




Figure 3.15: Gcn4 binding in AAS acts cooperatively
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Synthetic promoters in a yeast strain bearing avi-tagged Gcn4 were grown in AAS conditions, 

ChIPed, and specifically sequenced. The resulting occupancy scores were normalized to the max 

of the mean occupancy by number of Gcn4 sites and fit with a Hill function with the Hill 

coefficient constrained to 1 (red) or allowed to vary (blue, Hill coefficient = 2.56; P<e-16, t-test).
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Figure 3.16: Nrg1-Gcn4 interaction negatively affects Gcn4 occupancy
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Avi-tagged Gcn4 strains carrying synthetic promoters were grown in AAS media and ChIPed as 

per methods. Top: a linear model built only using the number of Gcn4 sites as a predictor. 

Bottom: a linear model built using the number of Gcn4 sites and the interaction between the 

number of Gcn4 sites and the number of Nrg1 sites.  All parameters are significant by t-test (P< 

10-6).
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Figure 3.17: The Gcn4 site functions as a weak repressor in glucose and a strong activator 

in AAS
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Strains bearing synthetic promoters with avi-tagged Gcn4 were grown to mid-log phase in 

glucose and formaldehyde-fixed or switched to AAS media, grown for six hours and 

formaldehyde-fixed. Expression was measured via flow cytometry.  The expression of promoters 

is plotted versus the total number of Gcn4 sites. The blue line is a regression of expression on the 

number of Gcn4 sties. In glucose (A), the Gcn4 site is weakly repressing but in AAS (B) it is 

strongly activating.
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Figure 3.18: Occupancy of Gcn4 is positively correlated with expression
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Expression is plotted as a function of relative occupancy for synthetic promoters in strains 

bearing avi-tagged Gcn4. There is a clear positive correlation between occupancy and expression 

in AAS.  There is also a positive correlation in glucose, despite the Gcn4 site behaving like a 

repressor in that condition. This suggests that another factor is competing with Gcn4 for binding 

in glucose.
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Figure 3.19:  Fit of occupancy and expression by thermodynamic model, with competitive 

binding
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Synthetic bearing promoters with myc-C-avi-tagged Cbf1 or myc-C-avi-tagged Gcn4 were 

grown in glucose and AAS conditions and assayed for occupancy and expression as described in 

Methods. Both sets of data were used to fit a thermodynamic model of transcriptional regulation 

that incorporated competitive binding with Gcn4. x-axis: Observed values, either expression 

(left) or relative occupancy (right). y-axis: values predicted by the thermodynamic model.
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Tables

Table 3.1: Summary of usable promoters for expression analysis

Tagged TF Total, Glucose Unique, 
Glucose

Total, AAS Unique, AAS

Cbf1 529 218 374 125

Gcn4 614 213 396 114

Met31a 643 271 475 170

Nrg1a 634 271 393 139

aOmitted from expression analysis due to lack of ChIP signal for occupancy analysis.

Cbf1, Gcn4, Met31, and Nrg1 were tagged with the myc-C-avi tag (van Werven and Timmers, 

2006) in a strain harboring the bacterial biotin ligase BirA.  Synthetic promoters containing sites 

for all four factors were constructed in each strain.  960 colonies were picked for each library, 

purified, sequenced, then grown in glucose and AAS.  The library members were crosslinked, 

then run on a Beckman Coulter Cell Lab Quanta SC flow cytometer.  The numbers shown are the 

number of strains for which sequence information was determined and for which a reliable 

fluorescence value was obtained.  
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Table 3.2: Summary of usable promoters for occupancy analysis

Tagged TF Glucose AAS

Cbf1 290 291

Gcn4 199 229

Met31a 0 0

Nrg1a 0 0

aNo observable ChIP signal.

ChIP was performed on the libraries of synthetic promoters and the promoters specifically 

sequenced as described in Methods. Promoters with fewer than 50 reads in the input replicates 

were discarded.  Met31 and Nrg1 showed no specific enrichment, so all promoters were 

discarded. The table summarizes the total number of promoters used for analysis for each factor 

and condition.
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Table 3.3: Parameter values from thermodynamic model fitting to be finished

Fit Type Parameter Value (+/- 95% CI)

