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SUPPLEMENTAL METHODS 

 
GEV strain constructions: Primers are listed in Table S2. DBY12020 

and DBY12021 were constructed through a series of crosses and sporulations.  

First, UCC1909 (a generous gift from Dan Gottschling) was crossed with 

DBY12013 (ura3∆0 leu2∆0 lys2-1280 HAP1+ Matα) and sporulated to generate 

DBY11379 (ura3∆0 leu2∆0::PACT1-GEV-NatMX met15::LYS2 lys2- hap1- Mata). 

DBY11379 was then crossed with DBY12017 ((Pgal10+gal1)::loxP PGAL1-CRE-

phleo HAP1+ Matα) and sporulated to generate DBY12018 ((PGAL10+gal1)::loxP 

leu2∆0::PACT1-GEV-NatMX HAP1+ Mata) and DBY12019 ((PGAL10+gal1)::loxP 

leu2∆0::PACT1-GEV-NatMX HAP1+ Matα). A gal4::LEU2 linear DNA fragment 

was PCR amplified from UCC1864 (a generous gift from Dan Gottschling) and 

transformed into DBY12018 and DBY12019 to generate the protrophic strains 

DBY12020 ((PGAL10+gal1)::loxP leu2∆0::PACT1-GEV-NatMX gal4∆::LEU2 HAP1+ 

Mata) and DBY12021 ((PGAL10+gal1)::loxP leu2∆0::PACT1-GEV-NatMX 

gal4∆::LEU2 HAP1+ Matα). 

The C-terminus-tagged GEV-GFP reporter was generated by homologous 

recombination of GFP-KanMX from pFA6-GFP-KanMX (Sheff and Thorn, 2004) 

into DBY12021. The primers used for making the amplified GFP-KanMX are 

GEVGFP-F and GEVGFP-R. 

The C-terminus-tagged HTB2-mCherry fusion was generated by 



	   2	  

homologous recomination. mCherry was first digested from pFA6a-mCherry-

HIS3MX6 (pKT355, Kurt Thorn) with PacI and AscI. pKT175 was cut with PacI 

and AscI to remove YECitrine. The digested mCherry was ligated into the 

pKT175 backbone. The primers used for making the mCherry-CaUra3 PCR 

fragment for transformation are HTB2-F and HTB2-R (Table S2). 

The strains DBY12027, DBY12040, and DBY12086 were made by 

homologous recombination of KanMX-PGAL1 DNA into DBY12021. KanMX-PGAL1 

DNA was PCR amplified from DBY11408 and with extra homology to insert 

directly upstream of the target ORF.  

Insertion of TEV protease at the GAL1 locus: We deleted the 

chromosomal GAL1 orf, replacing it with the TEV protease.  To do this, two 

overlapping PCR products were created.  The first PCR product was generated 

using oligonucleotides homologous to 1) the GAL1 promoter and to 2) the CYC1 

terminator, using pCT271 (which contains PGAL1-TEV-CYC1 (Taxis et al. 2009)) 

as a template.  The second PCR product was generated using one 

oligonucleotide comprising 40 nt at the end of the CYC1 terminator sequence (for 

overlap with the first PCR product) followed by the TEF promoter sequence,  

paired with a second oligonucleotide comprising 40nt downstream of the GAL1 

ORF followed by TEF terminator sequences, using pAG32 as a template 

(Goldstein and McCusker, 1999).  The two PCR products were transformed into 

strain DBY11389, selecting for hygromycin B (Calbiochem) resistance, to 

generate the gal1Δ::TEV-HphMX strain.  For some experiments, this TEV allele 

was modified to replace the HphMX cassette with the URA3 gene.  To do this, 
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two oligonucleotides were used to PCR URA3 from the pAG26 template 

(Goldstein and McCusker, 1999): 1) containing the CYC1 terminator sequence in 

the TEV construct and the URA3 promoter present in pAG26 and 2) containing 

the URA3 terminator and a sequence 3’ of the gal1Δ::TEV-HphMX insertion. This 

PCR product was transformed into strain DBY12096, resulting in strain 

DBY12132.  

