bose, S. (1998). Purification of Hsp90 
partner proteins Hop/p60, p23, and FKBP52. Methods Enzymol. 290, 418-
429. 

Caplan, A. J., Ma'ayan, A., and Willis, I. M. (2007). Multiple kinases and system 
robustness: a link between Cdc37 and genome integrity. Cell Cycle 6, 3145-
3147. 

Carrello, A., Ingley, E., Minchin, R. F., Tsai, S., and Ratajczak, T. (1999). The 
common tetratricopeptide repeat acceptor site for steroid receptor- associated 
immunophilins and Hop is located in the dimerization domain of Hsp90. J. 
Biol. Chem. 274, 2682-2689. 

Carrigan, P. E., Nelson, G. M., Roberts, P. J., Stoffer, J., Riggs, D. L., and Smith, D. 
F. (2004). Multiple domains of the co-chaperone Hop are important for Hsp70 
binding. J. Biol. Chem. 279, 16185-16193. 

Carrigan, P. E., Riggs, D. L., Chinkers, M., and Smith, D. F. (2005). Functional 
comparison of human and Drosophila Hop reveals novel role in steroid 
receptor maturation. J. Biol. Chem. 280, 8906-8911. 

Cartledge, K., Elsegood, C., Roiniotis, J., Hamilton, J. A., and Scholz, G. M. (2007). 
Importance of the C-terminal domain of Harc for binding to Hsp70 and Hop as 
well as its response to heat shock. Biochem. 46, 15144-15152. 

Chadli, A., Felts, S. J., and Toft, D. O. (2008). GCUNC45 is the first Hsp90 co-
chaperone to show α/β isoform specificity. J. Biol. Chem. 283, 9509-9512. 

Chang, H.-C. J., Nathan, D. F., and Lindquist, S. (1997). In vivo analysis of the 
Hsp90 cochaperone Sti1 (p60). Mol. Cell. Biol. 17, 318-325. 

Chen, L., Hamada, S., Fujiwara, M., Zhu, T., Thao, N. P., Wong, H. L., Krishna, P., 
Ueda, T., Kaku, H., Shibuya, N. et al. (2010). The Hop/Sti1-Hsp90 chaperone 
complex facilitates the maturation and transport of a PAMP receptor in rice 
innate immunity. Cell Host Microbe 7, 185-196. 

Chen, S., Prapapanich, V., Rimerman, R. A., Honoré, B., and Smith, D. F. (1996). 
Interactions of p60, a mediator of progesterone receptor assembly, with heat 
shock proteins Hsp90 and Hsp70. Mol. Endocrinol. 10, 682-693. 

Chen, S., and Smith, D. F. (1998). Hop as an adaptor in the heat shock protein 70 
(Hsp70) and hsp90 chaperone machinery. J. Biol. Chem. 273, 35194-35200. 

Chen, S., Sullivan, W. P., Toft, D. O., and Smith, D. F. (1998). Differential 
interactions of p23 and the TPR-containing proteins Hop, Cyp40, FKBP52 and 
FKBP51 with Hsp90 mutants. Cell Stress Chaperones 3, 118-129. 



Picard, 01/2012 

- 11 - 

Coitinho, A. S., Lopes, M. H., Hajj, G. N., Rossato, J. I., Freitas, A. R., Castro, C. C., 
Cammarota, M., Brentani, R. R., Izquierdo, I., and Martins, V. R. (2007). 
Short-term memory formation and long-term memory consolidation are 
enhanced by cellular prion association to stress-inducible protein 1. Neurobiol. 
Dis. 26, 282-290. 

Cortajarena, A. L., Yi, F., and Regan, L. (2008). Designed TPR modules as novel 
anticancer agents. ACS Chem. Biol. 3, 161-166. 

Daniel, S., Bradley, G., Longshaw, V. M., Soti, C., Csermely, P., and Blatch, G. L. 
(2008). Nuclear translocation of the phosphoprotein Hop (Hsp70/Hsp90 
organizing protein) occurs under heat shock, and its proposed nuclear 
localization signal is involved in Hsp90 binding. Biochim. Biophys. Acta 1783, 
1003-1014. 

De Nardo, D., Masendycz, P., Ho, S., Cross, M., Fleetwood, A. J., Reynolds, E. C., 
Hamilton, J. A., and Scholz, G. M. (2005). A central role for the Hsp90.Cdc37 
molecular chaperone module in interleukin-1 receptor-associated-kinase-
dependent signaling by toll-like receptors. J. Biol. Chem. 280, 9813-9822. 

