
	 1	

SUPPLEMENTARY INFORMATION  
  
	
Supplementary Figures: 
 
  



PHO5

HSP82

SSA1

pooled
WCE – +

untagged
rapamycin

anti-FRB ChIP

– +
Hsf1-FRBD

0
3000
6000
9000

HSP82 SSA1+
VI
�ï
)5

%�
&
K,
3

5DSD� ï +

Supplementary Figure 1
A Hsf1-FRB-GFP

- r
ap

am
yc

in
+ 

ra
pa

m
yc

in

0 5 10 20
Treatment time (mins)

CTAGAAGCTTCCG AAGATTCTCGTCCGTCGA
Hsf1 binding sites

Gal4 binding site
GFPpr term

GGCTAGAGGCCTCCG AGGACTCTCGTCCGTCGA
mutated Hsf1 binding sites

Gal4 binding site
RFPpr term

GG
E

ï� 0 2 ï� 0 2

ORJ��SU+6(ï*)3���SU7()�ï5)3

Cell count

Log2 Hsf1 reporter

Hsf1-AA
+ empty vector + pHsf1

Treatment

30ʝ 39ʝ

ra
pa

m
yc

in
pr

e-
tre

at
m

en
t

m
oc

k
pr

e-
tre

at
m

en
t

H

J 13 hours 14 hours

Hsf1-FRB
Hsp104

bright field

Hsf1-AA + rapamycin at 30ʝ
18 hours 19 hours 25 hours 26 hours

I

mock

+ rapamycin

TOR1-1, fpr1∆
+ pHsf1+ empty vector

Hsf1-FRB 

Rpl13A-FKBP12 ࢒
࢒ ࢒

࢒ ࢒
࢒ ࢒

࢒

B

Hsf1-FRB-GF3�NLS-mKate2

– rapamycin + rapamycin

– r
ap

am
yci

n

+ ra
pa

myci
n

0

100

200

300

400

n=97

n=94

nu
cle

ar
 H

sf1
-F

RB
-G

FP
 (a

.u
.)

C
NLS-mKate2 mergeHsf1-FRB-GFP

– 
ra

pa
m

yc
in

+ 
ra

pa
m

yc
in

in
te

ns
ity

 (a
.u

.)

NLS-mKate2
Hsf1-FRB-GFP

in
te

ns
ity

 (a
.u

.)

0 10 20 30 40
0

150

300

pixel position

0 10 20 30
0

200

400

●

●

●
●

●

●

●

●
0.4

0.6

0.8

1.0

0 60 120 240
Treatment time (mins)

fo
ld

 c
ha

ng
e Protein

●

●

HSC82

SSA1
Hsc82

Ssa1

K
Ssa1

Hxk1

0

Hsc82

Hxk1

60 120 240
Treatment time (mins)

GFP

RFP

+ћ-estradiol

Cytoplasm

Nucleus

GFP

RFP

Hsf1

Hsf1

GFP

RFP

Hsf1

G
E

M

Gal4 DBD
Estrogen
receptor

Msn2 AD
G

E

M

G
E

M

G
E

M

G
E

M

G
E

M

Hsf1 bound & GEM cytoplasmic
(–rapamycin & –ћ-estradiol)

G
E

M

Hsf1 bound & GEM nuclear
(–rapamycin & +ћ-estradiol)

Hsf1 unbound & GEM nuclear
(+rapamycin & +ћ-estradiol)

