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Abstract

J proteins are a diverse family of co-chaperones that cooperate with heat shock protein 70 (Hsp70)

to coordinate protein quality control, especially in response to cellular stress. Current models

suggest that individual J proteins might play roles in recruiting Hsp70s to specific functions, such

as maintaining cell wall integrity or promoting ribosome biogenesis. However, relatively few

stresses have been used to test this model and, as a result, only a few specific activities have been

identified. To expand our understanding of the J protein network, we used a synthetic lethal

approach in which 11 Saccharomyces cerevisiae deletion strains were treated with 12 well-

characterized chemical inhibitors. The results defined new roles for specific J proteins in major

signaling pathways. For example, an important role for Swa2 in cell wall integrity was identified

and activities of the under-explored Jjj1, Apj1, Jjj3 and Caj1 proteins were suggested. More

generally, these findings support a model in which some J proteins, such as Ydj1 and Zuo1, play

“generalist” roles, while others, such as Apj1 and Jjj2, are “specialists”, having roles in relatively

few pathways. Together, these results provide new insight into the network of J proteins.

INTRODUCTION

The molecular chaperone heat shock protein 70 kDa (Hsp70) is a central hub of the protein

quality control network in all organisms1. The Hsp70 machinery has many essential roles

including nascent protein folding, complex remodeling, and protein degradation2. Hsp70 has

evolved as a limited number of highly homologous isoforms, some constitutively expressed

and others induced upon stress3. All Hsp70 isoforms consist of an N-terminal nucleotide-

binding domain (NBD) connected by a short linker to a C-terminal substrate-binding domain

(SBD) with a helical lid4. The NBD and SBD are allosterically linked and conformationally

regulated by binding and hydrolysis of ATP5–7. When ATP is bound, Hsp70 has low affinity

for substrate, and upon ATP hydrolysis adopts a high-affinity conformation8, 9. In

Saccharomyces cerevisiae, there are two cytosolic classes of Hsp70: Ssa (Ssa1–4) and Ssb

(Ssb1–2). Expression of only one of each class is required to support near wild type

viability, underscoring the high structural and functional homology among Hsp70

isoforms10.

The ability of Hsp70s to engage in a wide array of cellular activities is thought to be

facilitated by its cooperation with a class of co-chaperones, the J proteins (also known as

Hsp40s)8, 11. J proteins share a highly conserved J domain that interacts with Hsp70 to

accelerate ATP hydrolysis12–14. The J domain consists of four α-helices and requires an

invariant His-Pro-Asp (HPD) motif for activity15. J proteins comprise a highly diverse class

of co-chaperones that has expanded through evolution from a handful of isoforms in
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prokaryotes to over 20 in S. cerevisiae and over 40 in humans16. J proteins can be classified

into three families based on homology to the E. coli J protein DnaJ. Class I, the most

homologous to DnaJ, consists of a J domain, a glycine-phenylalanine (G/F) rich region, a

zinc-finger like region (ZFLR), a barrel topology C-terminal domain, and a dimerization

domain17, 18. The ZFLR region is thought to help these J proteins bind to substrates and

recruit them to the Hsp70 system. Class II J proteins lack the ZFLR and have variable C-

terminal domains, but are otherwise similar to Class I. Finally, Class III J proteins, the

largest class, comprises the misfits; they share only a J domain and are otherwise highly

diverse in structure. Recently, Kampinga and Craig suggested a reclassification of the J

proteins based on function instead of structure16.

The dramatic expansion of the J proteins in higher organisms, especially compared to the

relatively few Hsp70s, suggests that a larger pool of more specialized J proteins supports

greater cellular complexity. Prevailing models suggest that combinations of an individual J

protein with an Hsp70 might yield a complex with the ability to perform specific tasks or

engage with specific subsets of substrates. In support of this idea, recent efforts have

identified roles for individual J proteins in a handful of specific cellular tasks. For example,

Swa2, the S. ceresvisiae ortholog of human auxilin, uncoats clathrin coated vesicles and is

required for cortical ER inheritance19, 20. This activity is not readily recovered by over-

expression of other J proteins, suggesting that Swa2 is specialized for this Hsp70 function.

Similarly, Jjj3 is a J protein that is essential for diphthamide synthesis21. In contrast to these

“specialist” J proteins, S. cerevisiae has also retained “generalists”, such as Ydj1 and Sis1,

which maintain protein quality control in the cytosol by helping Hsp70 fold proteins16. A

systematic study of cytosolic S. cerevisiae J proteins using deletion mutants confirmed that

some J proteins play essential roles during thermal stress, while others are apparently

redundant for this activity10. These observations suggest that other J proteins might be

important under specific biological or environmental conditions.