Dittmar, K. D., Hutchison, K. A., Owens-Grillo, J. K., and Pratt, W. B. (1996). 
Reconstitution of the steroid receptor•hsp90 heterocomplex assembly system 
of rabbit reticulocyte lysate. J. Biol. Chem. 271, 12833-12839. 

Dolinski, K. J., Cardenas, M. E., and Heitman, J. (1998). CNS1 encodes an essential 
p60/Sti1 homolog in Saccharomyces cerevisiae that suppresses cyclophilin 40 
mutations and interacts with Hsp90. Mol. Cell. Biol. 18, 7344-7352. 

Duina, A. A., Chang, H.-C. J., Marsh, J. A., Lindquist, S., and Gaber, R. F. (1996). A 
cyclophilin function in Hsp90-dependent signal transduction. Science 274, 
1713-1715. 

Ebong, I. O., Morgner, N., Zhou, M., Saraiva, M. A., Daturpalli, S., Jackson, S. E., 
and Robinson, C. V. (2011). Heterogeneity and dynamics in the assembly of 
the heat shock protein 90 chaperone complexes. Proc. Natl. Acad. Sci. USA 
108, 17939-17944. 

Fang, Y., Fliss, A. E., Rao, J., and Caplan, A. J. (1998). SBA1 encodes a yeast 
hsp90 cochaperone that is homologous to vertebrate p23. Mol. Cell. Biol. 18, 
3727-3734. 

Fellerer, C., Schweiger, R., Schongruber, K., Soll, J., and Schwenkert, S. (2011). 
Cytosolic HSP90 cochaperones HOP and FKBP interact with freshly 
synthesized chloroplast preproteins of Arabidopsis. Mol. Plant 4, 1133-1145. 

Felts, S. J., Karnitz, L. M., and Toft, D. O. (2007). Functioning of the Hsp90 machine 
in chaperoning checkpoint kinase 1 (Chk1) and the progesterone receptor 
(PR). Cell Stress Chaperones 12, 353-363. 

Floer, M., Bryant, G. O., and Ptashne, M. (2008). HSP90/70 chaperones are required 
for rapid nucleosome removal upon induction of the GAL genes of yeast. Proc. 
Natl. Acad. Sci. USA 105, 2975-2980. 

Flom, G., Behal, R. H., Rosen, L., Cole, D. G., and Johnson, J. L. (2007). Definition 
of the minimal fragments of Sti1 required for dimerization, interaction with 
Hsp70 and Hsp90 and in vivo functions. Biochem. J. 404, 159-167. 

Flom, G., Weekes, J., and Johnson, J. L. (2005). Novel interaction of the Hsp90 
chaperone machine with Ssl2, an essential DNA helicase in Saccharomyces 
cerevisiae. Curr. Genet. 47, 368-380. 



Picard, 01/2012 

- 12 - 

Flom, G., Weekes, J., Williams, J. J., and Johnson, J. L. (2006). Effect of mutation of 
the tetratricopeptide repeat and asparatate-proline 2 domains of Sti1 on 
Hsp90 signaling and interaction in Saccharomyces cerevisiae. Genetics 172, 
41-51. 

Freeman, B. C., Toft, D. O., and Morimoto, R. I. (1996). Molecular chaperone 
machines: chaperone activities of the cylophilin Cyp-40 and the steroid 
aporeceptor-associated protein p23. Science 274, 1718-1720. 

Frydman, J., and Höhfeld, J. (1997). Chaperones get in touch: the Hip-Hop 
connection. Trends Biochem. Sci. 22, 87-92. 

Gaiser, A. M., Brandt, F., and Richter, K. (2009). The non-canonical hop protein from 
Caenorhabditis elegans exerts essential functions and forms binary 
complexes with either Hsc70 or Hsp90. J. Mol. Biol. 391, 621-634. 

Gangaraju, V. K., Yin, H., Weiner, M. M., Wang, J., Huang, X. A., and Lin, H. (2011). 
Drosophila Piwi functions in Hsp90-mediated suppression of phenotypic 
variation. Nat. Genet. 43, 153-158. 

Gebauer, M., Melki, R., and Gehring, U. (1998a). The chaperone cofactor Hop/p60 
interacts with the cytosolic chaperonin- containing TCP-1 and affects its 
nucleotide exchange and protein folding activities. J. Biol. Chem. 273, 29475-
29480. 