F
control +VI�ï$$

● ● ●
●

●
●

●
● ● ●

● ●
●

●
●

●
●

● ● ●

● ●
●

●

●
●

●
●

● ●

●
●

●
●

●
●

●
●

●
●

●
● ● ●

●
●

● ● ● ●

●
●

● ● ●
●

●
● ● ●

●
●

●
●

●
●

●
● ● ●

●

●
●

● ●
●

●
● ● ●

●
●

●

●

● ● ● ● ● ●

●

●

●
●

● ● ● ● ● ●

●

●

●

●

●
● ●

● ● ●

●

●

●
●

● ● ●
● ●

●

●
●

●
●

●
●

●
●

● ●

●

●
● ● ●

● ● ● ● ●

●
●

●
●

●
●

●

●
● ●

●

●
●

● ●
● ● ● ● ●

●
● ● ●

●
●

●
● ● ●

●

● ● ● ●
● ● ● ● ●

●

●
●

●
●

●
●

●
● ●

●

●
●

●
●

● ● ● ● ●

●

●
●

●
● ● ●

● ● ●

●

● ● ● ● ● ● ● ● ●

●

●

●
●

● ●
●

● ● ●

●

●
● ● ● ● ● ● ● ●

0

30

60

90

2

4

6

8

0

4

8

12

16

SU+
6)�	*

$/�ï*
)3

SU*
$/�ï5

)3
*
)3�5

)3

0 10 20 40 8016
0
32

0
64

0
12

80
25

60 0 10 20 40 8016
0
32

0
64

0
12

80
25

60

>%ïHVWUDGLRO@�Q0

IR
OG
ïF
KD
QJ
H�
�P
HG
LD
Q�
ï�
��
��
WK
�	
��
�W
K�
SH
UF
HQ
WLO
HV
�

Treatment

mock
+ rapamycin

Strain
control +VI�ï$$

● ● ●
●

●
●

●
● ● ●

● ●
●

●
●

●
●

● ● ●

● ●
●

●

●
●

●
●

● ●

●
●

●
●

●
●

●
●

●
●

●
● ● ●

●
●

● ● ● ●

●
●

● ● ●
●

●
● ● ●

●
●

●
●

●
●

●
● ● ●

●

●
●

● ●
●

●
● ● ●

●
●

●

●

● ● ● ● ● ●

●

●

●
●

● ● ● ● ● ●

●

●

●

●

●
● ●

● ● ●

●

●

●
●

● ● ●
● ●

●

●
●

●
●

●
●

●
●

● ●

●

●
● ● ●

● ● ● ● ●

●
●

●
●

●
●

●

●
● ●

●

●
●

● ●
● ● ● ● ●

●
● ● ●

●
●

●
● ● ●

●

● ● ● ●
● ● ● ● ●

●

●
●

●
●

●
●

●
● ●

●

●
●

●
●

● ● ● ● ●

●

●
●

●
● ● ●

● ● ●

●

● ● ● ● ● ● ● ● ●

●

●

●
●

● ●
●

● ● ●

●

●
● ● ● ● ● ● ● ●

0

30

60

90

2

4

6

8

0

4

8

12

16

SU+
6)�	*

$/�ï*
)3

SU*
$/�ï5

)3
*
)3�5

)3

0 10 20 40 8016
0
32

0
64

0
12

80
25

60 0 10 20 40 8016
0
32

0
64

0
12

80
25

60

>%ïHVWUDGLRO@�Q0

IR
OG
ïF
KD
QJ
H�
�P
HG
LD
Q�
ï�
��
��
WK
�	
��
�W
K�
SH
UF
HQ
WLO
HV
�

Treatment

mock
+ rapamycin

StrainG



	 3	

Supplementary Figure 1, Related to Figure 1: Validation of Hsf1 Anchor Away as a 
tool for acute Hsf1 inactivation. 
(A) Representative images from confocal micrograph time sequences of Hsf1-AA cells 
with endogenous Hsf1-FRB-GFP treated with rapamycin at 30°C or left untreated for the 
indicated times. (B) Left: Representative confocal micrographs of merged GFP and 
mKate2 fluorescence in Hsf1-AA cells co-expressing Hsf1-FRB-GFP and NLS-mKate2 
after treatment with 1µM rapamycin for 15 minutes at 30ºC or mock treatment. Right: 
Average of maximal GFP fluorescence in arbitrary units (a.u.) within mKate2-defined 
nuclei after background subtraction. n corresponds to the number of cells and error bars 
represent the standard error of the mean. (C) Left: Zoomed image of cells boxed in part 
(B) with the single channel images shown for comparison. Right: One-dimensional GFP 
and mKate2 fluorescence profiles along the white lines in the images on the left. (D) 
Left: Lysates were prepared from the indicated strains after treatment in the presence or 
absence of rapamycin for 15 minutes and chromatin was immunoprecipitated using an 
anti-FRB antibody. Pooled whole cell extracts (WCE) and each IP sample were 
analyzed by PCR with primers designed to amplify the promoter of PHO5 (control), 
SSA1 (Hsp70) and HSP82 (Hsp90). Right: Quantification of Hsf1-FRB binding to 
HSC82 and SSA2 promoters in the absence and presence of rapamycin. To remove 
non-specific signal, we subtracted from the Hsf1-FRB values the band intensity of the 
identically-treated untagged-Hsf1 IP. (E) Top: Schematic and sequence of the 
overlapping Hsf1 and Gal4 binding sites (dark blue and orange, respectively) embedded 
in a CYC1 minimal promoter (pr) driving expression of a GFP gene with the ACT1 
terminator (term). Bottom: mKATE (RFP) version of the reporter above but with 
selective ablation of Hsf1 binding sites (mutations shown in light blue). (F) Schematic of 
the Hsf1 DNA-binding competition assay. Hsf1-AA cells expressing the two reporters in 
(E) at genomic loci, as well as a chimeric transcription factor comprising the Gal4 DNA 
binding domain, the Estrogen-binding domain, and the Msn2 activation domain (referred 
to as GEM). Treating cells with β -estradiol should cause a dose-dependent 
accumulation of GEM in the nucleus (McIsaac et al., 2011). (Top right) Bound Hsf1 
occludes Gal4 binding sites in the GFP promoter restricting GEM access at low β-
estradiol concentrations relative to the accessibility of the RFP promoter. (Bottom right) 
Rapamycin treatment of Hsf1-AA cells prevents Hsf1 binding to the GFP promoter 
resulting in enhanced GEM access to the GFP promoter at low β-estradiol 
concentrations. (G) The two-color reporter described in (E) and the β-estradiol regulated 
GEM transcription factor described in (F) were expressed in Hsf1-AA cells or isogenic 
control cells with endogenous Hsf1 (untagged). Cells were treated with 10µM rapamycin 
or mock-treated along with the indicated concentration of β-estradiol for 90’ at 30°C and 
then analyzed by flow cytometry. Plots in the top and middle panels show the size-
normalized median fluorescence from ~10,000 single cells for each condition (with error 
bars showing the 25th and 75th percentiles of the single-cell distributions) after raw 
values were normalized by dividing by the median of the mock treated, no-β-estradiol 
sample for each strain. Since the two promoters drive different fluorescent proteins the 
raw fold changes for GFP and RFP at a given concentration of β-estradiol are not 
directly reflective of the promoter accessibility (i.e., a larger GFP vs. RFP fold change 
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does not mean the GFP promoter is more accessible). However, by comparing the 
GFP/RFP ratio in single-cells across β-estradiol concentrations (bottom panels) the 
relative accessibility of the two promoters can be determined: similar GEM binding to 
both promoters will induce a similar GFP/RFP ratio across β-estradiol concentrations, 
while occlusion of GEM by Hsf1 binding in the GFP promoter will result in a lower 
GFP/RFP ratio at lower β-estradiol concentration compared to higher concentrations 
where nuclear GEM abundance should be sufficient to out compete Hsf1 for binding to 
the dual promoter. (H) Hsf1-AA cells with indicated plasmids and Hsf1 reporter—GFP 
expressed from a minimal promoter containing four engineered Hsf1-binding sites and 
mKate (RFP) constitutively expressed from the TEF2 promoter—were grown 
logarithmically at 30°C prior to pre-treatment with rapamycin (10’ at 30°C) or mock pre-
treatment. This was followed by heat shock (39°C for 30’) or control treatment (30°C) 
and, finally, cells were analyzed by flow cytometry. Shown are cell plots of Hsf1 reporter 
activity, which we defined as the log2 ratio of GFP to RFP fluorescence normalized to 
the median fluorescence of cells with empty vector after mock pre-treatment and control 
treatment. (I) Rapamycin-resistant TOR1-1, Δfpr1 cells with indicated plasmids and 
endogenous untagged Hsf1 and Rpl13A or C-terminally tagged with FRB and FKBP12, 
respectively and as indicated, were spotted onto rapamycin or mock (carrier-only) plates. 
Shown are images of plates incubated at 30°C for 3 days. (J) Representative images 
from a epifluorescence micrograph time sequence of Hsf1-AA cells with endogenous 
Hsf1-FRB-GFP and Hsp104-RFP treated with rapamycin at 30°C for the indicated times. 
Arrows point at cells that lysed between adjacent time points. (K) Whole cell lysates 
prepared from Hsf1-AA cells growing logarithmically at 30°C after treatment with 
rapamycin for the indicated times were resolved by SDS-page and analyzed by Western 
blotting using anti-Hsc82 (Hsp90), anti-Ssa1 (Hsp70) and anti-Hxk1 antibodies. Left: A 
representative fluorescence micrograph of a blot from one of the two technical 
replicates. Right: Quantitation of Hsc82 and Ssa1 levels relative to the Hxk1 level at 
each timepoint was determined using ImageQuant after establishing the baseline for 
each band intensity using the rolling ball parameter. Plotted are average fold changes 
from two technical replicates relative to untreated cells at the beginning of the 
timecourse. 
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Supplementary Figure 2, Related to Figure 2: Defining Hsf1 targets by statistical 
analyses of Hsf1 promoter binding and transcription/mRNA changes induced by 
Hsf1 Anchor Away. 
(A) Hsf1-AA cells growing logarithmically at 30°C were analyzed NET-seq immediately 
prior to and after 15’, 30’ and 60’ of rapamycin treatment. Shown are gene scatter plots 
comparing transcription (log2 read fragments per-kilobase per million reads, or FPKM) 
between adjacent time points (Left: control vs. 15’; Middle: 15’ vs. 30’; Right: 30’ vs. 60’). 
Genes defined as significantly different between control and 15’ time points (p < 10-4) 
are indicated in blue with 95% confidence intervals (error bars) in all three panels. 
Global summary statistics (top left in each panel) were computed based on transcription 
changes for each detected gene. (B) Hsf1-AA cells growing logarithmically at 30°C 
(control), and after treatment with rapamycin for 60’, were analyzed by RNA-seq. Left: 
Gene ranking by mRNA abundance change induced by treatment. Genes below and 
above the 1st and 99th percentiles (dashed lines), respectively, were defined as 
significantly Hsf1-dependent. Genes defined by NET-seq analysis were color-coded 
blue if they were also defined by RNA-seq analysis and red if they were not. Right: 
Gene histogram of fold-changes induced by treatment. (C) Time-course of HDG 
transcription changes induced by rapamycin treatment at 30°C. (D) Gene scatter plot of 
transcription versus mRNA changes induced by treatment with rapamycin for 15’ and 
60’, respectively. Linear regression fits and R2 values are shown for genes with 
significant changes by NET-seq and RNA-seq, NET-seq alone, or neither, as defined by 
statistical tests described in Experimental Procedures. (E) CDF of 95% confidence 
interval widths for transcription of HDGs or all other genes based on NET-seq analysis 
of indicated samples. For each data set, the y-axis corresponds to the proportion of 
HDGs or all other genes with a 95% C.I. width less than or equal to the x-axis value. P-
values are for the Wilcoxon rank-sum test for equal C.I. width distributions between 
HDGs and all other genes. ns: not significant. (F) CDF of standard deviations of 
transcription for HDGs or all other genes based on NET-seq analysis of indicated 
samples. The y-axis corresponds to the proportion of HDGs or all other genes with a 
standard deviation (SD) less than or equal to the x-axis value. P-values are for the 
Wilcoxon rank-sum test for equal distributions of SDs for HDGs and other genes for the 
same condition. (G) Gene scatter plot of standard deviation (SD) of transcription 
measurements (log2 FPKM) for each gene after rapamycin treatment (for 15’, 30’ and 
60’) versus transcription of that gene (log2 FPKM) in untreated cells. HDGs are indicated 
in blue and a local smoothed regression fit for all genes is in black. Marginal histograms 
for SDs and transcription of all genes are right and above, respectively. (H) Hsf1-FLAG-
V5 cells growing logarithmically at 30°C were analyzed by ChIP-seq. Shown are 
distributions of ChIP-seq reads at the HDG loci. (I) Gene scatter plot comparing Hsf1 
target transcriptional decline (defined by NET-seq fold-change after 15’ rapamycin 
treatment relative to control for Hsf1-AA cells) with Hsf1 binding to target promoters 
(defined by ChIP-seq analysis of Hsf1-FLAG-V5 cells). HDGs are shown in blue, while 
the remaining Hsf1 targets defined by ChIP-seq are gray. Linear regression and R2 
values for each gene set are indicated. (J) Bioinformatic analysis of Hsf1 targets defined 
by ChIP-seq, NET-seq and RNA-seq, individually or the intersection of genes defined by 
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the indicated combinations of techniques. The height of the solid bars indicates the 
number of genes with the given annotation (GO term or promoter motif), while the 
height of dashed bars indicates the number of remaining genes lacking the annotation. 
The fill color indicates the significance of the enrichment for the annotated Hsf1 targets 
versus other genes (p-values for GO terms are corrected for multiple testing using the 
Holm–Bonferroni method).  If no bar is shown for a given GO term in a particular 
technique category, it was not significantly enriched for Hsf1 targets (p-value > .1). 
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Supplementary Figure 3, Related to Figure 3: Msn2/4 gene targets are induced by 
prolonged Hsf1 inactivation, heat shock, and PKA inhibition by chemical genetics. 
(A) Hsf1-AA cells were grown logarithmically at 30°C were treated with rapamycin for 60’ 
and 240’ then analyzed by RNA-seq. Left: Gene ranking by mRNA abundance change 
induced by treatment. Genes above the dashed line have a >4-fold increase in mRNA 
abundance. HDGs are indicated in blue. Right: Gene histogram of fold-changes induced 
by treatment. (B) Bioinformatic analysis of genes with > 4-fold increase in mRNA 
abundance induced by prolonged rapamycin treatment. Bar lengths indicate the 
significance level of their enrichment for the given annotation (GO term or promoter 
motif) (p-values for GO terms corrected for multiple testing using the Holm–Bonferroni 
method). (C) Left: HDG promoter locations of Hsf1 and Msn2/4 binding sites as in 
Figure 3B. Right: Hsf1-AA cells grown logarithmically at 30°C were treated with 
rapamycin for 60’ or 240’ prior to harvesting for RNA-seq analysis. Shown are HDG 
mRNA changes induced by prolonged rapamycin treatment. (D) Gene scatter plot 
comparing mRNA changes induced by PKA inhibition (see Figure 3D) versus prolonged 
rapamycin treatment (see Figure 3A). Msn2/4 targets were defined as genes with at 
least one Msn2/4 promoter binding site (AGGGG) that were in the top 10% of genes 
induced by PKA inhibition. (E) PKAas and PKAas ∆msn2 ∆msn4 cells were grown 
logarithmically at 30°C (control) or treated with 1-NM-PP1 (120’ at 30°C) prior to 
harvesting for RNA-seq analysis. Shown is a gene scatter plot of mRNA changes 
induced by PKA inhibition in each strain relative to PKAas control. (F) Cumulative 
distribution function (CDF) of mRNA abundance fold-changes induced by PKA inhibition 
in PKAas ∆msn2 ∆msn4 versus PKAas cells in part (E). For each of the three gene 
types indicated, the y-axis corresponds to the proportion of genes within a gene type 
with fold-change ratios less than or equal to the corresponding value on the x-axis. P-
values are for the Wilcoxon rank-sum test for equal distributions of fold-changes for the 
indicated gene type versus the distribution of changes for the other two types combined. 
(G) Venn diagram comparing Hsf1 target genes defined by ChIP-seq analysis of Hsf1-
FLAG-V5 cells under basal (30°C) and heat shock (39°C) conditions. The names of 
previously defined HDGs are emphasized. (H) Hsf1-AA cells were pretreated with 
rapamycin or carrier-only (for 15’ or 30’ at 30°C) and then heat shock (30’ at 39°C) prior 
to harvesting for analysis by NET-seq and RNA-seq. Shown is a gene scatter plot of 
transcription versus mRNA changes after heat shock induced by pre-treatment with 
rapamycin for 15’ and 30’, respectively, relative carrier pretreatment control. Colors 
denote gene sets and large points correspond to genes with significantly decreased 
transcription and mRNA abundance, as described in Supplementary Experimental 
Procedures. (I) CDF of mRNA abundance fold-changes induced by heat shock after 
rapamycin pretreatment versus mock pretreatment in part (H). For each gene set, the y-
axis corresponds to the proportion of genes in the set with fold-change ratios less than 
or equal to the corresponding value on the x-axis. P-values are for the Wilcoxon rank-
sum test for equal distributions of fold-changes for that gene set versus the distribution 
of changes for the other gene types combined. (J) Bioinformatic analysis of genes with 
significant decreases in heat shock transcription and mRNA abundance due to 
rapamycin treatment in part (H), for all significant genes (left), or other type genes 
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(significant genes that are not HDGs, SSA3/4, ribosomal protein genes or Sfp1 targets), 
see Supplementary Experimental Procedures for details. Solid bars show the number of 
heat shock (HS) HDGs genes with the given annotation (GO term or promoter motif) 
and dashed bars show the number of remaining genes. The fill color indicates the 
significance level for the enrichment of the annotated HS HDGs versus all genes (p-
values for GO terms are corrected for multiple testing using the Holm–Bonferroni 
method). Note: The CCAGC motif corresponds to the binding sites for Hac1, Swi5, and 
Ace2. (K) Representative confocal micrographs of PKAas cells expressing plasmid-
borne mCherry-ubc9ts after treatment with PKA inhibitor (1-NM-PP1) or mock (carrier-
only) for 180’ at 30°C. (L) CDF of mRNA abundance fold-changes induced by PKA 
inhibition after rapamycin pretreatment versus mock pretreatment in Figure 3E. For 
each gene set, the y-axis corresponds to the proportion of genes within a gene type with 
fold-change ratios less than or equal to the corresponding value on the x-axis. P-values 
are for the Wilcoxon rank-sum test for equal distributions of fold-changes for the 
indicated gene type versus the distribution of changes for the other gene types 
combined.  
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Supplementary Figure 4, Related to Figure 4: Validation of loss of HSF1 
expression in hsf1-/- MEFs and mESCs, and analysis of HDG expression 
dependence on HSF1 and HSF2. 
(A) Left: Whole cell lysates prepared from indicated MEFs were resolved by SDS-PAGE 
and analyzed by Western blotting (WB) with anti-Hsf1 and anti-ACT (Actin) antibodies. 
Right: Indicated MEFs were analyzed by immunofluorescence (IF) with anti-HSF1 
antibody (red) and co-strained with DAPI (blue). (B) Indicated mESCs were analyzed as 
in (A), but with additional actin IF staining (green). (C) Wild-type (WT) and hsf1-/- knock 
out (KO) MEFs and mESCs were cultured at 37°C prior to harvesting for RNA-seq 
analysis. Shown is a gene scatter plot of mRNA abundances WT and KO cells for each 
cell type. Dark lines indicate statistical thresholds used to define genes with significant 
changes in expression (see Experimental Procedures) and genes with significant 
changes in both cell types are colored. Also indicated are gene names of HSF1-
dependent genes (HDGs) defined by additional experiments and analyses (see Figures 
4A-C and Experimental Procedures). (D) Wild-type (WT), hsf1-/-, hsf2-/- and hsf1-/- hsf2-/- 
MEFs were cultured at 37°C and analyzed by RNA-seq. Shown is a gene scatter plot of 
mRNA abundances in each knock out line against the common wildtype. Dark lines 
indicate statistical thresholds used to define genes with significant changes in 
expression (see Experimental Procedures). HDGs are colored pink with only the names 
of HDGs with significant changes indicated. (E) CDF of log2 mRNA abundance 
differences between measured and expected KO gene expression, the latter being 
derived from a linear regression fit of the median KO mRNA abundance onto wild type 
mRNA abundance using data from (D). For each mutant, the y-axis corresponds to the 
proportion of genes in the set with an mRNA abundance difference less than or equal to 
the corresponding value on the x-axis. P-values are for the Wilcoxon rank-sum test for 
equal distributions of differences for HDGs versus all other genes. 
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࢒ HDG/synHDG
Gene Type