Towards this goal, we envisioned that a synthetic lethal approach might enable assignment

of cellular roles to individual J proteins. Using deletions of the 11 cytosolic J proteins in S.

cerevisiae10, 22, 23, we tested the effects of twelve, well-characterized chemical inhibitors

that act in specific cellular pathways, such as cell wall synthesis and translation (Table 1), on

growth22, 24. We found that some J proteins, such as Ydj1, are multidrug resistance genes,

required to buffer the cell against a diverse array of stressors. Others confer resistance to

only a subset of the compounds, suggesting functions in specific pathways. Three J proteins

had no synthetic lethal interactions and they may either be redundant or have specific

functions in pathways not targeted by the twelve compounds. These findings define new

biological roles for individual J proteins, results that could facilitate their functional

classification and provide new opportunities for their use as drug targets.

RESULTS AND DISCUSSION

Selection of J proteins and chemical probes for the synthetic lethal analysis

Eleven S. cerevisiae deletion mutants of cytosolic and nuclear J proteins were selected to

carry out chemical genetic investigations10 (Table 1). These J proteins represent 3 members

of class I, 2 of class II and 6 of class III. In addition, twelve compounds targeting diverse

cellular processes were chosen22, 23 (Table 2). Yeast strains were spotted in five-fold

dilutions on rich media agar containing a sublethal concentration of each compound and

grown for three days. As a secondary assay, yeast growth in liquid was also assessed using

optical density (OD) values monitored for 10 hours, when all strains had reached stationary

phase. Compounds that reduced growth of a J protein deletion strain in either assay were

scored as synthetic lethal interactions. Of the compounds tested, only wortmannin caused

Gillies et al. Page 2

Mol Biosyst. Author manuscript; available in PMC 2013 November 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



growth defects in the liquid assay but not the solid media assay, likely because wortmannin

is unstable in solid media.

Ydj1

Ydj1 is an abundant J protein that partners with Hsp70s (Ssa1–4 in yeast) to carry out

general protein quality control in the cytosol25, 26. Consistent with this activity, deletion of

Ydj1 resulted in sensitivity to nearly every compound tested (Fig. 1A). Δydj1 cells were

particularly sensitive to translation inhibitors, fluconazole, rapamycin and caffeine (Fig.

1A). Furthermore, Δydj1 was very sensitive to wortmannin, an inhibitor of PI kinases, in the

liquid growth assay (Fig. 1B). Together, these results suggest that Ydj1 may play an

important role in supporting the integrity of kinase signaling networks, perhaps by

stabilizing the enzymes. On the other hand, Δydj1 was only moderately sensitive to cell wall

stressors, suggesting that cells lacking Ydj1 can still maintain the cell wall integrity (CWI)

pathway. Finally, Δydj1 was the only strain tested that was mildly sensitive to the stressors

of DNA maintenance, hydroxyurea and camptothecin. This result suggests that the J proteins

(and, by extension, the Hsp70 machinery) may not be responsible for stability or function in

that system.

Zuo1

Zuo1 is a ribosome-associated J protein that plays roles in nascent protein folding and

ribosomal assembly27–29. Deletion of Zuo1 resulted in marked sensitivity to seven

compounds (Fig. 1A). The sensitivity profile of Δzuo1 was similar to that of Ydj1, which is

unexpected because they have markedly different localization patterns and domain

structures (Table 1). For example, Δzuo1 was acutely sensitive to fluconazole, rapamycin,

caffeine, and wortmannin (Fig. 1A,B) and these cells also had moderate sensitivity to cell

wall perturbing compounds. It seems possible that the similar sensitivities of Δzuo1 and

Δydj1 cells may reflect their activities at different stages in the same processes. For example,

Zuo1 might be important in initial folding of a kinase, while Ydj1 might be important in

final maturation. However, Δzuo1 cells do not share the growth defect of Δydj1 cells, so it

may be that Ydj1's role is more critical to a wider range of substrates. Consistent with this

idea, Δzuo1 was not sensitive to inhibitors of Hsp90, DNA-modifying enzymes or

calcineurin. Another possibility is based on the observations that Zuo1 promotes expression

of the drug exporter Pdr530, 31. The absence of Zuo1 may therefore allow accumulation of

the specific drugs exported by Pdr5, which includes fluconazole (Fig. 1A). Finally, as

expected, Δzuo1 cells were not viable in the presence of compounds that inhibit translation

(Fig. 1A,C). In healthy cells, Zuo1 may confer tolerance to cycloheximide and hygromycin

B by helping to disassemble arrested ribosomes and assemble new ones, and in its absence

the cells cannot recover from the accumulation of arrested ribosomes.