Gebauer, M., Zeiner, M., and Gehring, U. (1998b). Interference between proteins 
hap46 and Hop/p60, which bind to different domains of the molecular 
chaperone hsp70/hsc70. Mol. Cell. Biol. 18, 6238-6244. 

Goncalves, D. C., Gava, L. M., and Ramos, C. H. (2010). Human Hsp70/Hsp90 
organizing protein (Hop) D456G is a mixture of monomeric and dimeric 
species. Protein Pept. Lett. 17, 492-498. 

Gross, M., and Hessefort, S. (1996). Purification and characterization of a 66-kDa 
protein from rabbit reticulocyte lysate which promotes the recycling of Hsp. J. 
Biol. Chem. 271, 16833-16841. 

Harst, A., Lin, H., and Obermann, W. M. (2005). Aha1 competes with Hop, p50 and 
p23 for binding to the molecular chaperone Hsp90 and contributes to kinase 
and hormone receptor activation. Biochem. J. 387, 789-796. 

Hernández, M. P., Sullivan, W. P., and Toft, D. O. (2002). The assembly and 
intermolecular properties of the hsp70-Hop-hsp90 molecular chaperone 
complex. J. Biol. Chem. 277, 38294-38304. 

Hessling, M., Richter, K., and Buchner, J. (2009). Dissection of the ATP-induced 
conformational cycle of the molecular chaperone Hsp90. Nat. Struct. Mol. Biol. 
16, 287-293. 

Hildenbrand, Z. L., Molugu, S. K., Herrera, N., Ramirez, C., Xiao, C., and Bernal, R. 
A. (2011). Hsp90 can accommodate the simultaneous binding of the FKBP52 
and HOP proteins. Oncotarget 2, 45-58. 

Hong, S. M., Yamashita, J., Mitsunobu, H., Uchino, K., Kobayashi, I., Sezutsu, H., 
Tamura, T., Nakajima, H., Miyagawa, Y., Lee, J. M. et al. (2010). Efficient 
soluble protein production on transgenic silkworms expressing cytoplasmic 
chaperones. Appl. Microbiol. Biotechnol. 87, 2147-2156. 

Honoré, B., Leffers, H., Madsen, P., Rasmussen, H. H., Vandekerckhove, J., and 
Celis, J. E. (1992). Molecular cloning and expression of a transforming-
sensitive human protein containing the TPR motif and sharing identity to the 
stress-inducible yeast protein STI1. J. Biol. Chem. 267, 8485-8491. 



Picard, 01/2012 

- 13 - 

Horibe, T., Kohno, M., Haramoto, M., Ohara, K., and Kawakami, K. (2011). Designed 
hybrid TPR peptide targeting Hsp90 as a novel anticancer agent. J. Transl. 
Med. 9, 8. 

Johnson, B. D., Schumacher, R. J., Ross, E. D., and Toft, D. O. (1998). Hop 
modulates hsp70/hsp90 interactions in protein folding. J. Biol. Chem. 273, 
3679-3686. 

Johnson, J. L., and Brown, C. (2009). Plasticity of the Hsp90 chaperone machine in 
divergent eukaryotic organisms. Cell Stress Chaperones 14, 83-94. 

Jones, G., Song, Y., Chung, S., and Masison, D. C. (2004). Propagation of 
Saccharomyces cerevisiae [PSI+] prion is impaired by factors that regulate 
Hsp70 substrate binding. Mol. Cell. Biol. 24, 3928-3937. 

Jones, M. H., Bachant, J. B., Castillo, A. R., Giddings, T. H. J., and Winey, M. (1999). 
Yeast Dam1p is required to maintain spindle integrity during mitosis and 
interacts with the Mps1p kinase. Mol. Biol. Cell 10, 2377-2391. 

Kaganovich, D., Kopito, R., and Frydman, J. (2008). Misfolded proteins partition 
between two distinct quality control compartments. Nature 454, 1088-1095. 

Kajander, T., Sachs, J. N., Goldman, A., and Regan, L. (2009). Electrostatic 
interactions of Hsp-organizing protein tetratricopeptide domains with Hsp70 
and Hsp90: computational analysis and protein engineering. J. Biol. Chem. 
284, 25364-25374. 

Kryndushkin, D. S., Smirnov, V. N., Ter-Avanesyan, M. D., and Kushnirov, V. V. 
(2002). Increased expression of Hsp40 chaperones, transcriptional factors, 
and ribosomal protein Rpp0 can cure yeast prions. J. Biol. Chem. 277, 23702-
23708. 