࢒ other

GO enrichment: None w/ p < .01
Hsf1 binding site enrichment: none (p > .1)

Top 1% (non-HDGs):

Msn2/4 binding site enrichment: none (p > .1)

GO enrichment: anatomical structure morphogenesis (p = 0.0066)
Hsf1 binding site enrichment: none (p > .1)

Bottom 1% (non-HDGs):

Msn2/4 binding site enrichment: none (p > .1)
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Supplementary Figure 5, Related to Figure 5: Defining the minimal synthetic 
transcriptional program that bypasses Hsf1’s essential function. 
(A) ORF and promoter annotation of four synHDG expression plasmids used in this 
study. Each plasmid is low-copy plasmid in yeast and carries a unique marker gene. (B) 
Hsf1-AA cells with Hsf1 reporter and indicated plasmids were grown logarithmically at 
30°C prior to flow cytometry analysis. Shown are cell plots of Hsf1 reporter activity (see 
Supplementary Figure 1H for details). (C) Hsf1-AA cells expressing plasmid-borne 
mCherry-ubc9ts and indicated plasmids were treated with rapamycin for indicated times 
at 30°C and imaged by epifluorescence microscopy. Blinded images containing at least 
100 cells were scored for cells containing either 0/1-2/3+ mCherry foci and the fraction 
of scored cells plotted. (D) Top: Addition of the drug 5-FOA to ∆hsf1 ura3- with URA3-
marked HSF1 expression plasmid kills URA+ cells to enable selection of cells that have 
spontaneously lost the URA3-marked plasmid.  Bottom: hsf1∆ cells carrying a URA3-
marked Hsf1 expression plasmid plus non-URA3 marked expression plasmids for 
15synHDGs (plasmids A-D in Figure S4A) or Hsf1 were spotted onto 5-FOA or mock 
plates. Shown are images of plates incubated for 3 days at 30°C. (E) hsf1∆ cells 
carrying expression plasmids for 15synHDGs or Hsf1 were logarithmically grown at 
30°C prior to harvesting for RNA-seq analysis.  Left: Gene ranking of mRNA abundance 
fold-changes for ∆hsf1 cells expressing plasmid-borne 15synHDGs versus Hsf1. 
Bioinformatic analysis of non-HDGs in the top and bottom 1% of fold-changes are 
indicated. Right: Gene histogram of fold-changes for all genes. (F) Hsf1-AA cells 
transformed with indicated plasmid combinations of four synHDG plasmids (plasmids A-
D in Figure S4A) and four corresponding empty vectors (-) were spotted onto rapamycin 
or mock (carrier-only) control plates. Shown are images of plates incubated for 3 days 
at 30°C. (G) Hsf1-AA cells transformed with indicated plasmid combinations (plasmids 
with individual HDGs deleted are described in the Experimental Procedures) were 
spotted onto rapamycin or mock (carrier-only) plates. Shown are images of plates 
incubated for 3 days at 30°C. (H) Representative epifluorescence micrographs of Hsf1-
AA cells expressing plasmid-borne mCherry-ubc9ts and indicated synHsps or empty 
control were treated with β-estradiol (30’) to induce Hsp expression followed by 
treatment with rapamycin (7 hours). Blinded images containing at least 100 cells were 
scored for cells containing indicated number of mCherry foci. Percentage of scored cells 
is shown below micrographs. (G) Hsf1-AA cells expressing indicated transgenes were 
spotted at two concentrations onto rapamycin or mock (carrier-only) plates, which also 
contained β-estradiol to drive synHsp expression from β-estradiol-dependent promoters 
(see Experimental Procedures for details). Shown are images of plates incubated at 
37°C for 5 days. 
	
 
 
 
 



	 15	

SUPPLEMENTARY TABLES: 
Table S1: Hsf1-AA NET-seq data, Related to Figure 2. 
Table S2: Yeast RNA-seq data, Related to Figure 2. 
Table S3: Hsf1-FLAG-V5 ChIP-seq data, Related to Figure 2. 
Table S4: Mammalian RNA-seq data, Related to Figure 4. 
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Table S5: Yeast strains and cell lines, Related to Figure 5. 