Swa2

Swa2 functions with Hsp70s in the removal of clathrin from vesicles19 and it has essential

roles in cortical ER inheritance20. In addition to its J domain and clathrin-binding domain,

Swa2 includes three tetratricopeptide (TPR) motifs and a ubiquitin-binding domain32.

Deletion of Swa2 caused sensitivity to 6 compounds (Fig. 1A), including weak sensitivity to

caffeine and rapamycin and severe responses to calcofluor white, congo red, fluconazole,

and hygromycin B. Lesser sensitivity was also observed in the presence of cycloheximide,

caffeine, and rapamycin. The acute sensitivity of Δswa2 to cell wall perturbing agents

suggests that Swa2 may have a role, whether direct or indirect, in cell wall assembly or

integrity. CW and CR induce upregulation of the cell wall integrity (CWI) pathway, but

caffeine causes cell wall defects independent of the CWI pathway33, 34. The severe

sensitivity of Δswa2 to CW and CR but not caffeine thus suggests a specific defect in the

cell's ability to mount a CWI response in the absence of Swa2. This may be due to impaired
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trafficking of cell wall components or CWI pathway members as a result of accumulated

clathrin coated transport vesicles, or it could be another uncharacterized function of Swa2.

Jjj1

Jjj1 is a specialized J protein that plays a role in 60S ribosomal subunit biogenesis35, 36 and

perhaps other aspects of ribosome turnover29. Deletion of this J protein conferred mild

sensitivity to calcofluor white, rapamycin, cycloheximide, and fluconazole in the spot assay

and hygromycin B and wortmannin in the liquid assay (Fig. 2). Previous work has

demonstrated that growth defects resulting from Jjj1 deletion cannot be ameliorated by any

other J protein10. On the other hand, overexpression of Jjj1 can partially rescue the slow

growth of Δzuo1 cells, which is thought to be due to its ability to recruit Ssa1 (the cytosolic

yeast Hsp70) to the ribosome when Zuo1 is not present to recruit Ssb1/229. Further

enforcing this relationship between Jjj1 and Zuo1, their deletions confer sensitivity to nearly

the same compounds in our experiments. However, loss of Jjj1 is less detrimental, as the

phenotype of Δjjj1 cells is uniformly less dramatic. The differences in phenotype severity

are consistent with their copy numbers; Jjj1 exists as only 2310 molecules per cell, while

Zuo1 has 86400 copies and is possibly associated with every ribosome. Together, these

finding are consistent with Jjj1 and Zuo1 having partially overlapping functions in ribosome

function.

Jjj3

Jjj3 is one of the five genes required for synthesis of diphthamide (DT), a posttranslational

modification of translation elongation factor 2 (EF2)21. Studies of the human ortholog of

Jjj3, Dph4, found that it is an iron-binding enzyme that is capable of participating in redox

processes, and it was confirmed that Jjj3 also possesses these properties37. In fact, one of the

enzymes responsible for DT synthesis, Dph2, contains an iron-sulfur cluster, and it is likely

that Dph4/Jjj3 cooperates with Dph237. In our synthetic lethal screen, deletion of Jjj3

conferred mild sensitivity to the TOR-targeting compounds, rapamycin and caffeine, and the

translation inhibitor, cycloheximide (Fig. 2A). Mild sensitivity of Δjjj3 to hygromycin B and

wortmannin in the liquid assay was also observed (Fig. 2B,C). These results clearly

demonstrate that DT synthesis is not the only process in which Jjj3 is involved. Perhaps

consistent with this model, Jjj3 is partially colocalized to the perinuclear site of diphthamide

synthesis, but there is a significant portion of the Jjj3 pool that associates with the broader

cytoskeleton38. Interestingly, protein microarray studies suggest that Jjj3 physically interacts

with 8 kinases39 and it was one of only 24/4200 proteins that interacted with 8 or more

kinases, including kinases involved in the PKC pathway, septin behavior, cell cycle

progression, and transcriptional activation39. Together, the previous observations and these

synthetic lethal studies suggest that Jjj3 may have broad roles as a redox partner.