Kubota, H., Yamamoto, S., Itoh, E., Abe, Y., Nakamura, A., Izumi, Y., Okada, H., 
Iida, M., Nanjo, H., Itoh, H. et al. (2010). Increased expression of co-
chaperone HOP with HSP90 and HSC70 and complex formation in human 
colonic carcinoma. Cell Stress Chaperones 15, 1003-1011. 

Lässle, M., Blatch, G. L., Kundra, V., Takatori, T., and Zetter, B. R. (1997). Stress-
inducible, murine protein mSTI1. J. Biol. Chem. 272, 1876-1884. 

Lee, P., Shabbir, A., Cardozo, C., and Caplan, A. J. (2004). Sti1 and Cdc37 can 
stabilize Hsp90 in chaperone complexes with a protein kinase. Mol. Biol. Cell 
15, 1785-1792. 

Li, J., Richter, K., and Buchner, J. (2011). Mixed Hsp90-cochaperone complexes are 
important for the progression of the reaction cycle. Nat. Struct. Mol. Biol. 18, 
61-66. 

Liu, F. H., Wu, S. J., Hu, S. M., Hsiao, C. D., and Wang, C. (1999a). Specific 
interaction of the 70-kDa heat shock cognate protein with the tetratricopeptide 
repeats. J. Biol. Chem. 274, 34425-34432. 

Liu, X. D., Morano, K. A., and Thiele, D. J. (1999b). The yeast Hsp110 family 
member, Sse1, is an Hsp90 cochaperone. J. Biol. Chem. 274, 26654-26660. 

Longshaw, V. M., Baxter, M., Prewitz, M., and Blatch, G. L. (2009). Knockdown of 
the co-chaperone Hop promotes extranuclear accumulation of Stat3 in mouse 
embryonic stem cells. Eur. J. Cell Biol. 88, 153-166. 

Longshaw, V. M., Chapple, J. P., Balda, M. S., Cheetham, M. E., and Blatch, G. L. 
(2004). Nuclear translocation of the Hsp70/Hsp90 organizing protein mSTI1 is 
regulated by cell cycle kinases. J. Cell Sci. 117, 701-710. 



Picard, 01/2012 

- 14 - 

Longshaw, V. M., Dirr, H. W., Blatch, G. L., and Lässle, M. (2000). The in vitro 
phosphorylation of the co-chaperone mSTI1 by cell cycle kinases 
substantiates a predicted casein kinase II-p34cdc2-NLS (CcN) motif. Biol. 
Chem. 381, 1133–1138. 

Lopes, M. H., Hajj, G. N., Muras, A. G., Mancini, G. L., Castro, R. M., Ribeiro, K. C., 
Brentani, R. R., Linden, R., and Martins, V. R. (2005). Interaction of cellular 
prion and stress-inducible protein 1 promotes neuritogenesis and 
neuroprotection by distinct signaling pathways. J. Neurosci. 25, 11330-11339. 

Lotz, G. P., Lin, H., Harst, A., and Obermann, W. M. (2003). Aha1 binds to the 
middle domain of Hsp90, contributes to client protein activation, and 
stimulates the ATPase activity of the molecular chaperone. J. Biol. Chem. 
278, 17228-17235. 

Mandal, A. K., Gibney, P. A., Nillegoda, N. B., Theodoraki, M. A., Caplan, A. J., and 
Morano, K. A. (2010). Hsp110 chaperones control client fate determination in 
the hsp70-Hsp90 chaperone system. Mol. Biol. Cell 21, 1439-1448. 

Marozkina, N. V., Yemen, S., Borowitz, M., Liu, L., Plapp, M., Sun, F., Islam, R., 
Erdmann-Gilmore, P., Townsend, R. R., Lichti, C. F. et al. (2010). Hsp 70/Hsp 
90 organizing protein as a nitrosylation target in cystic fibrosis therapy. Proc. 
Natl. Acad. Sci. USA 107, 11393-11398. 

Marsh, J. A., Kalton, H. M., and Gaber, R. F. (1998). Cns1 is an essential protein 
associated with the hsp90 chaperone complex in Saccharomyces cerevisiae 
that can restore cyclophilin 40-dependent functions in cpr7∆ cells. Mol. Cell. 
Biol. 18, 7353-7359. 

