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Essentiality of Sis1, a J-domain protein 
Hsp70 cochaperone, can be overcome by Tti1, 
a specialized PIKK chaperone

ABSTRACT  J-domain protein cochaperones drive much of the functional diversity of Hsp70-
based chaperone systems. Sis1 is the only essential J-domain protein of the cytosol/nucleus 
of Saccharomyces cerevisiae. Why it is required for cell growth is not understood, nor how 
critical its role is in regulation of heat shock transcription factor 1 (Hsf1). We report that sin-
gle-residue substitutions in Tti1, a component of the heterotrimeric TTT complex, a special-
ized chaperone system for phosphatidylinositol 3-kinase-related kinase (PIKK) proteins, allow 
growth of cells lacking Sis1. Upon depletion of Sis1, cells become hypersensitive to rapamy-
cin, a specific inhibitor of TORC1 kinase. In addition, levels of the three essential PIKKs (Mec1, 
Tra1, and Tor2), as well as Tor1, decrease upon Sis1 depletion. Overexpression of Tti1 allows 
growth without an increase in the other subunits of the TTT complex, Tel2 and Tti2, suggest-
ing that it can function independent of the complex. Cells lacking Sis1, with viability sup-
ported by Tti1 suppressor, substantially up-regulate some, but not all, heat shock elements 
activated by Hsf1. Together, our results suggest that Sis1 is required as a cochaperone of 
Hsp70 for the folding/maintenance of PIKKs, making Sis1 an essential gene, and its require-
ment for Hsf1 regulation is more nuanced than generally appreciated.

INTRODUCTION
Hsp70-based molecular chaperone machineries function in a wide 
range of cellular processes. They play critical roles in protein ho-
meostasis, including facilitating folding of nascent polypeptide 
chains and promoting maintenance of protein structure upon stress 
(Balchin et al., 2020). J-domain protein cochaperones are responsi-
ble for much of this functional versatility (Kampinga and Craig, 2010; 
Rosenzweig et al., 2019). Their J-domains bind partner Hsp70s, driv-
ing hydrolysis of bound ATP, and thereby triggering conformational 
changes that lead to stabilization of Hsp70-substrate interactions.

Most cellular compartments have multiple J-domain proteins 
that partner with the same Hsp70. Some show no sequence similar-
ity outside the J-domain, while others have substantial structural 

similarity, particularly in domains that bind substrate (Craig and 
Marszalek, 2017). In the budding yeast Saccharomyces cerevisiae, 
12 different J-domain proteins function with the Ssa type of Hsp70 
in the cytosol/nucleus. Of these, four have a double ß-barrel sub-
strate–binding domain that follows an N-terminal J-domain and the 
adjacent glycine-rich region, which is often called the G/F region. 
Sis1 is unique; it is essential even under optimal growth conditions 
(Luke et al., 1991). For its essential role(s), Sis1 acts as an Hsp70 
cochaperone, as substitutions that disrupt J-domain function render 
Sis1 nonfunctional (Yan and Craig, 1999). None of the other J-do-
main proteins of the cytosol or nucleus can substitute for Sis1 to 
rescue viability, even the more abundant double β-barrel Ydj1, 
which partners with the same Hsp70 (Sahi and Craig, 2007). 
However, Sis1 homologues from other species, including human 
DnaJB1, can rescue the viability of sis1∆ cells (Lopez et al., 2003), 
indicating functional conservation in the evolution of this class of 
double β-barrel J-domain proteins.

Neither the specific critical biological processes in which involve-
ment of Sis1 is required, nor the substrate proteins that need its 
action for cell viability, have been identified. However, many cellular 
functions of Sis1 are known. Some, such as facilitating transport of 
nascent polypeptides for translocation across the endoplasmic 
reticulum and mitochondrial membranes, overlap with those of Ydj1 
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(Jores et al., 2018; Cho et al., 2021). Some, such as targeting certain 
proteins for degradation (Shiber et al., 2013; Summers et al., 2013; 
Prasad et  al., 2018) and maintaining prions (Sondheimer et  al., 

2001), are unique to Sis1, but are not essential. Sis1 has also been 
identified as a regulator of heat shock transcription factor Hsf1 
(Klaips et al., 2020; Feder et al., 2021), which drives expression from 
promoters having a heat shock element (HSE). It is well established 
that Hsf1 activity is down-regulated by Hsp70 binding (Masser et al., 
2020; Pincus, 2020), but how critical and unique the role of Sis1 is as 
the J-domain protein cochaperone in this regulation by driving the 
Hsp70-Hsf1 interaction remains unresolved.

To better understand Sis1 functionality, we undertook a genetic 
approach, isolating mutations that allowed cells to grow in the ab-
sence of Sis1. We previously reported that substitutions in Ydj1 or 
Hsp70 Ssa1 can overcome the requirement for Sis1 (Schilke et al., 
2017). While analysis of these Ydj1 and Ssa1 suppressor variants is 
informative regarding how tuning of the initial step of the Hsp70–
substrate interaction cycle can diversify Hsp70 system function, they 
do not provide insight into the Hsp70 substrates that normally spe-
cifically require Sis1 cochaperone function for cell viability.