Construction of a generic plasmid template for NDeg-gene specific 

PCR product generation: Plasmid pCT251 (Taxis et al., 2009) was used as a 

template for PCR to generate a fragment with 40 bp of homology to a region 

preceding the EcoRI site of YCplac33, an ATG, the coding sequence of the 

degron cassette starting with the first spacer sequence (encoding SISTL…) and 

ending with the ATG at the terminus of the last spacer region (…ENSSM) 

followed by 40bp of homology to the YCplac33 sequence region following the 

EcoRI site ("overlap tipi to ycplac F";  "overlap tipi to ycplac R").  YCplac33 was 

cleaved with EcoRI and was used, in conjunction with the PCR fragment above, 

to transform a ura3 auxotroph of yeast (DBY12015) to Ura prototrophy.  The 

resulting plasmid (pRB3324) was reconstructed by homologous recombination in 

yeast, and recovered into E. coli by standard methods (Ma et al., 1987).  

The spacer region after the SF3b coding sequence of the degron cassette 

derived from pCT251 contains two EcoRI sites.  To replace this sequence with 

the loxP-flanked KanMX marker we used plasmid pUG6 (Guldener et al., 1996) 

as a template to generate two PCR products (necessary because of the identity 

of the loxP sites).  The first product was generated by using an oligonucleotide 
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(“N-deg F +lox F") that contains 40nt of homology preceding the first (most 

amino-terminal-encoding) EcoRI site of pRB3324 and 20nt of homology to the 5’ 

loxP site of pUG6, in conjunction with an oligonucleotide (KanMX r1) homologous 

to a sequence of KanMX near the 3’ end.  The second product was generated 

using an oligonucleotide (KanMX f1) homologous to a sequence near the 5’ 

coding sequence of KanMX in conjunction with an oligonucleotide ("N-deg R lox 

R") containing 40nt of homology to the second (most carboxyl-encoding) EcoRI 

site of pRB3324 and 20nt of homology to the 3’ loxP site of pUG6.  Plasmid 

pRB3324 was cut with EcoRI and used with the two oligonucleotides described 

above to transform yeast cells selecting for kanamycin (G418 sulfate; Cellgro) 

resistance.  The resulting plasmid, pRB3326, recovered by transformation of the 

yeast DNA into E. coli, is a generic template for generating PCR products for 

insertion at the initiator methionine of any yeast gene.  Fig. S6 shows the NDeg 

sequence that results from Cre-mediated loxP recombination of such a construct 

at any gene.  

NDeg-MET4 construction: To generate chromosomal NDeg-MET4 we 

used the following oligonucleotides:  1) an oligonucleotide (MET4-Tipi-F) 

comprising 40 nucleotides of homology to the sequence upstream, and including, 

the ATG of MET4, and 20 nucleotides encoding the first spacer amino acids at 

the start of the degron construct of pRB3326; and 2) an oligonucleotide (MET4-

Tipi-R) comprising 40 nucleotides of homology to the sequence downstream of 

the ATG (including an additional ATG) and 20 nucleotides of the loxP-modified 

spacer sequence at the end of the degron construct.  This PCR product was 
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used to transform a diploid (DBY12021/DBY12032) to kanamycin resistance.  

After recovery and verification of the clone containing this construct, we 

transformed the strain with pSH65 (Gueldener et al., 2002) containing a GAL1-

promoter driven Cre recombinase, selecting for resistance to phleomycin 

(Invivogen).  The strain was grown overnight in galactose-containing medium and 

plated for single colonies on YPD medium. The resulting colonies were screened 

for kanamycin resistance and the sensitive clones were PCR-verified to have lost 

the loxP-KanMX cassette. The strain was sporulated and haploids selected for 

epitope tagging.  

Wild type and the corresponding NDeg-MET4 strains were transformed 

with a PCR product to insert 13-Myc epitopes at the MET4 carboxyl terminus.   

pFA6a-13Myc-KanMX6 (Longtine et al., 1998) was used as a template for 

oligonucleotides (MET4-Myc-F and MET4-Myc-R) containing sequences 

adjacent to the stop codon of MET4 and in-frame 13Myc sequence (5’ primer) or 

TEF terminator sequences (3’ primer).  The resulting PCR fragment was 

transformed into cells selecting for kanamycin resistance.  Standard genetic 

crosses were performed to generate DBY12055 and DBY11440.  

NDeg-MET31 constrution:  We modified MET31 in a similar fashion to 

that of MET4.  Oligonucleotides for MET31-specific NDeg amplification were 

Met31-TIPI-F and Met31-TIPI-R.  The PCR product was used to transform a 

diploid to Kanamycin resistance.  The KanMX sequence was eliminated as 

above.  After sporulation both wild-type MET31 and NDeg-MET31 haploid strains 

were recovered.  Carboxy-terminal 13-Myc tags were appended to the sequence 
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of each variant as above.  Diploids were generated to contain GEV, TEV and 

each of the MET31 variants (DBY12234, NDeg-MET31-13Myc; DBY12235, 

MET31-13Myc) for protein extraction. 