  Yeast 
Strain Genotype 
W303 leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 

VDY1667 

W303 MATα TPK1/2/3/as TOR1-1(S1972I)fpr1Δ::NATMXPrTEF2-mKATE2–URA3–
4xHSE-PrCYC1-EmGFP RPL13A-2xFKBP12–TRP1 

VDY1852 
W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX PrTEF2-mKATE2–URA3–
4xHSE-PrCYC1-EmGFP RPL13A-2xFKBP12–TRP1 HSF1-FRB–HIS3MX6 

VDY1853 
W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX PrTEF2-mKATE2–URA3–
4xHSE-PrCYC1-EmGFP HSF1-FRB–HIS3MX6 

VDY1874 W303 MATα TPK1/2/3/as TOR1-1(S1972I)fpr1Δ::NATMX RPL13A-2xFKBP12–TRP1 

VDY1896 
W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX  RPL13A-2xFKBP12–TRP1 
HSF1-FRB–HIS3MX6 

VDY1877 
W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX RPL13A-2xFKBP12–TRP1 
HSF1-FRB-GFP–HIS3MX 

VDY2130 

W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMXRPL13A-2xFKBP12–TRP1 
HSF1-FRB–HIS3MX HSP104-mCLOVER–KANMX 

VDY2254 

W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX PrTEF2-mKATE2–URA3–
4xHSE-PrCYC1-EmGFP RPL13A-2xFKBP12–TRP1 HSF1-FRB–HIS3MX6RPB3-FLAG–
KANMX 

VDY2367 

W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX PrTEF2-mKATE2–URA3–
4xHSE-PrCYC1-EmGFP RPL13A-2xFKBP12–TRP HSF1-FRB–KANMX 

VDY2578 
W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX ura3-1 RPL13A-2xFKBP12–
TRP1 HSF1-FRB–KANMX 

VDY2595 

W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMXPrTEF2-mKATE2–ura3-1–
4xHSE-PrCYC1-EmGFP RPL13A-2xFKBP12–TRP1HSF1-FRB–KANMX 

VDY2688 W303 MATa hsf1∆::KAN HSF1-3xFLAG-V5::TRP1 

VDY466 W303 MATa TPK1/2/3as ADE2 

VDY488 W303 MATa TPK1/2/3as ADE2 msn4Δ::TRP1 msn2Δ::NATMX 

DPY813 

W303 MATα TPK1/2/3/as TOR1-1(S1972I) fpr1Δ::NATMX RPL13A-2xFKBP12–TRP1 
HSF1-FRB-GFP–HIS3MXPrTDH3-NLS-mKate2::LEU2 

  
  Cell Line Description 
mDP1 CBA316 (Immortalized mEFs) 
mDP4 ES Cells ES129 
mDP10 mEF hsf1-/- (using CRISPR/Cas9) derrived from mDP1 
mDP11 mES hsf1-/- (using CRISPR/Cas9) derrived from mDP4 
mDP12 mEF hsf2-/- (using CRISPR/Cas9) derrived from mDP1 
mDP13 mEF hsf1-/- hsf2-/- (using CRISPR/Cas9) derrived from mDP10 
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Supplemental Experimental Procedures 
 
Yeast strains and plasmids. 
Yeast strains used in this work are described in Table S5.  Plasmids used are detailed 
below: 
 

Plasmid Construct 
pNH605 SfiI – PrSc LEU2 – Cg LEU2 – multiple cloning site – 3’-UTRSc LEU2 – SfiI 
pRS412 ADE2 CEN/ARS 
pRS413  HIS3 CEN/ARS 
pRS415 LEU2 CEN/ARS 

pRS416 URA3 CEN/ARS 

pVD380 pESC PrGAL1-mCherry-UBC9wt LEU2 

pVD381 pESC PrGAL1-mCherry-ubc9ts LEU2 

pVD476 pRS413 HSF1 (promoter - ORF - 3'-UTR) 

pVD565 pRS412 HSF1 

pVD570 
pRS412 PrADH1-YDJ1 (ORF and 3'-UTR) – PrTDH3-HSC82 (ORF and 3'-UTR) – 
PrTEF1-SIS1 (ORF and 3'-UTR) 

pVD576 

pRS415	PrPGK1-AHA1	(ORF	and	3'-UTR)	–	PrADH1-FES1	(ORF	and	3'-UTR)	–	PrTEF1-SSA2	(ORF	
and	3'-UTR)	–	PrTDH3-STI1	(ORF	and	3'-UTR)	

pVD577 

pRS412	PrTDH3-CUR1	(ORF	and	3'-UTR)	–		PrADH1-HSP78	(ORF	and	3'-UTR)	–		PrTEF1-HSP104	
(ORF	and	3'-UTR)	–		PrCYC1-MDJ1	(ORF	and	3'-UTR)	

pVD578 

pRS413	PrTDH3-BTN2	(ORF	and	3'-UTR)	–		PrTEF1-CPR6	(ORF	and	3'-UTR)	–	PrCYC1-HSP42	(ORF	
and	3'-UTR)	–	PrADH1-MBF1	(ORF	and	3'-UTR)		

pVD579 pRS412 ade2Δ::HPHMX 

pVD580 
pRS412 ade2Δ::HPHMX PrADH1-YDJ1 (ORF and 3'-UTR) – PrTDH3-HSC82 (ORF 
and 3'-UTR) – PrTEF1-SIS1 (ORF and 3'-UTR) 

pVD632 pESC PrGAL1-mCherry-ubc9ts URA3 

pVD783	 pRS416 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-termADH1 

pVD784	
pRS416 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-SSA2 (ORF and 3'-UTR)-
termADH1 

pVD785	
pRS416 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-HSC82 (ORF and 3'-UTR)-
termADH1 

pVD786	
pRS416 6xZ4BS-PrCYC1-HSC82 (ORF and 3'-UTR) – PrACT1-Z4EV-termADH1 
– 6xZ4BS-PrCYC1-SSA2 (ORF and 3'-UTR)-termADH1 

pVD787	 pVD570 hsc82Δ::URA3 
pVD788	 pVD570 sis1Δ::URA3 
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pVD789	 pVD570 ydj1Δ::URA3 
pVD790	 pVD576 aha1Δ::URA3 
pVD791	 pVD576 fes1Δ::URA3 
pVD792	 pVD576 ssa2Δ::URA3 
pVD793	 pVD576 sti1Δ::URA3 
pVD794	 pNH605 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-termADH1 

pVD795	
pNH605 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-HSC82 (ORF and 3'-UTR)-
termADH1 

pVD796	
pNH605 PrACT1-Z4EV-termADH1 – 6xZ4BS-PrCYC1-SSA2 (ORF and 3'-UTR)-
termADH1 

pVD797	
pNH605 6xZ4BS-PrCYC1-HSC82 (ORF and 3'-UTR) – PrACT1-Z4EV-termADH1 
– 6xZ4BS-PrCYC1-SSA2 (ORF and 3'-UTR)-termADH1 

pVD902	
pRS306 PrADH1-Gal4 DBD-ER-Msn2 AD-termADH1 – PrHsf1&Gal4-GFP-termACT1 
– PrGal4-mKATE2-termADH1 

 
Stable genome modifications. All strains are in the W303 genetic background. PCR-
mediated gene deletion and gene tagging was carried out as described (Longtine et al., 
1998). Cassettes for β-estradiol-dependent expression of HSC82 and SSA2 were 
targeted to the HIS3 locus by homologous recombination as described (Sikorski and 
Hieter, 1989). 
 
FRB tagging. Constructs for FRB and FRB-GFP tagging with either the HIS3 or KANMX 
marker genes were obtained from EUROSCARF and described elsewhere (Haruki et al., 
2008). 
 
Hsf1 reporter. PrTEF2-mKATE–URA3–4×HSE-PrCYC1-GFP was PCR amplified from 
genomic DNA obtained from previously described strains containing the Hsf1 reporter 
(Brandman et al., 2012) and integrated into the ura3-1 locus. URA3 was eliminated from 
the reporter cassette in VDY2595 by transforming cells with a PCR amplicon of the 
ura3-1 locus of wild-type W303 and counterselecting for ura3- transformants on 5-FOA. 
 
pHsf1 construction. PCR amplicon comprising the Hsf1 promoter, open reading frame 
and 3’ UTR obtained from wild-type yeast genomic DNA (Novagen) was ligated into 
BamHI-linearized pRS413 (Sikorski and Hieter, 1989) using Gibson assembly (Gibson 
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et al., 2009) to generate pVD476. A second construct with an alternate marker gene 
was generated by subcloning the NotI/XmaI fragment of pVD476 into the corresponding 
sites on pRS412 (Brachmann et al., 1998) to generate pVD565. 
 
mCherry-Ubc9 constructs. pESC vectors for expressing mCherry-Ubc9 wild type 
(pVD380) and -ubc9ts (Ubc9 Y68L) (pVD381 and pVD632) were obtained from 
Stratagene and described elsewhere (Kaganovich et al., 2008).  
 
pRS412 ade2Δ::HPHMX. To create the HPHMX-marked pRS41x-series plasmid 
pVD579, the backbone of pRS412 was digested to remove the BstAPI fragment (ADE2 
promoter and first 721bp of the ORF) and ligated to an HPHMX cassette amplicon from 
pAG32 (Goldstein and McCusker, 1999) by Gibson assembly (Gibson et al., 2009). 
 
Construction of synHDG expression plasmids (pA-D). To engineer high levels of 
constitutive expression of Hsf1-dependent genes (HDGs) without Hsf1, we PCR 
amplified ADH1, CYC1, PKG1, TDH3, and TEF1 promoters and HDG ORFs (with 
endogenous 3’ UTRs) from genomic DNA (Novagen). Promoter sequences were first 
fused to the start codon of the HDG ORF by overlap-extension PCR (OE-PCR). Gibson 
assembly (Gibson et al., 2009) was then used to ligate promoter-ORF-UTR fusions into 
linearized CEN/ARS plasmids. The resulting plasmids were validated by sequencing. 
pA and pB vectors carrying single synHDG gene deletions were made by PCR-
mediated gene deletion in yeast followed by plasmid recovery using a miniprep column 
(Qiagen) and sequence validation. Primer sequences used to construct pA-D are 
available upon request.  
 