Apj1

Deletion of Apj1 conferred mild sensitivity to caffeine, rapamycin, cyclohexmide, calcofluor

white, and wortmannin (Fig. 2). The identification of phenotypes deriving from deletion of

this J protein is remarkable given its extremely low abundance - there are merely 125 copies

of Apj1 in the cell40. This low number suggests that this J protein may need to be localized

in order to carry out its functions. Indeed, Apj1 has been identified in stringent analyses of

the mitochondrial proteome41, 42. Apj1 is a class I J protein and it is highly homologous to

Ydj1 (35% identity). It is therefore unsurprising that overexpression of Apj1 can rescue loss

of Ydj1 in functions such as prion propagation43. However, deletion of Apj1 confers two

interesting phenotypes: suppressed RNA replication of flock house virus44 and

hypersensitivity to mutant huntingtin (mHtt)45. Though the phenotypes identified to date do

not point to a clear single function of Apj1, it is evident that this J protein plays roles that
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cannot be fully compensated for by endogenous levels of other J proteins, perhaps because

of its mitochondrial localization.

Jjj2

Jjj2 is another low-abundance J protein (182 copies)40, although no specific sub-cellular

localization has been reported. It is a class III protein with no predicted domains other than

the J domain. Deletion of Jjj2 conferred sensitivity to cycloheximide and fluconazole (Fig.

2). These are the only two compounds tested that are exported by the PDR5 transporter,

suggesting that Jjj2 may support transporter expression or function, although this idea

remains untested.

Caj1

Caj1 is thought to be located in the nucleus46, 47 but is otherwise uncharacterized. In our

synthetic lethal screen, Δcaj1 cells were largely indistinguishable from wild type, with only

mild phenotypes in the presence of cycloheximide in the spot assay and hygromycin B in the

liquid assay (Fig. 3A, C). A previous large-scale chemical genetic screen also identified

Δcaj1 as sensitive to cycloheximide24, and together these findings suggest that Caj1 may be

involved in transcription.

Djp1, Xdj1 and Hlj1

These three J proteins exhibited no phenotypes in any of the conditions tested (Fig. 3),

suggesting that they either have roles in pathways not tested by these twelve compounds or

that they are redundant under these conditions. It is known that Djp1 has a role in

peroxisomal protein import, and it may be that this J protein is highly specialized for this

role and no others48. Also, Xdj1 may not be expressed49.

Hsp70s

J proteins cooperate with Hsp70s to maintain protein quality control. When we treated

Δssa1, Δssa2, or Δssa4 cells with the twelve chemical inhibitors, no apparent growth defects

were observed (data not shown). These studies suggest that the Ssa proteins are redundant

under these conditions. In light of this conclusion, the phenotypes resulting from deletion of

individual J proteins are striking and highlight their functional diversity.

CONCLUSIONS

These results provide additional details to the J protein network (Fig. 4). Specifically, some J

proteins, such as Ydj1 and Zuo1, have profiles that suggest broad roles in multiple cellular

pathways, while others, such as Apj1 and Jjj2, seem to have focused cellular responsibilities.

Although the current synthetic lethal analysis is certainly not inclusive of all possible stress

conditions, these studies are supportive of a model in which J proteins have evolved to

maintain a wide array of cellular processes, allowing Hsp70s to be recruited into many

different types of biology.

What do these results reveal about J proteins in disease? One interesting possibility comes

from comparing these findings to the results of experiments in which proteotoxic stress (e.g.

over-expression of misfolded proteins) was used to evaluate J protein activity. Specifically,

Jjj3 over-expression has been shown to suppress the toxicity of polyglutamine-expanded

huntingtin (Htt)50. This finding has direct relevance to our results because TOR inhibition

activates autophagy and clearance of mHtt51, 52 and we found that Δjjj3 cells are sensitive to

rapamycin. Similarly, we found that Apj1 is sensitive to rapamycin and this J protein is also

upregulated in cells expressing mHtt50. Thus, pharmacological targeting of individual J

proteins or specific Hsp70-J protein combinations53, 54 may be a compelling approach.
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MATERIALS AND METHODS

Compounds

Compounds were dissolved in dimethylsulfoxide (DMSO, Sigma Aldrich) or weighed out

(caffeine and hydroxyurea) and added to yeast peptone-dextrose (YPD, Teknova) rich media

plates to the following final concentrations: hygromycin B (InvivoGen, 50 μg/mL),

cycloheximide (Sigma Aldrich, 0.25 μg/mL), rapamycin (LC Laboratories, 0.021 μg/mL),

caffeine (Sigma Aldrich, 5 mM), calcofluor white (Sigma Aldrich. 20 μg/mL), congo red

(Fluka, 20 μg/mL), fluconazole (Santa Cruz, 5 μg/mL), 17-AAG (LC Laboratories, 25 μg/

mL), camptothecin (Santa Cruz, 25 μg/mL), hydroxyurea (Santa Cruz, 100 mM), FK-506

(LC Laboratories, 4 μg/mL).