RESULTS AND DISCUSSION
Tti1 variants allow growth of cells having a deletion of SIS1
With the goal of gaining insight into the cellular processes that re-
quire Sis1 function for viability, we continued our selection for ge-
nomic mutations that permit cell growth in the absence of Sis1. Cells 
having a chromosomal deletion of the SIS1 gene (sis1Δ) and ex-
pressing Sis1 from a plasmid containing the URA3 gene were plated 
on media containing 5-fluoroorotic acid (5-FOA). Because 5-FOA is 
toxic to cells expressing Ura3, those that have lost the plasmid but 
obtained chromosomal mutations that allow growth in the absence 
of Sis1 can form colonies. To eliminate from consideration suppres-
sors in the YDJ1 gene, the site of the initially identified suppressors 
(Schilke et al., 2017), we focused on two isolates whose suppressor 
mutations segregated independently from SIS1 (Figure 1A; Supple-
mental Figure 1A), as SIS1 and YDJ1 are genetically linked. These 
two new suppressor alleles were genetically linked to each other. 
Sequencing revealed that both had point mutations encoding sin-
gle-residue changes in the TTI1 gene, albeit at different positions—
T598R in suppressor #1, G858V in suppressor #2—called tti1sup#1 
and tti2sup#2 throughout. Much of Tti1, which contains 1038 resi-
dues, is composed of α-helical repeats of the common Armadillo 
superfamily (Figure 1B). Both suppressor substitutions lie within this 
segment, which extends from residue 76 to 1016.

Tti1 is the largest subunit of the heterotrimeric TTT chaperone 
complex (Hurov et al., 2010), a specialized chaperone system dedi-
cated to facilitating folding and/or maintenance of the phosphati-
dylinositol 3-kinase-related kinase (PIKK) proteins (Takai et al., 2007, 
2010; Sugimoto, 2018; Elias-Villalobos et al., 2019). PIKKs play im-
portant roles in diverse cellular processes in eukaryotes, from re-
sponse to nutritional stress to regulation of cell growth and tran-
scriptional regulation (Villa et al., 2016; Gonzalez and Hall, 2017; 
Cheung and Diaz-Santin, 2019; Lustig, 2019). We decided to inves-
tigate the relationship between Sis1 and the TTT complex, as we 
considered PIKKs as plausible essential substrates of the Sis1–Ssa1 
Hsp70 chaperone system. Even though Sis1 is present at ∼30,000 
molecules/cell (Ho et  al., 2018), only a small fraction of that is 
needed to maintain robust cell growth (Aron et al., 2007), consistent 
with a critical chaperone role for relatively low abundance substrates 
such as PIKKs. In addition, PIKKs are among the largest proteins in 
the cell. The 5 PIKKs of S. cerevisiae—Tel1, Tor1, Tor2, Mec1, and 
Tra1—range in size from 233 to 431 kDa, each containing a charac-
teristic kinase, FAT, and HEAT domain architecture common to all 
PIKKs (Imseng et al., 2018). Tor2, Mec1, and Tra1 are essential pro-
teins, as are all three TTT subunits—Tti1, Tti2, and Tel2.

FIGURE 1:  Isolation of spontaneous TTI1 suppressors of cells lacking 
Sis1. (A) sis1∆ (sis1::LEU2) cells carrying putative suppressor mutations 
were crossed with a WT SIS1 strain and sporulated and resulting asci 
dissected onto rich medium. Plates were incubated at 30°C for 4 d 
(left, suppressor #1 [sup#1]; center, suppressor #2 [sup#2]) and then 
replica plated to leucine omission media. Colonies that grew 
(suppressors) are indicated by yellow arrowheads. Right, an sis1∆ 
sup#1 and a SIS1 sup#2 strain of opposite mating type were crossed 
and treated as above. All resulting sis1::LEU2 deletion haploids were 
suppressed for lethality, indicating close linkage of sup#1 and sup#2. 
(B) Cartoon of TTT complex and possible points of action of Sis1 in 
PIKK proteostasis (solid arrows). TTT subunits in shades of red, 
indicating interaction of Tti1 with Tel2 and Tti2. Expanse of α-helical 
Armadillo Tti1 repeats indicated by bracket; asterisks indicate position 
of suppressors—sup#1 T598R; sup#2 G858V. Both TTT and Hsp90 
have been implicated in folding of PIKKs in coordination with Rvb1/2 
in complex with Pih1 and Tah1 as the R2TP complex (or with accessory 
protein Asa1, not shown). Tel2 interacts physically with the Pih1 
subunit (heavy dotted line) and Hsp90 with the Tah1 subunit (via 
C-terminal EEVD).



Volume 33  March 1, 2022	 Tti1 suppresses lethality of Sis1∆  |  3 

That PIKK proteostasis is an elaborate process is underscored by 
the fact that the TTT complex coordinates with a more elaborate 
chaperone system, the R2TP complex, which interacts not only with 
several other specialized chaperone systems, but also with Hsp90 
(Figure 1B; Houry et al., 2018). It has been suggested to be impor-
tant at initial stages of PIKK folding, as well as in the maintenance of 
active, functional PIKKs and the assembly of multimeric complexes 
in which they function.