Martins, V. R., Graner, E., Garcia-Abreu, J., de Souza, S. J., Mercadante, A. F., 
Veiga, S. S., Zanata, S. M., Neto, V. M., and Brentani, R. R. (1997). 
Complementary hydropathy identifies a cellular prion protein receptor. Nat. 
Med. 3, 1376-1382. 

Mayr, C., Richter, K., Lilie, H., and Buchner, J. (2000). Cpr6 and Cpr7, two closely 
related Hsp90-associated immunophilins from saccharomyces cerevisiae, 
differ in their functional properties. J. Biol. Chem. 275, 34140-34146. 

McClellan, A. J., Scott, M. D., and Frydman, J. (2005). Folding and quality control of 
the VHL tumor suppressor proceed through distinct chaperone pathways. Cell 
121, 739-748. 

McLaughlin, S. H., Smith, H. W., and Jackson, S. E. (2002). Stimulation of the weak 
ATPase activity of human Hsp90 by a client protein. J. Mol. Biol. 315, 787-
798. 

Millson, S. H., Nuttall, J. M., Mollapour, M., and Piper, P. W. (2009). The 
Hsp90/Cdc37p chaperone system is a determinant of molybdate resistance in 
Saccharomyces cerevisiae. Yeast 26, 339-347. 

Mir, S. S., Fiedler, D., and Cashikar, A. G. (2009). Ssd1 is required for 
thermotolerance and Hsp104-mediated protein disaggregation in 
Saccharomyces cerevisiae. Mol. Cell. Biol. 29, 187-200. 

Moosavi, B., Wongwigkarn, J., and Tuite, M. F. (2010). Hsp70/Hsp90 co-chaperones 
are required for efficient Hsp104-mediated elimination of the yeast [PSI(+)] 
prion but not for prion propagation. Yeast 27, 167-179. 

Morales, M. A., Watanabe, R., Dacher, M., Chafey, P., Osorio y Fortea, J., Scott, D. 
A., Beverley, S. M., Ommen, G., Clos, J., Hem, S. et al. (2010). 
Phosphoproteome dynamics reveal heat-shock protein complexes specific to 



Picard, 01/2012 

- 15 - 

the Leishmania donovani infectious stage. Proc. Natl. Acad. Sci. USA 107, 
8381-8386. 

Morishima, Y., Kanelakis, K. C., Silverstein, A. M., Dittmar, K. D., Estrada, L., and 
Pratt, W. B. (2000). The hsp organizer protein hop enhances the rate of but is 
not essential for glucocorticoid receptor folding by the multiprotein Hsp90-
based chaperone system. J. Biol. Chem. 275, 6894-6900. 

Nelson, G. M., Huffman, H., and Smith, D. F. (2003). Comparison of the carboxy-
terminal DP-repeat region in the co-chaperones Hop and Hip. Cell Stress 
Chaperones 8, 125-133. 

Nelson, G. M., Prapapanich, V., Carrigan, P. E., Roberts, P. J., Riggs, D. L., and 
Smith, D. F. (2004). The heat shock protein 70 cochaperone Hip enhances 
functional maturation of glucocorticoid receptor. Mol. Endocrinol. 18, 1620-
1630. 

Ni, J., Gao, Y., Liu, H., and Chen, J. (2004). Candida albicans Cdc37 interacts with 
the Crk1 kinase and is required for Crk1 production. FEBS Lett. 561, 223-230. 

Nicolet, C. M., and Craig, E. A. (1989). Isolation and characterization of STI1, a 
stress-inducible gene from Saccharomyces cerevisiae. Mol. Cell. Biol. 9, 
3638-3646. 

Odunuga, O. O., Hornby, J. A., Bies, C., Zimmermann, R., Pugh, D. J., and Blatch, 
G. L. (2003). Tetratricopeptide repeat motif-mediated Hsc70-mSTI1 
interaction: Molecular characterization of the critical contacts for successful 
binding and specificity. J. Biol. Chem. 278, 6896-6904. 

Odunuga, O. O., Longshaw, V. M., and Blatch, G. L. (2004). Hop: more than an 
Hsp70/Hsp90 adaptor protein. Bioessays 26, 1058-1068. 

Okiyoneda, T., Barriere, H., Bagdany, M., Rabeh, W. M., Du, K., Hohfeld, J., Young, 
J. C., and Lukacs, G. L. (2010). Peripheral protein quality control removes 
unfolded CFTR from the plasma membrane. Science 329, 805-810. 