Construction of synHsp70/90 cassettes. To engineer β-estradiol-dependent expression 
of HSC82 and SSA2, we PCR amplified ZEV promoter (consisting of 6×Z4 zinc-finger 
array binding sites (McIsaac et al., 2013)—Z4BS—upstream of a minimal CYC1-
promoter), HSC82 and SSA2 ORFs (with endogenous 3’ UTRs), and an expression 
cassette for ZEV (a chimeric transcription factor comprising Z4 zinc finger array - 
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estrogen receptor - VP16 activation domain that is activated by the hormone β-estradiol 
(McIsaac et al., 2013)). ZEV promoter was fused to the start codon of the HSC82 and 
SSA2 ORFs by OE-PCR. Gibson assembly was then used to ligate ZEV promoter-ORF 
fusions (or a control empty ZEV promoter with no downstream ORF) and ZEV 
expression cassette into linearized pRS416 to generate pVD783-786. NotI/XhoI 
fragments from the resulting plasmids containing the control promoter, synHsp70, 
synHsp90, or both were subcloned into pNH605 to generate pVD794-797. SflI digestion 
of the resulting plasmids produced PrScLEU2 –CgLEU2–ZEV–6×Z4BS-PrCYC1-ORF(s)–3’-
UTRScLEU2 linear fragments that were each integrated separately at the leu2 genomic 
locus by yeast transformation. 
 
Yeast media and growth conditions. 
Cells were grown at 30ºC with shaking unless noted otherwise. Plasmid selection was 
maintained at all times by growing cells in standard synthetic media lacking the 
appropriate amino acid(s)/nucleotide base(s). All synthetic media contained dextrose 
(2%) as the carbon source, except for those used to induce expression of Ubc9wt and 
ubc9ts, which contained 2% raffinose + 2% galactose. All synthetic media were 
supplemented with 100mg/L adenine to suppress the growth defect and 
autofluorescence caused by the ade2-1 mutation in the W303 genetic background, 
except for those used to select for ADE2-marked plasmids. All synthetic media 
contained ammonium sulfate as the nitrogen base, except for those used to select for 
HPHMX-marked plasmids, which contained 1g/L monosodium glutamate to enable 
selection with 200 mg/L Hygromycin B (Invitrogen). 
 
Mammalian cell lines, tissue culture, genetic manipulation and validation. 
Wild-type murine embryonic fibroblasts (MEFs) and embryonic stem cells (mESCs) 
were obtained from Jackson Laboratories (Immortalized MEFs: CBA316; mESCs: 
129X1/SvJ strain). 
 
Growth of mouse embryonic fibroblasts. 
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MEFs were cultured at 37ºC in DMEM with 10% FBS, antibiotics 100 μM nonessential 
amino acids (Invitrogen, 11140-050), 2 mM L-glutamine (Invitrogen, 25030-081) and 
100 U/ml penicillin/100 μg/ml streptomycin (Invitrogen, 15140-122). 
 
Growth and maintenance of pluripotent mouse embryonic stem cells. 
mESCs were cultured on a feeder layer of mitomycin C-treated MEFs with 0.2% 
gelatinized (Sigma, G1890) tissue culture plates in ESC media containing DMEM-KO 
(Invitrogen, 10829-018) supplemented with 15% fetal bovine serum, 1000 U/ml LIF 
(ESGRO, ESG1106), 100 μM nonessential amino acids (Invitrogen, 11140-050), 2 mM 
L-glutamine (Invitrogen, 25030-081), 100 U/ml penicillin, 100 μg/ml streptomycin 
(Invitrogen, 15140-122), and 8 nL/ml of 2-mercaptoethanol (Sigma, M7522). 
 
Generation of hsf1-/- cell lines using CRISPR/Cas9. A single guide RNA (sgRNAs) 
targeting exon 1 of murine HSF1 was designed using the Broad Institute Web interface 
(Doench et al., 2014). A single plasmid based on the pcDNA3-hCas9 plasmid (Mali et 
al., 2013) that includes both Cas9 expressed from the CMV promoter and the sgRNA 
expressed from the U6 promoter was transiently transfected into immortalized MEFs 
and mESC. Following NEO selection for plasmid uptake, single cells were obtained by 
limiting dilution and allowed to grow into colonies. Colonies were picked by 
microdissection and allowed to proliferate in 6 well plates. Isolated lines were screened 
by PCR and sequencing for the presence of a lesion in exon 1. 
 
Western blotting: 
To determine the effect of Hsf1 anchor away on Ssa1 and Hsc82 expression, cells were 
grown to mid-log in YPD at 30ºC, backdiluted to OD600 0.2, split into two, and each half 
treated with 1µM rapamycin for the indicated times. 0.05 OD600 was removed at each 
timepoint and treated with 10% TCA on ice for 1 hour before pelleting the cells and 
washing them with acetone. Washed pellets were air dried and then lysed by bead-
beating in 50 mM Tris-HCl pH 7.5, 1mM EDTA, 1% SDS, and 2M urea. After measuring 
lysate protein concentrations using BCA (Pierce), equal amounts of protein were 
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resolved by SDS-PAGE (Invitrogen 4-20% tris/glycine/SDS gel (for 1h at 200V), and 
electroblotted onto Nitrocellulose membrane (Bio-RAD). Blots were blocked with 5% 
milk in TBST and left probing overnight with anti-Ssa1 (generous gift of E. Craig), Hsc82 
(Abcam), and Hxk1 (United States Biological) primary antibodies. Blots were washed 3× 
with TBST and probed with anti-rabbit Cy5-conjugated secondary antibody (Invitrogen). 
Blots were scanned on the Typhoon imaging system. 
  
To validate HSF1 gene knockout in mammalian cells, whole cell lysates  were prepared 
using the mammalian protein extraction reagent (M-PER, Life technologies) according 
to manufacturer’s instructions. Lysate proteins were resolved by SDS-PAGE (4-15% 
gradient tris/glycine/SDS gel (for 1 hour at 30 mA) and electroblotted onto PVDF 
membrane (Millipore) for 1 hour at 225 mA. Blots were blocked with Li-Cor blocking 
buffer (Li-Cor) and probed with anti-HSF1 (Cell Signaling #4356) and anti-ACT (Sigma 
A2066) primary antibodies. Blots were washed 3× with TBST and probed with anti-
rabbit-800 IR conjugated secondary antibody (Li-Cor). Blots were scanned on the Li-Cor 
IR imaging system. 
 
Immuno-flourescence. 
Cells were seeded on 8-well chamber slides (Lab-Tek) for 18 hr prior to processing for 
immunofluorescence. Following cell fixation with 4% paraformaldehyde in PBS pH 7.4 
for 10 minutes, slides were rinsed with phosphate-buffered saline (PBS) and blocked for 
1 hr at room temperature with 0.5% bovine serum albumin (BSA) in PBS. After 
overnight incubation at 4°C with an anti-HSF1 rabbit antibody diluted 1:1000 (Cell 
Signaling #4356), slides were washed three times (5 min each time) with PBS and then 
incubated for 1 hr at room temperature in a secondary anti-rabbit antibody labeled with 
Alexa Dye 488 diluted 1:1000 (Molecular Probes). Lastly, slides were washed three 
additional times with PBS before mounting them with antifade reagent containing DAPI 
(Life Technologies P-36931) and imaged using a Zeiss epifluorescence microscope with 
a 40x objective. 
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Yeast cell fluorescence microscopy. 
ubc9ts aggregation assay. VDY2130 cells transformed with pVD380 or pVD381 were 
inoculated into SG/R-LEU media and grown overnight to OD600 ≈ 0.1. Cells were then 
treated with 10 µM rapamycin for the indicated times and then fixed in ice-cold 4% 
formaldehyde in PBS pH 7.4 for 10 minutes. Fixed cells were imaged with an oil-
immersion 63×objective (63x, NA 1.4, oil Ph3, Plan - Apochromat) on an AxioObserver 
Z1 inverted microscope (Zeiss) equipped with a CoolSNAP-HQ CCD camera 
(Photometrics) and LED excitation (Colibri). Blinded images were background 
subtracted and at least 100 cells scored manually after local contrast optimization for 
mCherry foci using ImageJ. Note that local contrast optimization was necessary due to 
plasmid copy number variation, a known feature of 2m plasmids, which resulted in some 
cells with very high expression of mCherry-Ubc9 fusions that dominated global contrast 
optimization.  
 
VDY2578 transformed with pVD632 and 15synHDGs (pVD576, pVD577, pVD578 and 
pVD580) or pHsf1 (pRS412, pRS415, pVD476 and pVD579) or empty vectors (pRS412, 
pRS413, pRS415 and pVD579) were assayed as above, except after growth in SG/R-
ADE-HIS-LEU-URA containing 200 μg/ml hygromycin-B (Invitrogen). 
 
VDY2130 transformed with pVD632 and cassettes from pVD794, 795, 796 or 797 were 
assayed as above, except after growth in SG/R-URA and pre-treatment with 10 µM β-
estradiol. 
 
Confocal live-cell microscopy. 96 well glass bottom plates were coated with 100 µg/ml 
concanavalin A in water for 1 hour, washed three times with water and dried at room 
temperature. 80 µl of low-density cells were added to a coated well. Cells were allowed 
to settle and attach for 15 minutes, and unattached cells were removed and replaced 
with 80 µl SD media. Imaging was performed at the W.M Keck Microscopy Facility at 
the Whitehead Institute using a Nikon Ti microscope equipped with a 100×, 1.49 NA 
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objective lens, an Andor Revolution spinning disc confocal setup and an Andor EMCCD 
camera.  
 