Phosphatidylinositol 3-kinase-related kinase protein levels 
decrease as Sis1 is depleted
To test for additional connections between Sis1 and PIKKs, we took 
advantage of the fact that rapamycin is a specific inhibitor of the 
TORC1 kinase complex, which includes either PIKK Tor1 or Tor2 as 
the catalytic subunit (Martin and Hall, 2005). We tested the effect of 
Sis1 depletion on cell sensitivity to rapamycin using a plate assay. 
We chose a borderline concentration of rapamycin—one that had 
no obvious effect on the growth of cells expressing normal amounts 
of Sis1—whether driven from the native SIS1 or from the doxycy-
cline-repressible TET promoter (Figure 2A), which result in similar 
expression of Sis1 (Supplemental Figure 1B). As expected, because 
of the small amount of Sis1 required for normal growth (Aron et al., 
2007), cells expressing Sis1 from the TET promoter grew only 
slightly more slowly than those expressing normal levels of Sis1 
when plates contained doxycycline. However, growth was very poor 
on plates containing both doxycycline and rapamycin. This more 
severe effect of rapamycin on growth of cells having reduced ex-
pression of Sis1 is consistent with the idea that cells expressing low 
levels of Sis1 have compromised TORC1 function.

This increased rapamycin sensitivity prompted us to assess 
amounts of four PIKKs directly (Tor1, Tor2, Mec1, and Tra1) in cells 
during depletion of Sis1. We used two strains, both having Sis1 
driven by the TET promoter, but one having FLAG-tagged TRA1 
and the other having FLAG-tagged MEC1 in the chromosome. 
Samples were removed from liquid cultures over time to measure 
growth rate. Not surprisingly, cells expressing Sis1 from the TET pro-
moter continued to grow at the same rate for many hours after ad-
dition of doxycycline before slowing. It was not until the 17–20 and 
24–27 h intervals that doubling times increased—about a 50% and 
100% increase, respectively (Supplemental Figure 1C). Samples for 
protein analysis were taken at 0, 8, 14, 20, and 27 h after doxycycline 
addition. The Sis1 levels dropped to less than 10% at 8 h and less 
than 1% by 14 h (Figure 2B). The amounts of control proteins (e.g., 
tubulin, the ribosomal-associated chaperone Zuo1, and the mito-
chondrial proteins Tim23 and Yfh1) remained static. However, the 
levels of PIKK proteins, though similar in the first samples, were sub-
stantially reduced by 20 h (Figure 2B; Supplemental Figure 1D).

These results showing reduction in Tor1, Tor2, Mec1, and Tra1 
levels upon depletion of Sis1 are consistent with Sis1 playing a role 
in PIKK proteostasis. A reduction in PIKKs has been reported when 
the levels of individual TTT subunits were reduced in both fungal 
and mammalian cells (Takai et  al., 2007; Genereaux et  al., 2012; 
Hoffman et al., 2016; Goto et al., 2017). However, due to intrinsic 
difficulties in studying PIKKs, it is not known at what stage(s) of 
protein biogenesis/homeostasis the TTT complex functions. Initial 
steps of protein folding and maintenance of “mature” PIKKs, as well 
as roles in assembly of multimeric complexes of which they are a 
part, have been suggested (von Morgen et  al., 2015; Sugimoto, 
2018). Sis1 could plausibly function in any of these roles as well. 
However, the ability of both Mec1 and Tra1 to be immunoprecipi-
tated by Sis1-specific antibodies (Supplementary Figure 1E) sug-
gests that Sis1 participates directly in PIKK homeostasis.

Overexpression of Tti1 permits growth of sis1∆
Extending our analysis of the involvement of TTT complex subunits 
in Sis1 function, we first asked if overexpression of Tti1 affects the 
degree of suppression. Both WT TTI1 and tti1sup#1 were placed under 
the control of the strong ADH1 promoter. ADH1-driven tti1sup#1 
allowed better growth of sis1∆ cells than the rather poor growth en-
abled by expression from the native promoter—colony formation oc-
curred even at 37°C. WT TTI1 driven by ADH1 also allowed growth, 
though not as robustly as tti1sup#1 (Figure 3A; Supplemental Figure 2, 
A and B). Analysis, after addition of an HA tag to allow detection, 
revealed that placement under the ADH1 promoter resulted in about 
a sixfold increase in both Tti1 and tti1sup#1 (Supplemental Figure 2C). 
To test whether suppression by tti1sup#1 was recessive or dominant, 
the growth of homozygous and heterozygous diploids was evalu-
ated. TTI1/tti1sup#1 cells grew nearly as well as tti1sup#1/tti1sup#1 cells, 
particularly at lower temperatures, indicating that tti1sup#1 is substan-
tially dominant (Supplemental Figure 2D).