Onuoha, S. C., Coulstock, E. T., Grossmann, J. G., and Jackson, S. E. (2008). 
Structural studies on the co-chaperone Hop and its complexes with Hsp90. J. 
Mol. Biol. 379, 732-744. 

Owens-Grillo, J. K., Czar, M. J., Hutchison, K. A., Hoffman, K., Perdew, G. H., and 
Pratt, W. B. (1996). A model of protein targeting mediated by immunophilins 
and other proteins that bind to hsp90 via tetratricopeptide repeat domains. J. 
Biol. Chem. 271, 13468-13475. 

Pare, J. M., Tahbaz, N., Lopez-Orozco, J., LaPointe, P., Lasko, P., and Hobman, T. 
C. (2009). Hsp90 regulates the function of argonaute 2 and its recruitment to 
stress granules and P-bodies. Mol. Biol. Cell 20, 3273-3284. 

Parsons, A. B., Lopez, A., Givoni, I. E., Williams, D. E., Gray, C. A., Porter, J., Chua, 
G., Sopko, R., Brost, R. L., Ho, C. H. et al. (2006). Exploring the mode-of-
action of bioactive compounds by chemical-genetic profiling in yeast. Cell 126, 
611-625. 

Pimienta, G., Herbert, K. M., and Regan, L. (2011). A compound that inhibits the 
HOP-Hsp90 complex formation and has unique killing effects in breast cancer 
cell lines. Mol. Pharmaceutics 8, 2252-2261. 

Piper, P. W., Millson, S. H., Mollapour, M., Panaretou, B., Siligardi, G., Pearl, L. H., 
and Prodromou, C. (2003). Sensitivity to Hsp90-targeting drugs can arise with 
mutation to the Hsp90 chaperone, cochaperones and plasma membrane ATP 
binding cassette transporters of yeast. Eur. J. Biochem. 270, 4689-4695. 



Picard, 01/2012 

- 16 - 

Prapapanich, V., Chen, S., and Smith, D. F. (1998). Mutation of Hip's carboxy-
terminal region inhibits a transitional stage of progesterone receptor assembly. 
Mol. Cell. Biol. 18, 944-952. 

Prodromou, C., Siligardi, G., O'Brien, R., Woolfson, D. N., Regan, L., Panaretou, B., 
Ladbury, J. E., Piper, P. W., and Pearl, L. H. (1999). Regulation of Hsp90 
ATPase activity by tetratricopeptide repeat (TPR)- domain co-chaperones. 
EMBO J. 18, 754-762. 

Rajapandi, T., Greene, L. E., and Eisenberg, E. (2000). The molecular chaperones 
hsp90 and hsc70 are both necessary and sufficient to activate hormone 
binding by glucocorticoid receptor. J. Biol. Chem. 275, 22597-22604. 

Ramsey, A. J., Russell, L. C., Whitt, S. R., and Chinkers, M. (2000). Overlapping 
sites of tetratricopeptide repeat protein binding and chaperone activity in heat 
shock protein 90. J. Biol. Chem. 275, 17857-17862. 

Ran, F., Bali, M., and Michels, C. A. (2008). Hsp90/Hsp70 chaperone machine 
regulation of the Saccharomyces MAL-activator as determined in vivo using 
noninducible and constitutive mutant alleles. Genetics 179,  

Ratzke, C., Mickler, M., Hellenkamp, B., Buchner, J., and Hugel, T. (2010). Dynamics 
of heat shock protein 90 C-terminal dimerization is an important part of its 
conformational cycle. Proc. Natl. Acad. Sci. USA 107, 16101-16106. 

Reidy, M., and Masison, D. C. (2010). Sti1 regulation of Hsp70 and Hsp90 is critical 
for curing of Saccharomyces cerevisiae [PSI+] prions by Hsp104. Mol. Cell. 
Biol. 30, 3542-3552. 

Ren, M., Santhanam, A., Lee, P., Caplan, A., and Garrett, S. (2007). Alteration of the 
protein kinase binding domain enhances function of the Saccharomyces 
cerevisiae molecular chaperone Cdc37. Eukaryot. Cell 6, 1363-1372. 

Richter, K., Muschler, P., Hainzl, O., Reinstein, J., and Buchner, J. (2003). Sti1 is a 
non-competitive inhibitor of the Hsp90 ATPase. Binding prevents the N-
terminal dimerization reaction during the ATPase cycle. J. Biol. Chem. 278, 
10328-10333. 