β-Galactosidase Activity Assay: Assays were performed essentially as 

described in (Liu et al., 1999) with minor modifications. 5 mL of cells transformed 

with pCM64-GAL1 were grown to midlog phase in SC-URA medium at 30°C, 

then incubated at indicated temperatures for the indicated times with or without 

(a) 5 µL of ethanol (vehicle control), (b) 2 µL of 2.5 mM β-estradiol (Sigma) 

dissolved in ethanol (final concentration of 1 µM), (c) 5 µL of 1 mM DOC 

(deoxycorticosterone; Sigma) dissolved in ethanol (final concentration of 1 µM), 

or (d) 5 µL of 10 mM DOC dissolved in ethanol (final concentration of 10 µM). 

Cells (1 mL) were harvested by centrifugation, washed once with sterile H2O, and 

resuspended in 700 µl of Z buffer (100 mM sodium phosphate, pH 7.0, 10 mM 

KCl, 1 mM MgSO4, 50 mM β-mercaptoethanol). 50 µl of chloroform and 50 µl of 

0.1% SDS were added, and the cell suspension was vortex-mixed at top speed 

for 30 seconds followed by addition of 200 µl of 4 mg/ml ONPG (ortho-

nitrophenyl-β-galactoside; Sigma) was added to each sample and incubated at 

room temperature until pale yellow color appeared. 350 µl of 1 M Na2CO3 was 

added to stop the reactions. After clarification by centrifugation, the supernatant 

was diluted, and A420 was measured within the linear response range. Specific β-

galactosidase activity was calculated as follows: (A420 x 1000)/(A600 x (volume of 

cells examined in ml) x (time of incubation in minutes)) and reported in Miller 

units. 
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pCM64-GAL1 Plasmid: pCM64-GAL1 was a kind gift from Dr. Kevin 

Morano (University of Texas Health Science Center at Houston) and was 

constructed by inserting the promoter region of GAL1 in front of truncated lacZ 

into the plasmid pCM64, which was derived from pLG669Z (Guarente and 

Ptashne, 1981). 
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Table S1: Summary of yeast expression systems. Listed are the potential pros 
and cons of these systems 

  

 

 

 

 

Mode of induction 
(Promoter) 

 
Pros 

 
Cons References 

Glucose depletion 
(ADH2) 

 

Expression can be 
selectively activated during 

stationary phase 
Catabolite repressed (DaSilva and Lee, 2005) 

Methionine depletion 
(MET3, MET25), 

Phosphate depletion 
(PHO5) 

Not catabolite repressed Not gratuitous (requires 
nutrient switching) 

(Ronicke et al., 1997) 
(DaSilva and Lee, 2005) 

(Maya et al., 2008) 
 

Copper addition 
(CUP1) 

 
Not catabolite repressed Low dynamic range 

(Labbe and Thiele, 1999) 
(DaSilva and Lee, 2005) 

(Maya et al., 2008) 
 

Galactose addition 
(GAL1, GAL7, GAL10) 

Nearly gratuitous in a gal1∆ 
strain; fast-acting; very 

strong induction 

Catabolite repressed; 
Requires growth under poor 
carbon sources/low glucose 

to achieve high levels of 
induction  

(Adams, 1972) 
(Mumberg et al., 1994) 

GEV, β-estradiol 
addition 
(GAL1) 

Not catabolite repressed; 
fast induction (<5 minutes); 
nearly gratuitous in a gal1∆ 

strain 

GEV contains the Gal4 
DNA binding domain 

(Gao and Pinkham, 2000) 
(Quintero et al., 2007) 
(Veatch et al., 2009) 

Tet-on, doxycycline 
addition 

(tetO2, tetO7) 

Each of the tet systems 
utilizes non-native yeast 

proteins and inducers  
Leaky, low dynamic range (Belli et al., 1998) 

 

Dual Tet-on, 
doxycycline addition 

(tetO2, tetO7)  

Not leaky; high dynamic 
range 

Significant induction of 
target gene takes ~15 

minutes 

(Belli et al., 1998) 
(Alexander et al., 2010) 

Tet-off, Dual Tet-off, 
doxycycline  addition 

(tetO2, tetO7) 
Not leaky Not a rapid off-switch at the 

protein level 

(Gari et al., 1997) 
(Belli et al., 1998) 
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Table S2: Primers used in this study.  