Because Tti1 functions in the heterotrimeric TTT complex, we 
decided to assess levels of the two other subunits, Tel2 and Tti2. We 
constructed sis1∆ strains expressing HA-tagged Tel2 and Flag-
tagged Tti2 from the chromosome—kept viable by the presence of 
a plasmid carrying either TET-SIS1, a previously isolated ydj1 sup-
pressor mutant (Schilke et al., 2017), or either TTI1 or tti1sup#1 driven 
by the ADH1 promoter. Levels of Tel2 and Tti2 were indistinguish-
able in these four strains, as well as after repression of Sis1 synthesis 
(Figure 3B). Because overexpression of WT Tti1 allows growth of 
sis1∆ cells, we tested whether overexpression of Tel2 or Tti2 can 
also rescue growth. TEL2 and TTI2 were placed under the control of 
the ADH1 promoter. While, as expected, sis1∆ cells lacking the 
URA3-based plasmid carrying the SIS1 gene were recovered after 
plating on 5-FOA when tti1sup#1was expressed, this was not the case 
for Tel2 or Tti2, even though they both were overexpressed more 
than Tti1 (Figure 3C, Supplemental Figure 2E).

The results above suggest that Tti1 can act independently from 
the other components of the TTT complex to enable growth of cells 
in the absence of Sis1. This is somewhat surprising, as there is little 
evidence supporting the idea that an individual TTT subunit, sepa-
rate from the complex, is functional. Reduction of one of the sub-
units in human cells has been reported to result in reduction of the 
others (Hurov et al., 2010). The ability of increased expression of Tti1 
alone to suppress sis1∆ was also unexpected because it has not 
been directly implicated in PIKK binding. Rather, the Tel2 subunit 
had been shown to interact with a PIKK in vitro (Takai et al., 2010). 
However, recently, in vitro interaction between the Tti1–Tti2 dimer 
and a PIKK has been reported (Pal et al., 2021), leaving open the 
possibility that Tti1 can interact directly with PIKKs.

Hsf1-dependent expression is variable in sis1∆ cells
Sis1 has been implicated as a key regulator of heat shock transcrip-
tion factor Hsf1 (Klaips et al., 2020; Alford et al., 2021; Feder et al., 
2021). We took advantage of our ability to manipulate the amount 
of Sis1 in cells to probe the extent of its role. Using a set of antibod-
ies specific for heat shock proteins (Hsps), we tested extracts from 
cells after shutoff of Sis1 expression, cells that lacked Sis1 but ex-
pressed Tti1sup#1, and, as a control, ssa1∆ ssa2∆ cells. ssa1∆ ssa2∆ 
lacks the two constitutively expressed Ssa Hsp70 genes, causing 
Hsf1 to be constitutively activated (Boorstein and Craig, 1990), but 
retains heat-inducible SSA3 and SSA4. Except for Hsp42, increased 
amounts of Hsps were observed upon Sis1 depletion. These 
amounts were further enhanced in the absence of Sis1, with Hsp26 
having the most dramatic increase (Figure 4A). However, in no case 
did levels approach those found in ssa1∆ ssa2∆ cells (Figure 4B).
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FIGURE 2:  Reduced Sis1 levels result in rapamycin hypersensitivity and reduction in PIKK 
levels. (A) Tenfold serial dilutions of sis1∆ cells expressing Sis1 from either the native promoter 
(SIS1) or doxycycline repressible Tet promoter (TET) were spotted on rich media with no 
addition (–), 1.5 nM rapamycin, and/or 10 µg/ml doxycycline and incubated for 2 d at 30°C. 
(B) Doxycycline was added at time zero to log phase cultures of BY4741 sis1∆ having Sis1 
expressed from the TET promoter. Cells were maintained in log phase over the 27-h time 
course by dilution into prewarmed medium. (Top) Doubling times were determined by 
measuring OD600 at 3–4 h intervals, indicated by brackets on timeline. Samples were removed 
for lysate preparation at times indicated in bold after doxycycline addition. (Bottom) Lysates 
were subjected to electrophoresis and immunoblot analysis using antibodies specific for the 
proteins indicated on right. Cells had in the chromosome either Flag-tagged Mec1 (FlagMec1) 
or Tra1 (FlagTra1), as indicated on left, as well as HA-tagged Tti1 (Tti1HA). Growth rate of 
FlagTra1 strains is shown (see Supplemental Figure 1C for complete growth data). In the case of 
Sis1, indicated dilutions of extract were made to estimate relative amounts remaining after 
repression.

Hsp gene promoters often have multi-
ple HSEs with a varying number of in-
verted repeats of nGAAn, some with gaps 
or imperfect repeats (Yamamoto et  al., 
2005), as well as other stress-responsive 
elements (Ruis and Schuller, 1995). To 
help clarify the picture of Hsf1 activation 
linked to Sis1, we tested the response of 
isolated HSEs to the reduction or absence 
of Sis1. We used a fusion between green 
fluorescent protein (GFP) and a CYC1 
promoter whose activation sequence was 
replaced by one of 4 HSEs that had been 
studied previously—Ssa3 (Liu et al., 1997), 
Ssa4 (Young and Craig, 1993), Sis1 (Zhong 
et  al., 1996), or a “canonical” HSE with 
four “perfect” nGAAnnTTCn repeats 
(Brandman et  al., 2012). The canonical 
HSE showed the most dramatic difference 
in GFP levels between normal and low/no 
Sis1 levels, with the amount in the latter 
approaching that found in ssa1∆ ssa2∆ 
cells (Figure 4B). Ssa3 and Ssa4 HSE activ-
ity changed little upon varying Sis1 
levels.