Roffé, M., Beraldo, F. H., Bester, R., Nunziante, M., Bach, C., Mancini, G., Gilch, S., 
Vorberg, I., Castilho, B. A., Martins, V. R. et al. (2010). Prion protein 
interaction with stress-inducible protein 1 enhances neuronal protein synthesis 
via mTOR. Proc. Natl. Acad. Sci. USA 107, 13147-13152. 

Sakudo, A., Lee, D. C., Li, S., Nakamura, T., Matsumoto, Y., Saeki, K., Itohara, S., 
Ikuta, K., and Onodera, T. (2005). PrPc cooperates with STI1 to regulate SOD 
activity in PrPc-deficient neuronal cell line. Biochem. Biophys. Res. Commun. 
328, 14-19. 

Scherrer, T., Mittal, N., Janga, S. C., and Gerber, A. P. (2010). A screen for RNA-
binding proteins in yeast indicates dual functions for many enzymes. PLoS 
ONE 5, e15499. 

Scheufler, C., Brinker, A., Bourenkov, G., Pegoraro, S., Moroder, L., Bartunik, H., 
Hartl, F. U., and Moarefi, I. (2000). Structure of TPR domain-peptide 
complexes: critical elements in the assembly of the Hsp70-Hsp90 
multichaperone machine. Cell 101, 199-210. 

Scholz, G. M., Cartledge, K., and Hall, N. E. (2001). Identification and 
characterization of Harc: A novel Hsp90 associating relative of Cdc37. J. Biol. 
Chem. 18, 18. 



Picard, 01/2012 

- 17 - 

Shimamoto, S., Takata, M., Tokuda, M., Oohira, F., Tokumitsu, H., and Kobayashi, 
R. (2008). Interactions of S100A2 and S100A6 with the tetratricopeptide 
repeat proteins, Hsp90/Hsp70-organizing protein and kinesin light chain. J. 
Biol. Chem. 283, 28246-28258. 

Silverstein, A. M., Galigniana, M. D., Kanelakis, K. C., Radanyi, C., Renoir, J. M., and 
Pratt, W. B. (1999). Different regions of the immunophilin FKBP52 determine 
its association with the glucocorticoid receptor, hsp90, and cytoplasmic 
dynein. J. Biol. Chem. 274, 36980-36986. 

Sims, J. D., McCready, J., and Jay, D. G. (2011). Extracellular heat shock protein 
(Hsp)70 and Hsp90α assist in matrix metalloproteinase-2 activation and 
breast cancer cell migration and invasion. PLoS ONE 6, e18848. 

Skarra, D. V., Goudreault, M., Choi, H., Mullin, M., Nesvizhskii, A. I., Gingras, A. C., 
and Honkanen, R. E. (2011). Label-free quantitative proteomics and SAINT 
analysis enable interactome mapping for the human Ser/Thr protein 
phosphatase 5. Proteomics 11, 1508-1516. 

Smith, D. F. (2004). Tetratricopeptide repeat cochaperones in steroid receptor 
complexes. Cell Stress Chaperones 9, 109-121. 

Song, H. O., Lee, W., An, K., Lee, H. S., Cho, J. H., Park, Z. Y., and Ahnn, J. (2009). 
C. elegans STI-1, the homolog of Sti1/Hop, is involved in aging and stress 
response. J. Mol. Biol. 390, 604-617. 

Song, Y., and Masison, D. C. (2005). Independent regulation of Hsp70 and Hsp90 
chaperones by Hsp70/Hsp90-organizing protein Sti1 (Hop1). J. Biol. Chem. 
280, 34178-34185. 

Southworth, D. R., and Agard, D. A. (2011). Client-loading conformation of the Hsp90 
molecular chaperone revealed in the cryo-EM structure of the human 
Hsp90:Hop complex. Mol. Cell 42, 771-781. 

Spooner, R. A., Hart, P. J., Cook, J. P., Pietroni, P., Rogon, C., Höhfeld, J., Roberts, 
L. M., and Lord, J. M. (2008). Cytosolic chaperones influence the fate of a 
toxin dislocated from the endoplasmic reticulum. Proc. Natl. Acad. Sci. USA 
105, 17408-17413. 

Stemmann, O., Neidig, A., Köcher, T., Wilm, M., and Lechner, J. (2002). Hsp90 
enables Ctf13p/Skp1p to nucleate the budding yeast kinetochore. Proc. Natl. 
Acad. Sci. USA 99, 8585-8590. 