Primer ID Primer Sequence 
GEVGFP-F GATGTTTACCGATGCCCTTGGAATTGACGAGTACGGTGGGggtgacggtgctggttta 
GEVGFP-R TTGACCTCTAATCATGCGGCCGCTCTAGAACTAGTGGATCtcgatgaattcgagctcg 
HTB2-F tactagggctgttaccaaatactcctcctctactcaagccGGTGACGGTGCTGGTTTA 
HTB2-R aaaagaaaacatgactaaatcacaatacctagtgagtgacTCGATGAATTCGAGCTCG 
MET4-Pgal1-F TGCTGTATGAGTCGCCTTCGTGGGACTGCTCCTGCTTCATTATAGTTTTTTCTCCTTGACG

TTAAAG 
MET4-Pgal1-R TCTCGTCAATAAAGCGCACTTCTGATAAGCACTTTTATTCGCAATTAAGAACTAAAAGATAT

AGAGTGC 
CBF1-Pgal1-F CCTCAGTAGAAAGCTTATTATTATTTGCCAGAGAGTTCATTATAGTTTTTTCTCCTTGACGT

TAAAG 
CBF1-Pgal1-R AGTGCTTAAAATATAATACGGTTTTCTACACTTTTATTAAGCAATTAAGAACTAAAAGATATA

GAGTGC 
TPS2-Pgal1-F AAACCAAAATAACACTGCCTGTCACTATTTCTGTGCCGAAGCAATTAAGAACTAAAAGAT 
TPS2-Pgal1-R TCTCTTCTTTGGAGAATTGTCTTGGGCAGTGGTGGTCATTATAGTTTTTTCTCCTTGACG 
MET4-Tipi-F AAAGCGCACTTCTGATAAGCACTTTTATTCCTTTTTTTCCACTGTGAACGATGTCTATTACT

TCTTTGTACAAG 
MET4-Tipi-R CCGTGCTGTATGAGTCGCCTTCGTGGGACTGCTCCTGCTTCATTAATAACTTCGTATAGCA

TAC 
MET4-Myc-F AAAAAGCTGAAAGCTTAAAGAAGCAAATTTTTGAGAAGGTTCAGAAAGAACGGATCCCCG

GGTTAATTAA 
MET4-Myc-R ATGCACGTATATATATATATATATATAATTAAACTGTATAGTCTGTTATTGAATTCGAGCTCG

TTTAAAC 
MET31-Tipi-F GTTGGGCTCAATATACACAGTCGATAGTCTATATGTGCATAT 

GTCTATTACTTCTTTGTACAAG 
MET31-Tipi-R GAGAAATATTTCATCTACATTCATGTCTTGCGCCAGTTT 

CATTAATAACTTCGTATAGCATAC 
overlap tipi to 
ycplac F 

TAACAATTTCACACAGGAAACAGCTATGACCATGATTACGTCTATTACTTCTTTGTAC 

overlap tipi to 
ycplac R 

CAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGCATCGATGAATTCTCTGTCG
TCC 

N-deg F +lox F GCTGGTTATGTTCCTATTCGAACTCCAGCTCATATGGATATAACTTCGTATAATGTATGC 
N-deg R lox R CGGCCGCATAGGCCACTAGTGGATCTGATATCATCGATAATAACTTCGTATAGCATAC 
ATG plus tipi start 
F fuse  

ATGTCTATTACTTCTTTGTACAAG 

lox rev fuse  CATTAATAACTTCGTATAGCATAC 
KanMX f1 GACTCACGTTTCGAGGCCGCG 
KanMX r1 TGGTATCGGTCTGCGATTCCGA 
cyc term with hph 
overlap 

CGCTCGAAGGCTTTAATTTGCGGCCGGTACGAAGCTTCAGAGCTTGCCTTGTCCCCGCCG
G 

gal1p from pct271 AGTACGGATTAGAAGCCGCCGAGCGGG 
cyc term rev F CTGAAGCTTCGTACCGGCCGC 
o-GIL 104-extR1 TGAGAAGTTGTTCTGAACAAAGTAAAAAAAAGAAGTATACTAATACGACTCACTATAGGG 
cyc term F - ura3 
prom F 