The results above present a complex 
picture of the relationship between Sis1 
and cellular stress responses. It is difficult 
to parse what effects of reduced/absent 
Sis1 levels are due to the reduced function 
of PIKKs, some of which are involved di-
rectly or indirectly in broad cellular stress 
responses, and what are due to Sis1’s di-
rect involvement in Hsf1 activation. On 
one hand, the increase in expression 
driven by a canonical HSE having four 
contiguous nGGAnnTTCn repeats is con-
sistent with the proposed major role of 
Sis1 in repressing Hsf1 activity by target-
ing Hsp70 to it. On the other, the differ-
ences in expression driven by the naturally 
occurring HSEs are much less dramatic 
and indicate the adaptability and diversity 
of the Hsf1 regulatory network, pointing 
to the importance of Sis1 in PIKK protein 
homeostasis. In addition, these results 
also lend a cautionary note—exclusive de-
pendence on the canonical HSE reporter 
may fail to give a complete picture of the 
complexities found in the cell. In this re-
gard, it is well established that Hsf1 re-
sponds in diverse ways to different HSEs 
(Verghese et  al., 2012) and few natural 
HSEs have four contiguous repeats. How-
ever, the “code” to the complex regula-
tion is not well understood. In the future, 
such understanding will help to clarify the 
underlying complexity of cellular re-
sponses to stress.
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SUMMARY
The results presented here establish that Tti1 can partially substi-
tute for the essential function(s) of Sis1. That levels of PIKK pro-
teins, the known substrates of the TTT complex, decrease upon 
Sis1 depletion, such as occurs upon inactivation of components 
of the TTT complex, points to a role in PIKK protein homeostasis. 
However, when in the lifetime of PIKKs Sis1 is important remains 
unclear. Indeed, the role of the TTT complex itself, which is part 
of a much larger, intricate machinery—as one of the handful of 
“adaptors” for the R2TP AAA+ complex that cooperates with 
Hsp90 in generation of a number of multimeric complexes 
(Figure 1B)—is unclear as well. It is also possible that Sis1 has a 
role in the folding of Tti1 itself, even though PIKKs decrease 
much more upon Sis1 depletion than Tti1. Considerably more 
work will be needed to understand the role of Sis1, Tti1, and the 
entire machinery in PIKK homeostasis, as well as the uniqueness 
of Sis1’s ability to regulate Hsf1.

FIGURE 3:  Overexpression of Tti1, but not Tel2 or Tti2, allows growth of sis1∆ cells. 
(A) Tenfold serial dilutions of cells having indicated TTI1 and SIS1 on the chromosome (chrom) 
or expressed from a plasmid were plated on rich media. Overexpression from the ADH1 
promoter indicated by an upward arrow. Plates were incubated for 3 d at indicated 
temperatures, except 23°C plates for 5 d. (B) Lysates of sis1∆ cells having HA-tagged TEL2 
and Flag-tagged TTI2 in the chromosome and indicated proteins expressed from centromeric 
plasmids were subjected to electrophoresis and immunoblot analysis using antibodies against 
HA and Flag tags. Sis1 under control of TET promoter (TET-SIS1) with doxycycline added 21 h 
before harvest (+) or, as a control, no addition (–); suppressor Ydj1G70N from its native 
promoter; HA-tagged TTI1 or tti1sup#1 (tti1S#1) from the strong ADH1 promoter (upward 
arrow). (C) Transformants of sis1∆ strain carrying SIS1 on a URA3-based plasmid expressing 
the indicated protein or vector control (–) were streaked onto plates containing 5-FOA and 
incubated for 4 d at 30°C.

MATERIALS AND METHODS
Yeast strains, plasmids, and culture 
manipulations
Yeast strains and plasmids used are listed in 
Supplemental Tables 1 and 2, respectively. 
Cells were grown in a rich medium, YPD (1% 
yeast extract, 2% peptone (Difco Laborato-
ries, Detroit, MI), 2% dextrose), or in selec-
tive minimal media from which particular 
amino acids could be omitted (0.67% yeast 
nitrogen base without amino acids [US Bio-
logical, Marblehead, MA], 2% dextrose), 
supplemented with required amino acids 
(Sherman et  al., 1986). W303 strains were 
sporulated on potassium acetate plates; 
BY4743 strains were sporulated in potassium 
acetate liquid media (doi:10.1101/pdb.
rec090613, Cold Spring Harb Protoc 2016, 
2016 Cold Spring Harbor Laboratory Press) 
after growth in presporulation liquid medium 
(1% YPA; Elrod et  al., 2009). Strains used 
were of the W303 genetic background un-
less stated otherwise in the figure legend.