To monitor the effect of rapamycin on Hsf1-FRB-GFP localization in VDY1877, cells 
were logarithmically grown in SD media to maintain OD600 below 0.1 for 8 hours and 
attached to the glass bottom of a 96 well plate as described. Hsf1 nuclear depletion was 
performed with 1 µM rapamycin added directly to the 80 µl of media in the wells of the 
96 well plate, and cells were imaged over time as described using the spinning disc 
microscope setup. Contrast was adjusted globally and images were cropped for 
presentation in Photoshop. 
 
To monitor protein aggregation in live cells, identical strains were grown under the same 
conditions as the fixed protein aggregation assay and maintained at OD600 less than 0.1 
for 8 at least hours before starting the treatments. Cells were attached to the glass 
bottom of a 96 well plate as described. For heat shock experiments, cells were 
incubated in the plate at 37ºC for 15 minutes before imaging. Hsf1 nuclear export was 
induced with 1 µM rapamycin as described for the times indicated prior to imaging using 
the spinning disc microscope setup. Note that local contrast optimization was again 
necessary due to mCherry-Ubc9 plasmid copy number variation as described above. 
Contrast adjustment and cropping were performed in Photoshop. 
 
Analysis of Hsf1 nuclear localization. DPY813 cells were grown for 18 hours in synthetic 
complete media with dextrose to OD600 ~ 0.2 and diluted to OD600 = 0.08 followed by 
treatment with 1 µM rapamycin or mock treatment. 80 µl of each sample was 
transferred to ConA-coated wells in a 96 well plate and incubated at 30ºC for 15 
minutes before imaging with spinning disc confocal microscopy. Contrast was adjusted 
globally and images were overlayed in Photoshop and presented as whole 512x512 
pixel images or cropped, as indicated. Quantification of nuclear GFP fluorescence was 
performed in ImageJ. Masks defined by the NLS-mKate2 images were applied to the 
Hsf1-FRB-GFP channel and non-nuclear signal was removed. Maximum GFP intensity 



	 25	

was measured for each nucleus and for the background of each original GFP image. 
Background intensity was subtracted from each cell’s nuclear GFP signal and the mean 
and standard error of the background-subtracted nuclear GFP signal were calculated 
and plotted for untreated and rapamycin-treated cells. Line-scan profiles across the 
nucleus for representative cells were also background-subtracted and plotted. 
 
 

Analysis of trascriptional reporters by flow cytometry.  
Hsf1 DNA binding transcription factor competition assay. VDY1874 and VDY1896 cells 
with expressing GEM + prHsf1&Gal4-GFP + prGal4-mKATE2 from a pRS306 vector 
integrated at the URA3 locus were inoculated into SD-URA media and grown overnight 
to OD600 ≈ 0.1. Following transfer to a 96-well plate, cells were treated with 10 µM 
rapamycin or carrier-only (90% EtOH, 10% Tween-20) and β-estradiol or carrier only 
(100% EtOH) for 90 minutes at 30ºC. Single-cell GFP and mKate2 fluorescence was 
measured for ~10,000 cells using a LSRII (BD) flow cytometer. Single cell single-color 
fluorescence values were normalized by dividing by side scatter from the same cell, and 
GFP/RFP ratios were determined by dividing GFP by mKate fluorescence from the 
same cell.  These values were then rescaled by dividing by the median value for 
double-mock treated cells. Custom R scripts that were used to analyze the fluorescence 
data are available upon request. 
 
Hsf1-AA heat shock experiments. VDY1852 cells transformed with pRS412 or pVD565 
were inoculated into SD-ADE media and grown overnight to OD600 ≈ 0.1. Following 
transfer to a 96-well plate and pretreatment with 10 µM rapamycin or carrier-only (90% 
EtOH, 10% Tween-20) at 30ºC for 10 minutes, cells were split into two plates: one that 
was heat-shocked at 39ºC for 30 minutes using a C1000 Touch thermal cycler (Bio 
Rad), the other control plate was immediately analyzed. Single-cell GFP and mKate 
fluorescence was measured for ~10,000 cells using a LSRII (BD) flow cytometer. Single 
cell fluorescence values were normalized by dividing GFP by mKate fluorescence from 
the same cell, and then these values were rescaled by dividing by the median 
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GFP/mKate value for VDY1852 + pRS412 cells after mock pretreatment without heat 
shock. Custom R scripts that were used to analyze the fluorescence data are available 
upon request. 
 
Effect of synHDG expression on Hsf1 reporter. VDY2367 transformed with 15synHDGs 
(pVD576, pVD577, pVD578 and pVD580) or empty vectors (pRS412, pRS413, pRS415 
and pVD579) were grown in SD-ADE-HIS-LEU media containing 200 μg/ml 
hygromycin-B (Invitrogen) overnight at 30ºC to a final density of OD600 ≈ 0.1 before 
being analyzed as the control plate above. 
 
Colony growth assays. Cells transformed with synHDG plasmids and matching control 
vectors were inoculated into SD plasmid selection media with 10μM β-estradiol, if 
appropriate. After overnight growth to OD600 ≈ 0.2, equal numbers of cells were 
harvested and serially diluted into fresh media in 96-well plates before being spotted 
with a multi-channel pipette or a 36-well pinning tool onto corresponding SD selection 
plates with 10µM rapamycin or carrier control (90% EtOH, 10% Tween-20). Plates were 
parafilmed and incubated at 30ºC for 3-5 days before imaging with an Alpha Imager 
(Alpha Innotech). 
 
Native elongating transcript sequencing (NET-seq). 
For the NET-seq analysis of basal transcription, VDY2254 cells were grown overnight in 
5 × 1L YPD (1% yeast extract, 2% peptone, 2% dextrose) at 30ºC with shaking until 
they reached OD600 ≈ 0.3. One culture was harvested by filtration onto a 90-mm 
diameter 0.45µm filter (Whatman) and cells scraped with a cooled spatula and 
transferred to liquid N2. Other cultures were treated with rapamycin (1µM) for 15, 30 and 
60 minutes prior to harvesting as described above. For the NET-seq analysis of heat 
shock transcription, VDY2254 cells were grown overnight in 2L YPD to mid-log at 30ºC 
until they reached OD600 ≈ 0.66. The culture was then split equally and one half treated 
with rapamycin (1µM) and the other half left untreated. After further incubation with 
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shaking for 10 minutes at 30ºC, each half was mixed with 1L of 50ºC YPD and moved to 
to 39ºC shaking water bath for 30 minutes prior to harvesting as described above. 
Each sample was lysed frozen in a ball mill (Retsch). Rpb3 immunoprecipitatation from 
lysates and sequencing library creation from immunopurified RNA was carried out as 
described (Churchman and Weissman, 2011) with one notable difference: circularized 
cDNA samples were barcoded during PCR amplification to enable multiplexing in an 
Illumina Hi-Seq 2500 (Bauer Core Facility). Reads were assigned by the barcode to the 
appropriate sample. Sequenced nascent transcript fragments were groomed and 
aligned to the S. cerevisiae ORF coding reference genome using Bowtie before being 
assembled and quantified using Cufflinks. Fold changes were computed using Cuffdiff.  
 
Yeast RNA-seq.  
Cells were grown in YPD overnight at 30ºC with shaking until they reached OD600 ≈ 0.5. 
Cultures were split into 5 ml aliquots before indicated treatments. 1.5 ml of treated cells 
were harvested by spinning for 30 seconds at 15,000 rpm speed in an Eppendorf 5430 
benchtop centrifuge and snap frozen before storage at -80˚C. The small culture volume 
and quick spin obviated the need for filtration. Frozen cell pellets were thawed on ice, 
resuspended in 1 ml water, transferred to fresh 1.5 ml tubes and harvested by spinning 
as above. Washed cell pellets were resuspended in 200 µl AE (50 mM NaOAc, pH 5.2, 
10 mM EDTA) and vortexed. 20 µl of 10% SDS was added, followed by 250 µl acid 
phenol, and samples were incubated at 65˚C with shaking for 10 minutes. After an 
additional 5 minutes on ice, samples were spun at 15,000 rpm for 5 minutes at 4ºC. 
Supernatants were transferred to pre-spun heavy phase lock tubes (5 Prime) and 250 µl 
chloroform was added. Tubes were spun at full speed for 5 minutes at 15,000 rpm and 
aqueous layers (above the wax) were transferred to fresh 1.5 ml tubes. 30 µl of 3M 
NaOAc, pH 5.2 was added followed by 750 µl ice cold 100% ethanol. RNA was 
precipitated at -80˚C for 30 minutes and samples were spun at 15,000 rpm for 30 
minutes at 4˚C. Pellets were washed with 1 ml 70% ethanol, spun at 15,000 rpm for 10 
minutes at 4ºC for. The supernatant was removed and pellets were allowed to dry on ice 
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for 10 minutes. Lastly, RNA pellets were resuspended in 30 µl DEPC water and the 
RNA concentrations of the resulting solutions measured by Nano Drop. 
 
Total RNA samples were submitted to the Whitehead Institute Genome Technology 
Core (WIGTC) where polyA + RNA was purified, fragmented and sequencing libraries 
barcoded to enable multiplexing in an Illumina Hi-Seq 2500. Reads were assigned by 
the barcode to the appropriate sample. 
 
Data were processed using a local version of the Galaxy suite of next-generation 
sequencing tools. Sequenced mRNA fragments were groomed and aligned to the S. 
cerevisiae ORF coding reference genome (Feb. 2011) using Tophat before being 
assembled and quantified using Cufflinks. Fold changes were computed using Cuffdiff. 
 