Yeast spot assay

Yeast knockout strains were purchased from Open Biosystems (Thermo Scientific) in the

BY4741 background (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0). Wild type and knockout

strains were grown overnight in 5 mL YPD cultures. Cells were diluted to OD600 = 0.5 and

5-fold dilutions made in YPD. A micropipette was used to spot 3 μL of cells onto plates

containing DMSO (1%) or compound. Plates were inverted and incubated for 72 hours at

30°C, then imaged.

Yeast liquid assay

Compounds were dissolved in DMSO to 50 times the following final concentrations:

wortmannin (24 μg/mL), hygromycin B (120 μg/mL), and calcofluor white (200 μg/mL).

Two-fold serial dilutions were carried out in 96-well PCR plates (BioExpress), then 2 μL of

each solution was transferred to a flat-bottom clear 96-well plate (CytoOne) using a

multichannel micropipette. Yeast strains were grown overnight in 5 mL YPD cultures and

diluted to OD600 = 0.15 in YPD, then 100 μL was added to each well of the plate. Plates

were covered and incubated with shaking (200 RPM) at 30°C for 10 hours. OD600 values

were measured using a microplate reader (Molecular Devices).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Deletion of the J proteins Ydj1, Zuo1, and Swa2 confers sensitivity to many compounds. A)

Five-fold dilutions of BY4741, Δydj1, Δzuo1, or Δswa2 were plated on rich medium

containing DMSO or compound (see Materials and Methods for concentrations) and grown

for 72 hours at 30°C. Images are representative of 3 replicates. B–D) Cultures were grown to

saturation, diluted to OD600 = 0.15, and transferred to a 96-well plate containing two-fold

dilutions of wortmannin (24–0 μg/mL) or hygromycin B (120–0 μg/mL) in DMSO (final

concentration 2%). Plates were incubated with shaking at 30°C for 10 hours. At 10 hours,

OD600 values were recorded and normalized to the OD600 with DMSO alone for each strain.

The other compounds were also tested in this assay (see Fig 4) and the raw data is presented

in the Supplemental Information.
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Figure 2.
Deletion of the J proteins Jjj1, Jjj2, Jjj3, and Apj1 confers sensitivity to a limited subset of

compounds. A) Five-fold dilutions of Δjjj1, Δjjj2, Δjjj3, or Δapj1 were plated on rich

medium containing DMSO or compound and grown for 72 hours at 30°C. B,C) Strains were

grown in liquid YPD in the presence of wortmannin (24–0 μg/mL) or hygromycin B (120–0

μg/mL) in DMSO (final concentration 2%).
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Figure 3.
Deletion of the J proteins Caj1, Djp1, Xdj1 and Hlj1 has little or no effect in the presence of

compounds tested. A) Five-fold dilutions of Δcaj1, Δdjp1, Δxdj1, or Δhlj1 were plated on

rich medium containing DMSO or compound and grown for 72 hours at 30°C. B,C) Strains

were grown in liquid YPD in the presence of wortmannin (24–0 μg/mL) or hygromycin B

(120–0 μg/mL) in DMSO (final concentration 2%).
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Figure 4.
Synthetic lethal interactions identified for 11 J proteins. J proteins (black circles) are

connected to compounds (colored circles) with which they exhibited a synthetic lethal

interaction. Thickness of lines indicates severity of growth sensitivity phenotype. Solid lines

represent interactions identified using the solid media assay and dotted lines represent

interactions identified exclusively in the liquid media assay.
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Table 1

Eleven J Proteins were tested for synthetic lethal interactions. J proteins are depicted with domain schematics.

Molecules per cell determined by Ghaemmaghami et al. 2003. Localization is in some cases predicted. Figure

adapted from Kampinga and Craig, 2010.
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Table 2

Compounds with known antifungal activity used to identify synthetic lethal interactions for deletions of J

proteins in S. cerevisiae.

Compound Target

Hygromycin B Translation; 30S ribosomal subunit formation

Cycloheximide Translation elongation

Rapamycin TOR1/TOR2 signaling

Caffeine TOR1 signaling; cell wall; other kinases

Calcofluor White Cell wall integrity (CWI) pathway

Congo Red Cell wall integrity (CWI) pathway

Fluconazole Ergosterol biosynthesis (plasma membrane)

17-AAG Hsp90

Camptothecin Topoisomerase I

Hydroxyurea Ribonucleotide reductase

FK-506 Calcineurin

Wortmannin Phosphatidylinositol kinase
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