Genomic DNA was isolated using the 
MasterPure yeast DNA purification kit from 
Lucigen (Madison, WI). Yeast was trans-
formed using a previously developed proto-
col (Chen et  al., 1992). To analyze cell 
growth, 10-fold serial dilutions of cells were 
spotted onto YPD or selective minimal me-
dia and grown for the numbers of days and 
temperatures indicated in figure legends. 
Representative examples are shown for 
both serial dilution and plating on 5-FOA 
(Toronto Research Chemicals, Canada), with 
all experiments repeated a minimum of 
three times. Doxycycline (Sigma-Aldrich, St. 
Louis, MO) was added to media at 10 µg/
ml. Independent transformants were used in 
the liquid-media Sis1 “shut-off” experi-
ments and for the testing of HSE activity, 
with representative immunoblots shown.

Selection of suppressors
Spontaneous suppressors allowing growth of strains lacking Sis1 
were obtained by streaking transformants of W303 sis1∆ cells car-
rying SIS1 on the URA3 plasmid YCp50 (WY26) with the TRP1 
vector pRS314 from a Trp omission plate to a plate containing 
5-FOA (Sikorski and Boeke, 1991), as previously described for the 
initial isolation of the suppressor having a mutation in YDJ1 
(Schilke et al., 2017). After incubation for 3 d at 30°C, followed by 
3 d at room temperature, colonies that developed were tested for 
the presence of Sis1 by immunoblot analysis of lysates using anti-
Sis1 antibodies. Two that did not express detectable levels of Sis1 
(i.e., suppressors) were backcrossed to a WT haploid and sporu-
lated. Resulting asci were dissected to determine the tetrad seg-
regation pattern of the suppressor mutation(s) with the sis1Δ::LEU2 
allele. Both suppressors segregated independently from 
sis1∆::LEU2. Linkage of these two suppressors to each other was 
assessed by crossing haploids from this first cross—sis1∆ sup#1 
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to SIS1 sup#2. The resulting diploid was sporulated and resulting 
asci dissected.

Identification of the mutation allowing suppression of sis1∆ was 
performed using pooled linkage analysis and whole-genome se-
quencing (Birkeland et al., 2010) with modifications as described in 
MacDiarmid et al. (2013). After the original mutant strain (containing 
sup#1) was backcrossed twice to the isogenic WT strain, 24 haploids 
possessing the WT genotype and 24 haploids possessing the mu-
tant genotype were grown up to saturation, and equivalent amounts 
of cells of each genotype were placed together into two pools be-
fore the purification of genomic DNA. The two pools of DNA were 
submitted to the UW Biotechnology Center for whole-genome se-
quencing on an Illumina HiSeq2500 using 2 × 250-bp reads. The 
genomic DNA from the mutant pool contained a single missense 
mutation in TTI1. After confirmation that sup#2 was linked to sup#1, 

the TTI11 gene from sup#2 was isolated, as described below, and 
sequenced. Sup#1 encoded a change in codon 598, T to R (ACA to 
AGA); sup#2 encoded a change in codon 858, G to V (GGG to 
GTG). Cloning and transformation of the isolated tti1 genes con-
firmed the ability of the variants to allow colony formation of sis1∆ 
cells.

Strain and plasmid construction
For testing the effect of depletion of Sis1, a sis1∆ strain having SIS1 
under the control of the doxycycline repressible promoter was iso-
lated by transforming WY26, which carries YCp50-SIS1, with the 
TETrSIS1 plasmid (called TET-SIS1). Colonies having lost YCp50-
SIS1 were selected for on complete minimal media plates contain-
ing 5-FOA. Because of the difficulty of isolating W303 cell extracts 
having full-length PIKKs, a sis1∆ strain in the BY4743 background 
was constructed, as this background had previously been used for 
such experiments (Hoffman et al., 2016). To obtain an appropriate 
BY4743 strain, a LEU2 marked deletion of SIS1 was amplified by 
PCR using WY26 genomic DNA as a template with primers anneal-
ing 200 bp upstream of the ATG and 470 bp downstream of the 
stop codon and used to transform BY4743 trp1-∆ (Open Biosys-
tems, Huntsville, AL; Winzeler et al., 1999). Correct replacement of 
SIS1 with LEU2 was confirmed by colony PCR using a primer internal 
to LEU2 and a primer 255 bp upstream of the ATG start codon of 
Sis1. A confirmed isolate (BY4743sis1∆) was transformed with TET-
SIS1, sporulated, and dissected to obtain a haploid strain deleted 
for SIS1 and carrying TET-SIS1 (BYsis1∆). BYsis1∆ strains containing 
either tagged MEC1 or TRA1 in the chromosome were con-
structed—BYsis1∆Flag5-MEC1 and BYsis1∆FLAG5-TRA1, respec-
tively. CY6808, a Trp+ strain isogenic to BY4741 that contains URA3-
Flag5-TRA1 (tag at N-terminus; Berg et al., 2018), was first crossed 
to a trp1∆ haploid that was obtained by dissecting asci from BY-
4743trp∆. The resulting diploid was sporulated and asci dissected 
to isolate a haploid strain containing URA3-Flag5TRA and trp1∆. 
This haploid was crossed to BYsis1∆ TET-SIS1. The resulting diploid 
was sporulated and asci dissected to isolate a haploid containing 
the sis1∆ deletion, URA3-Flag5TRA1, and the TET-SIS1 plasmid (BY-
sis1∆ Flag5-TRA1 TET-SIS1). MEC1 was Flag tagged at the N-termi-
nus in BY4743sis1∆ by transforming it with a restriction fragment 
from pCB2363 containing URA3-Flag5MEC1 (DaSilva et al., 2013). A 
confirmed isolate was transformed with TET-SIS1, sporulated, and 
dissected to obtain a haploid strain deleted for SIS1, possessing 
URA3-Flag5-MEC1 and carrying TET-SIS1 (BYsis1∆Flag5-MEC1 TET-
SIS1). Diploids homozygous for sis1∆ and homozygous or heterozy-
gous for TTI1 or tti1sup#1 were created by mating WY26 or sis1-
∆tti1sup#1 carrying pRS316-SIS1 with haploids obtained by dissecting 
the diploid isolated from crossing sis1∆tti1sup#1 with PJ51-3A carry-
ing pRS316-SIS1.