Defining Hsf1-dependent genes in yeast. 
Significance analysis of transcription under basal conditions.  Hsf1-dependent genes 
were defined by combining statistical analyses of NET-seq and RNA-seq data. First, we 
used the CuffDiff (Trapnell et al., 2012) time series analysis algorithm to jointly analyze 
the NET-seq time course (15, 30, and 60 minutes of rapamycin treatment). We 
identified genes with significantly different transcription after 15 minutes that persisted 
for the remainder of the time course (no additional significant changes at the 30 or 60 
minute time points). This analysis identified 30 genes that met these criteria using the 
most stringent p-value cutoff of p < 10-4. We then tested whether these genes had 
significant changes in mRNA levels measured by RNA-seq that were caused by 60’ of 
rapamycin treatment. We used genes without significant NET-seq changes to construct 
a null distribution of fold-changes.  Using the 1st and 99th percentile of the null fold-
change distribution as cutoffs, we identified 18 of the initial 30 gene as also having 
significant differences in mRNA levels.  
 
Analysis of SSA1 and SSA2 sequencing data. The 94% sequence identity between the 
open reading frames for SSA1 and SSA2 makes computational deconvolution of 
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sequencing reads between the two paralogs unreliable. Thus, we averaged the FPKM 
values for the two genes into one SSA1/2 value for the NET-seq and ChIP-seq analysis 
in Figure 2a,b. As the two genes are computational indistinguishable by mRNA-seq, we 
focus the remainder of our expression analysis on SSA2, which has ~5-fold greater 
expression than SSA1, with the caveat that a fraction of SSA2 reads are likely from 
SSA1. 
 
Statistical analysis of Hsf1-dependent gene expression during heat shock.  In contrast 
to the small number of gene expression changes induced by short-term rapamycin 
treatment of Hsf1-AA cells at 30ºC, rapamycin pre-treatment induced correlated 
changes in transcription and mRNA abundance of hundreds of genes during 
subsequent heat shock.  As the cuff-diff algorithms for computing p-values and false 
discovery rates become less reliable when there are large-scale expression changes 
(Trapnell et al., 2012), we decided to use a non-parametric, rank-based statistical 
significance analysis for changes to both transcription and mRNA abundance. We 
defined Hsf1-dependent gene expression during heat shock as those genes that fell 
below the 10th percentile for both the NET-seq and RNA-seq datasets comparing 
rapamycin pre-treated versus mock pre-treated heat shock samples. As these two 
datasets were collected during independent experiments, we were comfortable 
assuming that the random factors that drive false discovery are independent and 
therefore the false discovery rate should be limited to 1% overall. We considered 
alternative significance thresholds for our rank-based analysis, but bioinformatic 
analysis of significant genes suggested that the 10% threshold optimized our sensitivity 
to detect small, coherent changes without a high rate of false discovery, as judged by 
the relative enrichment for GO terms and promoter motifs between the different 
significance thresholds. 
 
Bioinformatic analysis of gene expression changes during heat shock absent Hsf1 
function.  To measure Hsf1-dependent gene expression during heat shock, we used 
NET-seq and RNA-seq to monitor the effect of a brief rapamycin pre-treatment on the 
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heat shock response of Hsf1-AA cells. This analysis revealed a much larger number of 
changes than we had observed by rapamycin treatment of cells in the absence of stress, 
which necessitated changes to our statistical analysis (see above). We defined a set of 
295 genes that had significantly reduced transcription and mRNA abundance in 
comparison to heat shock of mock pre-treated cells (Figure S3H). Gene ontology 
analysis revealed enrichment for various protein synthesis and metabolic functions 
(Figure S3J) while promoter analysis revealed enrichment (p-value < 10-64) for binding 
sites of Sfp1, a canonical regulator of ribosome biogenesis (Fingerman et al., 2003; 
Jorgensen et al., 2004; Marion et al., 2004). In fact, 103/295 affected genes were 
ribosomal protein genes (RPGs) (enrichment p-value < 10-116) (Nakao et al., 2004), 
which heat shock normally represses and which were repressed even further as a gene 
set by rapamycin pre-treatment (p < 10-64) (Figure S3I). An additional 144 affected 
genes had predicted Sfp1 binding sites in their promoters (Figure S3H,J) suggesting co-
regulation with RPGs through heat inactivation of the transcriptional activator Sfp1 
(Marion et al., 2004). One potential explanation for the genome-wide over-repression of 
Sfp1 gene targets is that rapamycin pre-treatment potentiates the strength of heat as a 
stimulus, similar to the way in which partial loss-of-function mutations in Hsf1 sensitize 
cells to heat stress (Imazu and Sakurai, 2005; Morano, 1999; Morano et al., 1999; 
Smith and Yaffe, 1991). As an independent test of this idea, we re-visited heat shock 
induced gene induction by Msn2/4 and found a significant over-induction of Msn2/4 
gene targets relative to all other genes (p-value < 10-46) (Figure S3I). We conclude by 
speculating that even a short rapamycin pre-treatment of Hsf1-AA cells reduces 
chaperone expression enough to potentiate regulation of Sfp1 and Msn2/4 gene targets 
by heat-induced proteotoxicity.  
 
Having found no compelling evidence that Hsf1 directly regulates 247/295 genes 
defined by our gene expression analysis we looked more closely at the remaining 48.  
Among these, we found a subset of basal HDGs (6/18), all but one of which lacked 
Msn2/4 binding sites in their promoters. We note that the 18 basal HDGs, as an entire 
set, had a significant ~5-fold decrease in median mRNA abundance (p-value < 10-5) 
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relative to all other genes (Figure S3I). Along the same lines, heat shock induction of 
SSA3 and SSA4, which encode Hsp70 paralogs that lack significant basal expression at 
30ºC, was strongly reduced by rapamycin pre-treatment (Figure S3H). Lastly, we found 
no common themes by either promoter motif or gene ontology analysis among the 
remaining 40 affected genes (Figure S3J). We note that the size of this seemingly 
random gene set is consistent with the false discovery rate (FDR) for our statistical 
analysis (at our theoretical 1% FDR, we would expect ~46 false discoveries by chance 
from the total population of 4590 detected genes).   
 
To independently test if Hsf1-dependent genes defined by the NET-seq/RNA-seq 
analysis of heat shock are bona fide Hsf1 gene targets, we measured Hsf1 DNA binding 
during heat shock by chromatin immunoprecipitation followed by deep sequencing 
(ChIP-seq). As before, we isolated chromatin using tandem affinity purification of dual 
epitope-tagged Hsf1-FLAG-V5 expressed as the only copy of Hsf1 in an otherwise wild 
type genetic background. Analysis using a stringent peak-calling algorithm (see below) 
defined 32 Hsf1 gene targets, including all 18 HDGs (p-value < 10-36) and, more broadly, 
27/40 genes we previously defined by ChIP-seq analysis of basal targets (p-value < 10-

59) (Figure S3G). By contrast, only 8 of these gene targets were among the 296 genes 
defined by our heast shock gene expression analysis: 5 of the original 18 basal HDGs, 
SSA4, SSE1 (a member of the Hsp110 branch of the Hsp70 family), and HSP10 (a 
mitochondrial matrix co-chaperonin). We note that for certain non-HDGs in this 
overlapping set (e.g., SSE1) under basal conditions we detected significant Hsf1 
promoter binding and Hsf1 AA was associated with small—but not statistically 
significant—decreases in their expression (Figure S2I), thus raising the possibility that 
they make a small but real fitness contribution as HDGs even in the absence of stress. 
 
In summary, our combined NET-seq/RNA-seq/ChIP-seq analysis provides little 
evidence for significant expansion of Hsf1’s gene targets beyond HDGs during heat 
shock. Rather, it argues that Hsf1’s primary role during heat shock is to overexpress key 
chaperones that are already under its basal control. 
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Defining Msn2/4 target genes. 
Msn2/4 targets were defined as those genes in the top 10% of expression changes 
induced by 1-NM-PP1 treatmetn of PKAas cells that also contained at least one Msn2/4 
binding site (AGGGG) in their promoter (defined as the intergenic region between the 
start codon of the gene of interest and the start or stop codon of the closest 5’ open 
reading frame) using SCOPE (Carlson et al., 2007).  
 
Defining ribosomal protein genes and Sfp1 targets. 
Yeast genes that encode ribosomal proteins are easily identified based on their RPL-, 
RPS-  and RPP- gene name prefixes to denote components of the large and small 
ribosomal subunits, along with other ribosomal proteins (Nakao et al., 2004). Their 
expression is transcriptionally controlled by Sfp1, which has a known promoter binding 
site (AAA[A/T]TTTT) (Fingerman et al., 2003; Jorgensen et al., 2004). Among the 295 
genes with significant changes in heat shock expression due to Hsf1 AA, we found 103 
RPL/RPS/RPP genes, plus 144 additional genes that had at least one Sfp1 binding site 
in their promoter (defined as the intergenic region between the start codon of the gene 
of interest and the start or stop codon of the closest 5’ open reading frame) using 
SCOPE (Carlson et al., 2007). 
 
Mammalian cell RNA-seq. 
MEFs and mESCs were cultured to 75% confluence in 10 cm dishes as described 
above. Heat shock was performed by transferring dishes to a 42ºC incubator for 1 hour. 
Total RNA was extracted using RNeasy kits (Qiagen) according to the manufacturer’s 
directions. Sequencing libraries were prepared and sequenced by the WIGTC as 
described above. Data was processed using Galaxy, aligned to the annotated Mm10 
genome and quantified as described above. 
 