Taherian, A., Krone, P. H., and Ovsenek, N. (2008). A comparison of Hsp90α and 
Hsp90β interactions with cochaperones and substrates. Biochem. Cell Biol. 
86, 37-45. 

Travers, S. A., and Fares, M. A. (2007). Functional coevolutionary networks of the 
Hsp70-Hop-Hsp90 system revealed through computational analyses. Mol. 
Biol. Evol. 24, 1032-1044. 

van Der Spuy, J., Kana, B. D., Dirr, H. W., and Blatch, G. L. (2000). Heat shock 
cognate protein 70 chaperone-binding site in the co- chaperone murine stress-
inducible protein 1 maps to within threeconsecutive tetratricopeptide repeat 
motifs. Biochem. J. 345, 645-651. 

Walerych, D., Olszewski, M. B., Gutkowska, M., Helwak, A., Zylicz, M., and Zylicz, A. 
(2009). Hsp70 molecular chaperones are required to support p53 tumor 
suppressor activity under stress conditions. Oncogene 28, 4284-4294. 

Walker, V. E., Atanasiu, R., Lam, H., and Shrier, A. (2007). Co-chaperone FKBP38 
Promotes HERG Trafficking. J. Biol. Chem. 282, 23509-23516. 



Picard, 01/2012 

- 18 - 

Walsh, N., Larkin, A., Swan, N., Conlon, K., Dowling, P., McDermott, R., and Clynes, 
M. (2011). RNAi knockdown of Hop (Hsp70/Hsp90 organising protein) 
decreases invasion via MMP-2 down regulation. Cancer Lett. 306, 180-189. 

Wegele, H., Haslbeck, M., Reinstein, J., and Buchner, J. (2003). Sti1 is a novel 
activator of the Ssa proteins. J. Biol. Chem. 278, 25970-25976. 

Yamashita, Y. M., Nakaseko, Y., Samejima, I., Kumada, K., Yamada, H., 
Michaelson, D., and Yanagida, M. (1996). 20S cyclosome complex formation 
and proteolytic activity inhibited by the cAMP/PKA pathway. Nature 384, 276-
279. 

Yao, G., Craven, M., Drinkwater, N., and Bradfield, C. A. (2004). Interaction networks 
in yeast define and enumerate the signaling steps of the vertebrate aryl 
hydrocarbon receptor. PLoS Biol. 2, E65. 

Yi, F., Doudevski, I., and Regan, L. (2010). HOP is a monomer: investigation of the 
oligomeric state of the co-chaperone HOP. Protein Sci. 19, 19-25. 

Yi, F., and Regan, L. (2008). A novel class of small molecule inhibitors of Hsp90. 
ACS Chem. Biol. 3, 645-654. 

Yi, F., Zhu, P., Southall, N., Inglese, J., Austin, C. P., Zheng, W., and Regan, L. 
(2009). An AlphaScreen-based high-throughput screen to identify inhibitors of 
Hsp90-cochaperone interaction. J. Biomol. Screen. 14, 273-281. 

Young, J. C., Hoogenraad, N. J., and Hartl, F. U. (2003). Molecular chaperones 
Hsp90 and Hsp70 deliver preproteins to the mitochondrial import receptor 
Tom70. Cell 112, 41-50. 

Zanata, S. M., Lopes, M. H., Mercadante, A. F., Hajj, G. N., Chiarini, L. B., Nomizo, 
R., Freitas, A. R., Cabral, A. L., Lee, K. S., Juliano, M. A. et al. (2002). Stress-
inducible protein 1 is a cell surface ligand for cellular prion that triggers 
neuroprotection. EMBO J. 21, 3307-3316. 

Zhang, Z., Quick, M. K., Kanelakis, K. C., Gijzen, M., and Krishna, P. (2003). 
Characterization of a plant homolog of hop, a cochaperone of hsp90. Plant 
Physiol. 131, 525-535. 

Zhao, R., Davey, M., Hsu, Y. C., Kaplanek, P., Tong, A., Parsons, A. B., Krogan, N., 
Cagney, G., Mai, D., Greenblatt, J. et al. (2005). Navigating the chaperone 
network: integrative map of physical and genetic interactions mediated by the 
Hsp90 chaperone. Cell 120, 715-727. 

Zheng, L., Roeder, R. G., and Luo, Y. (2003). S phase activation of the histone H2B 
promoter by OCA-S, a coactivator complex that contains GAPDH as a key 
component. Cell 114, 255-266. 

 
 
 