Tti1, Tti1sup#1 and Tel2 were HA tagged on their C-termini, while 
Tti2 was tagged at the N-terminus with Flag in both the chromo-
some and on plasmids driven by the ADH1 promoter. TTI1 open 
reading frames were cloned from genomic DNA by PCR amplifica-
tion followed by restriction digestion with primers that introduced a 
BamHI site 5′ of the ATG start codon and an XhoI site 3′ to the stop 
codon into similarly digested p414ADH (Mumberg et al., 1995). The 
open reading frames for TEL2 and TTI2 were similarly cloned into 
p414ADH from PCR amplified genomic DNA except the 5′ primer 
for TEL2 introduced a BglII site which can ligate with a BamHI site. 
In the case of Tti1, a 3x-HA tag, contained on a NotI fragment, was 
placed at the C-terminus of TTI1 by cloning into a NotI restriction 
site that was introduced just before the stop codon using the 
QuikChange protocol (Stratagene). p414ADH-TEL2-HA was 

FIGURE 4:  Absence of Sis1 results in increased Hsf1 activity from 
some, but not all, HSEs. (A) Immunoblot analysis using antibodies 
specific for indicated Hsps indicated on right. (Left) Extracts analyzed 
in Figure 2B taken at indicated times after addition of doxycycline to 
shut off Sis1 expression. (Right) Extracts from sis1∆ cells carrying a 
plasmid with SIS1 under the TET promoter in the absence (–) or 
presence (+) of doxycycline for 21 h or having tti1sup#1 (tti1S#1) under 
control of ADH1 promoter. ssa1∆ ssa2∆ extracts included as a control 
for constitutive high activation of Hsf1. (B) Extracts from cells carrying 
a plasmid having the CYC1 promoter–Green fluorescent protein (GFP) 
fusion with indicated HSEs, and ssa1∆ ssa2∆ cells as a control were 
subjected to immunoblot analysis with antibodies to GFP and, as a 
loading control, Tim44.
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constructed by amplifying genomic DNA from a yeast strain con-
taining a 3x-HA tag at the C-terminus of TEL2 with a forward primer 
(+602–+630) and a primer downstream of the HA-tag and stop co-
don. The resulting DNA fragment was used to replace the WT frag-
ment from the target plasmid after both were digested with PstI and 
XhoI and then ligated together. p414ADH-Flag3-TTI2 was con-
structed by subcloning TTI2 from p414ADH-TTI2 into p414ADH-
Flag3 using BamHI and XhoI.

TTI1 and TEL2 were epitope-tagged at their C-termini on the 
chromosome in W303 using pFa6 3xHA:HIS3MX6 as a template 
and 60-mer primers to target recombination just upstream of their 
stop codons. To verify that correct fusions were obtained, a DNA 
fragment was amplified for each and sequenced. To move TTI1-
HA-HIS3 (WT and sup#1) into BYsis1∆ TET-SIS1, inserts were am-
plified from chromosomal DNA using primers 1480 bp upstream 
and 265 bp downstream of the stop codon for TTI1 and trans-
formed into BYsis1∆. His+ candidates were tested by immunoblot 
analysis. Tti2 was Flag tagged at its N-terminus on the chromo-
some using Crispr. A target-specific sgRNA was created by using 
a  60-mer  bridging primer  containing a 20-nucleotide  target se-
quence of Tti2 (+38 to +57)  which  was cloned into a  NotI  di-
gested pXIPHOS vector (accession MG897154; GenBank; Higgins 
et al., 2018; Kuang et al., 2018) using NEBuilder HiFi DNA assem-
bly master mix from New England BioLabs. A 461-bp rescue DNA 
was designed with 187 bp upstream of the ATG start codon fol-
lowed by the 3x-Flag tag (Ueda et al., 2011) and ending with 199 
bp of Tti1 sequence (+1 to +199). The pXIPHOS-TTI2 sgRNA plas-
mid, which carries the natamycin resistance marker, was cotrans-
formed into PJ51-3A with a 20× molar excess of rescue DNA. Na-
tamycin-resistant transformants were selected for on YPD with 100 
µg/ml nourseothricin (Werner BioAgents GmbH, Jena, Germany). 
Transformants were tested by colony PCR using primers 187 bp 
upstream of the start codon and 199 bp downstream of the start 
codon for the insertion of the Flag tag.