Defining HSF1-dependent changes in gene expression during heat shock in 
mammalian cells. 
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In general, we found that changes in mammalian gene expression were smaller in both 
magnitude and the number of genes affected compared to yeast. While in each gene 
expression analysis most genes were highly correlated, the variance was not constant 
across genes—high expression genes tended to be less variable than low expression 
genes. To identify significant changes in gene expression, we needed a statistical 
inference strategy that accounts for the variance-expression relationship and adjusts the 
significance threshold accordingly. While there are parametric statistical inference 
methods that can account for non-constant variance, they require specification of a 
variance model and are very sensitive to its misspecification. Therefore, we choose to 
use a simple non-parametric approach based on quantile regression of gene expression 
levels between two samples to define significant changes. Intuitively, our strategy is 
similar to calling the top 1% of fold changes as significant, but the quantile regression 
allows us to take into account that the top 1% of fold changes for high expression genes 
will be smaller than for low expression genes. For example, by regressing the 99th 
percentile of heat shock gene expression on control expression, we obtain a linear 
function that defines for each control expression level a corresponding value that 99% 
of heat shock expression measurements should fall below. A similar regression for the 
1st percentile of fold changes allowed us to define a lower significance threshold. 
Together these two regressions define an interval with 98% coverage both globally and 
locally. That is, using regression of heat shock expression on control as an example, 
heat shock expression for 98% of all genes will fall between their respective fitted 
values from the 1st and 99th percentile regressions, and further for any subset of genes 
with similar control expression approximately 98% of their heat shock expression values 
will fall between the regression fits. We defined genes above and below the bounds 
defined by these two regressions as significantly induced and repressed, respectively. 
 
One caveat of this approach is that the number of changes that we call as significant for 
any experiment is set by design at 1% of the total number of genes.  Even during heat 
shock, our exploratory analysis suggested that expression of less than 1% of genes was 
affected and therefore many significant changes defined by our analysis of a single 
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experiment will be false positives due to random variation. However, because we were 
ultimately interested in genes that have significant changes in both cell types, our false 
discovery rate due to random variation—which should be independent between cell 
types—is limited to .01%.  Thus, the fact that we defined 129 heat shock induced genes 
in mESCs is not interpretable (since 129 is ~1% of the 13,356 genes detected), 
however that we defined 20 heat shock induced genes in both mESCs and MEFs is 
highly significant (p-value < 10-17), since the number of false discoveries should follow a 
binomial(n= 13,356, p= .0001) distribution and therefore we expect to call only 1.3 
significant genes in both cell types by random chance. One additional caveat of our 
analysis is that because the 1st and 99th percentile regressions are not parallel, they will 
cross and beyond this intersection the fit for the 1st percentile will be greater than that of 
the 99th. After this point, our interpretation of these as upper and lower bounds no 
longer holds and therefore their utility for our statistical inference breaks down. Our 
conservative approach to avoid this was to compare the qualtile regression fits for the 
1st and 99th percentiles to the median regression (50th percentile) fit, and exclude from 
our inference genes where the fit from the 1st percentile regression is greater than, or 
the 99th percentile fit is less than, the median regression fit. This approach, though 
conservative, affected a very small fraction of genes (~0.1%). For example, we 
excluded only 8/13,356 genes from our inference for heat shock analysis of mESCs. 
 
We defined genes as HSF1-dependent if their expression was significantly induced by 
heat shock vs. control in wild type cells, and significantly reduced during heat shock in 
hsf1-/- vs. wild type cells, for both mESCs and MEFs. This analysis defined 9 HSF1-
dependent genes. Since our statistical inference used expression from heat shocked 
wild type cells in both statistical tests for each cell type, we cannot comfortably assume 
that our inference was based on 4 independent tests—which would imply an over all 
false discovery rate of .014, or 10-8).  However, even under the very conservative 
assumption that our inference is equivalent to just two independent statistical tests (one 
for each cell type), the probability of observing 9 (or more) significant genes is ~10-5.  
We note that our choice of a 1% rate of false discovery for individual tests was based on 
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bioinformatic analysis of gene sets defined using alternative significance thresholds, 
which showed that the 1% level optimized sensitivity and specificity.  
 
ChIP-PCR. 
Chromatin was prepared as described for ChIP-seq from the untagged AA parent 
(VDY1667) and the Hsf1-FRB AA strain (VDY1852) in the presence or absence of 1 µM 
rapamycin for 15 minutes. Immunoprecipitation was performed with rabbit polyclonal 
anti-FRB antibody (Enzo Life Sciences) used at 1:200 and incubated on a rotator for 2 
hours at 4ºC followed by capture with 25 µl 50% slurry of protein A/G 
Dynabeads (Thermo Fisher) for 1 hour at 4ºC prior to magnetic separation. Washes and 
elutions were performed as described for the V5 step of the ChIP-seq protocol. PCR 
was performed using primers designed for 200 bp amplicons that spanned -100 to -300 
bps with respect to the ATG start codon of the ORFs of PHO5 (non Hsf1 target), 
HSP82 and SSA1 (Hsf1 targets). 2 µl of the pooled whole cell extract (WCE) and each 
of the IP samples were used as templates in 25 µl PCR reactions run for 30 cycles and 
the full reactions were run on a 1% agarose gel containing SybrSafe DNA gel stain 
(Thermo Fisher). Quantification was performed using ImageJ. To remove non-specific 
signal, we subtracted from the Hsf1-FRB values the band intensity of the identically-
treated untagged-Hsf1 IP. 
 
Chromatin immunoprecipitation and sequencing. 
50 ml of cells were grown to OD600=0.5. Cells were fixed with addition of 1% 
formaldehyde for 20 minutes at room temperature followed by quenching with 125 mM 
glycine for 10 minutes. Cells were pelleted, washed with ice-cold PBS. Pellets were 
frozen in liquid N2 and stored at -80˚C. Cells were lysed frozen in a coffee grinder with 
dry ice. After the dry ice was evaporated, lysate was resuspended in 2 ml ChIP buffer 
(50 mM Hepes pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% triton x-100, 0.1% DOC) and 
sonicated 10 times using a probe sonicator (18W, 30 seconds on, one minute off) 
during which time they were kept on ice. 1 ml was transferred to a 1.5 ml tube and spun 
to remove cell debris. Input was set aside, and a serial IP was performed. First, 25 µl of 
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anti-FLAG magnetic beads (50% slurry, Sigma) were added the mixture was incubated 
for 2 hours at 4ºC on a rotator. Beads were separated with a magnet and the 
supernatant was removed. Beads were washed 5 times with 1 ml ChIP buffer (5 minute 
incubations at 4ºC between each wash) and bound material eluted with 1 ml of 1 mg/ml 
3xFLAG peptide (Sigma) in ChIP buffer by incubating at room temperature for 10 
minutes. Beads were separated with a magnet and eluate was transferred to a fresh 
tube. Next, 25 µl of anti-V5 magnetic beads (50% slurry, MBL International) were added 
and the mixture was incubated for 2 hours at 4ºC on a rotator. Beads were separated 
with a magnet and the supernatant was removed. Beads were washed 3 times with l 
ChIP buffer, followed by a high salt wash (ChIP buffer + 500 mM NaCl) and a final wash 
in TE (all washes were with 1 ml with 5 minute incubations at 4ºC between each wash). 
Bound material was eluted with 250 µl TE + 1% SDS by incubating at 65ºC for 15 
minutes. Beads were separated with a magnet and eluate was transferred to a fresh 
tube and incubated overnight at 65ºC to reverse crosslinks. Protein was degraded by 
adding 250 µl 40 µg/ml proteinase K in TE (supplemented with GlycoBlue to visualize 
subsequent pellets) and incubating at 37ºC for 2 hours. DNA fragments were separated 
from protein by adding 500 µl phenol/chloroform/isoamyl alcohol (25:24:1), and the 
aqueous layer was added to a fresh tube. 55 µl of 4M LiCl was added along with 1 ml of 
100% EtOH, and DNA was precipitated at -80˚C overnight. DNA was pelleted by 
spinning at 15,000 rpm in an Eppendorf 5424 benchtop centrifuge for 30 minutes at 4˚C 
and resuspended in 50 µl TE. Sequencing libraries were prepared by the WIGTC, and 
sequenced on the Illumina Hi-Seq 2500. Reads were aligned to the yeast genome with 
Bowtie and Wiggle files were generated. Peaks were called with MACS v1.4.2 using a 
stringent p-value cutoff (p < 10-30). 
 
Promoter motif and gene ontology analysis. 
Enrichment for DNA motifs was calculated using the SCOPE web interface (Carlson et 
al., 2007), and enrichment for gene ontology terms was calculated using YEAST Mine 
(Balakrishnan et al., 2012). Enrichment p-values for GO terms were corrected for 
multiple hypothesis testing using the Holm–Bonferroni correction implemented in 
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YEAST Mine. Gene set enrichment analysis for over-representation of one gene within 
another set was determined using the hypergeometric distribution. 
 
Protein-protein interaction network analysis. 
Protein interaction networks were generated using the STRING database (Jensen, 
2009). Yeast interactions were generated with a required confidence score of .90 and 
“Active Prediction Methods” based on experiments, co- occurrence and databases. 
Mouse interaction networks were generated with a required confidence score of 0.70 
and “Active Prediction Methods” based on neighborhood, gene fusion, co-occurrence, 
experiments, databases and text mining. We explicitly did not allow co-expression data 
to be used in the network construction because HDGs were defined based on 
expression analysis and we wanted the protein-protein interaction network data to be 
derived from independent data sets. Also, we used a lower confidence threshold and 
additional data sources for construction of the mouse network because there was far 
less high-confidence experimental interaction data than for yeast resulting in an 
artificially sparse mouse network ceteris paribus. 
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