TGGGACGCTCGAAGGCTTTAATTTGCGGCCGGTACGAAGCTTCGATTCGGTAATCTCCGA
ACAG 

gal1 end R - ura3 
term R 

TGAGAAGTTGTTCTGAACAAAGTAAAAAAAAGAAGTATACTTAAGGGTAATAACTGATATAA
TTAAATTG 

ACT1-
GEV_to_CAN1 
FOR 

GCACAAATTAGCAGAAAGAAGAGTGGTTGCGAACAGAGTAAACCGAATCAGGGAATCCCG
GCGCGCCGCCTCTACCTTGCAGACC 

ACT1-
GEV_to_CAN1 
REV 

CGGTGTATGACTTATGAGGGTGAGAATGCGAAATGGCGTGGAAATGTGATCAAAGGGGAT
CCTACCCACCGTACTCGTCAATTCC 
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 Table S3: CBF1 FISH probes 
The thymidines surrounded by asterisks are amino-allyl-Cy3 dye labeled. 
 

Probe 
ID 

Probe Sequence 

cbf1-15 *T*CT CTT TGC TTT T*T*C CTG GCC TCG CTG *T*AG TTC TGC 
TCC *T*CG TTA TAG CCT C*T*T 

cbf1-31 *T*TC GCG TTC GTT *T*GA TTA GAT GTG *T*GG GCA TCA GAA 
C*T*A TCT TCC TGG CCC *T*GG 

cbf1-48 *T*TC TGG CCC ACG A*T*C GTG TTC TGC CAA *T*GG TAT GAG 
CAT G*T*C GTT TTT AGA T*T*G 

cbf1-57 *T*TA CTT GAT TCT C*T*C ACG GGC AGG AGG *T*CG CTT AAA 
ACG T*T*G ATT GCA GTG T*T*G 

cbf1-68 *T*CC CAG TTC TTC C*T*G CAG TTT CTC A*T*T TGC ACT GGC 
TAA *T*TG CGA TGC GTT T*T*G 

 
 



 

 

FIGURE S1: The GEV-GFP fusion protein is functional. Cells containing GEV-

GFP and a GAL1-mCherry fusion are grown in the absence (top) or presence 

(bottom) of β-estradiol for two hours. The strain used in this experiment is 

DBY12168. 

 

 

 

 

 

 

 

 



 

 

FIGURE S2: GEV induction of PGAL1-MET4 transcripts. We followed transcription 

of PGAL1-MET4 induced by GEV by microarray (strain = DBY12099), with 

DBY12001 RNA as a reference. Values are normalized to t = 0.  

 

 

 

 

 



 

 

FIGURE S3: GEV has reduced activity at 37˚C, as measured from in DBY12100 

+ PGAL1-lacZ reporter plasmid (pCM64-GAL1). Log-phase cells were grown at 

30˚C, before either being maintained at 30˚C (left) or heat shocked at 37˚C for 15 

minutes (middle, right). Cells were then pulsed with 1 µM β-estradiol and 

transferred to either 30˚C (left, middle) or 37˚C (right). After two hours of 

incubation, lacZ activity was measured.    

 

 

 



 

FIGURE S4: GEV is not induced by the hormone deoxycorticosterone, an 

inducer of glucocorticoid receptors. As in Fig. S3, Log-phase DBY12100 + 

pCM64 were incubated with the indicated amount of β-estradiol or 

deoxycorticosterone for 2 hours and lacZ activity was then measured. 

 

 

 

 

 

 

 



 

FIGURE S5: Amino acid and DNA sequence resulting from Cre-mediated loxP 

excision of the Kan/NDeg cassette inserted at any gene.  The last ATG is the first 

ATG of the wild type gene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

FIGURE S6: Strategy for generating PCR products for integrating NDeg at the 

ATG of the gene of interest.  kan F1 and kan R1 are fixed sequences that can be 

used for all PCRs.  Two gene-specific oligonucleotides are constructed with 

homology to the loxP sites and sequence overlap around the ATG of the target 

gene.  The reverse primer is designed to be in frame with the loxP encoded ORF.  

Gene specific primers can be used together.  Alternatively, the forward primer is 

used in conjunction with kan R1, and the reverse primer is used with kan F1. 

 

 

 

 

 

 

 



 

 

FIGURE S7: The number of genes that are induced or repressed >2-fold via 

GEV overexpression in DBY12021. These values were computed from the 

microarray data shown in Figure 6.  

 

 



 

 

FIGURE S8: Demonstration of the met phenotype of NDeg-MET4.  In the 

presence of β-estradiol, NDeg-MET4 is met-.  gal1∆::TEV-URA3 is equally as 

effective as gal1∆::TEV-HphMX. 
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