HSE testing
HSE-Cyc-GFP plasmids were constructed by first subcloning the 
4XHSE + crippled CYC1 promoter + Emerald GFP fragment from a 
Ura marked plasmid (Brandman et al., 2012) into pRS313 using SacI-
XhoI. The 4XHSE (CTAGAAGCTTCTAGAAGCTTCTAGAAGC
TTCTAGAAGCTTCTAGG) was replaced with Ssa4HSE (CAATGAA
GTACATTCTAGAAGTTCCTAGAACCTTATGGAAGCAC), Ssa3HSE 
(CGCTGTGGAAAGTTATAGAATATTACAGAAGCAGCCA), or 
Sis1HSE (TTATATGAACGTTCCAGAAACTTCTGGAAAAAGAATG) 
by using 500-bp G blocks manufactured by Integrated DNA Tech-
nologies (Coralville, IA) that replace the XhoI-NcoI of pRS313-
4XHSE-CYC1-GFP with the aid of NEBuilder HiFi DNA Assembly 
Master Mix (New England Biolabs, Ipswich, MA).

Immunoblot and coimmunoprecipitation analysis
Cell lysates were made from 8–10 OD600 units of log phase cells 
(OD600 of 0.8–1.0) that were pelleted and washed with water using 
bead beating as follows. Cell pellets were disrupted by bead beat-
ing (5 × 1 min vortexing at 4°C with 1 min on ice in between) by re-
suspending in 200 µl of lysis buffer (25 mM HEPES-KOH, pH 7.5, 
150 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM MgCl2, 10% glycerol, 
and 0.1% NP40) and 100 µl of 0.5 mm glass beads (BioSpec prod-
ucts). Lysates were cleared by centrifugation at 16 rcf for 15 min. 
Protein concentration of the lysates were determined using the Bio-
Rad protein assay reagent (Bio-Rad, Hercules, CA). Equivalent 
amounts of cell lysates (μg of protein) were separated on SDS–PAGE 
and transferred to nitrocellulose. For analysis of PIKK proteins, 

lysates were separated using Tris-acetate polyacrylamide 4–10% 
gradient gels as described in https://doi.org/10.1007/978-1-4939-
8793-1_22 but adapted to the Bio-Rad mini Protean system using 
1.5 mm spacers. All immunoblot analyses were carried out using the 
Enhanced Chemiluminescence system (Pittsburgh, PA) according to 
the manufacturer’s suggestion.

Lysates, prepared from 40 OD600 of cells as described above, 
were used in coimmunoprecipitation experiments as previously de-
scribed with slight modifications (Anderson et  al., 2008). Purified 
polyclonal Sis1 polyclonal antibodies (4.5 µg) were added to 1 mg 
of lysate in a volume of 200 µl and rotated at 4°C for two hours. 
Equilibrated Dynabeads Protein G (Invitrogen by Thermo Fisher Sci-
entific; 35 µl) were added, and rotation continued for 1 h. The beads 
were collected and washed three times with lysis buffer with the aid 
of a MagRack 6 (GE life Sciences) followed by boiling for 5 min in 
20 µl of 2x-LDS buffer (diluted from 4x-LDS NuPAGE buffer from 
Invitrogen by Thermo Fisher Scientific). Samples were loaded on 
Tris-Acetate gels and processed for immunoblot analysis as de-
scribed above. Five percent of starting lysates were loaded as input 
controls.

Alpha-tubulin (12G10) antibodies were obtained from the mono-
clonal antibody facility at the University of Iowa (University Heights, 
IA). Anti-GFP monoclonal antibody (GF28R) was produced by Invitro-
gen and purchased from ThermoFisher. Anti-HA polyclonal antibody 
came from Proteintech Group (Rosemont, IL); anti-FLAG monoclonal 
M2 antibody from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal 
antibodies generated for use in the Craig laboratory: anti-Sis1 (1–
121) (Yu et al., 2015), anti-Ydj1 (Yan and Craig, 1999), anti-Tim44 (Liu 
et al., 2001), anti-Zuo1 (Hundley et al., 2002), anti-Yfh1 (Aloria et al., 
2004), anti-Ssa3/4 (Baxter and Craig, 1998) and anti-Tim23 (D’Silva 
et al., 2008). Polyclonal antibodies to Tor1 (Alarcon et al., 1996) and 
Tor2 (Lorenz and Heitman, 1995) were gifts from Joseph Heitman. 
Polyclonal antibodies to Hsp104 (Ab 8-2) were a gift from Susan 
Lindquist (Parsell et al., 1991). Polyclonal antibodies to Hsp26 and 
Hsp42 (Haslbeck et al., 2004) were gifts from Johannes Buchner.
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