Expression only ∆GCbf1-DNA,glucose 1.32±0.71

Expression only ∆GMet31/Met32-DNA,glucose 0.53±0.78

Expression only ∆GNrg1-DNA,glucose 0.41±0.47

Expression only ΔGCbf1,tagged−RNAP -3.84±0.71

Expression only ΔGCbf1,untagged−RNAP -1.14±0.72

Expression only ΔGGcn4,aas−RNAP -1.55±0.32

Expression only ΔGGcn4,gluc−RNAP 0.48±0.33

Expression only ΔGMet31/Met32−RNAP -1.11±0.32

Expression only ΔGNrg1−RNAP 5.08±35.7

Expression only ∆GRNAP-DNA -0.53±.28

Occupancy only ∆GCbf1-DNA,glucose 3.00±1.86

Occupancy only ∆GCbf1-DNA,AAS 2.91±1.87

Occupancy only ∆GGcn4-DNA,glucose 5.80± 2.17

Occupancy only ∆GGcn4-DNA,AAS 3.06± 1.82

Occupancy only ∆GGcn4-Gcn4 -2.62±1.24

Occupancy only ∆GGcn4-Nrg1 1.02±0.65

Expression and Occupancy ∆GCbf1-DNA,glucose 4.87*

Expression and Occupancy ∆GGcn4-DNA,glucose 2.92*

Expression and Occupancy ∆GMet31/Met32-DNA,glucose 0.6*

Expression and Occupancy ∆GNrg1-DNA,glucose -1.26*

Expression and Occupancy ∆GCbf1-DNA,AAS 4.95*

Expression and Occupancy ∆GGcn4-DNA,AAS 1.23*

Expression and Occupancy ∆GRNAP 1.00*
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Fit Type Parameter Value (+/- 95% CI)

Expression and Occupancy ∆GCbf1,tagged-RNAP -5.36*

Expression and Occupancy ∆GGcn4-RNAP,glucose 17.65*

Expression and Occupancy ∆GMet31/32-RNAP -0.42*

Expression and Occupancy ∆GNrg1-RNAP 0.49*

Expression and Occupancy ∆GCbf1,untagged-RNAP -3.15*

Expression and Occupancy ∆GGcn4-RNAP, AAS -0.60*

Expression and Occupancy ∆GGcn4-Gcn4 -2.01*

Expression and Occupancy ∆GGcn4-Nrg1 -3.00*

Expression and Occupancy, 
Competitive

∆GCbf1-DNA,Glucose 5.04±9.89    

Expression and Occupancy, 
Competitive

∆GGcn4,Glucose 3.82±1.77  

Expression and Occupancy, 
Competitive

∆GMet31/Met32-DNA,glucose -1.30±-0.41    

Expression and Occupancy, 
Competitive

∆GNrg1-DNA,glucose -0.93±1.49

Expression and Occupancy, 
Competitive

∆GCbf1-DNA,AAS 5.13±9.89

Expression and Occupancy, 
Competitive

∆GGcn4-DNA,AAS 0.64±0.34

Expression and Occupancy, 
Competitive

∆GRNAP 0.92±0.22

Expression and Occupancy, 
Competitive

∆GCbf1,tagged-RNAP -5.54±10.0

Expression and Occupancy, 
Competitive

∆GGcn4-RNAP,glucose -0.82±0.34

Expression and Occupancy, 
Competitive

∆GMet31/32-RNAP -0.38±0.21

Expression and Occupancy, 
Competitive

∆GNrg1-RNAP 0.52±0.29

Expression and Occupancy, 
Competitive

∆GCbf1,untagged-RNAP -3.3±9.63
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Fit Type Parameter Value (+/- 95% CI)

Expression and Occupancy, 
Competitive

∆GGcn4-RNAP, AAS 0.31±0.22

Expression and Occupancy, 
Competitive

∆GGcn4-Gcn4 -1.78±0.56

Expression and Occupancy, 
Competitive

∆GGcn4-Nrg1 3.6±12.90

* Confidence interval estimates could not be calculated due to numerical instabilities introduced 

by the ∆GGcn4-RNAP, glucose parameter.
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Table 3.4: Overall fits and cross validation results

Data Used # Parameters Expression R2 Occupancy R2 Cross Validation

Expression-only 10 0.53 0.36 0.53

Occupancy-only 6 NA 0.57 0.57

Expression and 
Occupancy, 
noncompetitive 

15 0.425 0.556 0.42 (expression)
0.56(occupancy)

Expression and 
Occupancy, 
competitive

15 0.431 0.554 0.43 (expression)
0.56 (occupancy)

Expression, occupancy, or expression and occupancy were modeled using the thermodynamic 

model described in Methods.  Each model was fit with the number of parameters indicated (see 

Table 3.3 for specific parameter details).  The model fit with only expression was also used to 

predict occupancy.  The occupancy-only model cannot be used to predict expression since fitting 

of RNAP interaction terms was not attempted with only occupancy data.  When fitting with 

expression and occupancy, the Gcn4 site was modeled without and with competitive binding 

(noncompetitive and competitive, respectively).  Five-fold cross validation was performed on all 

models and and the mean R2 across the validations is reported in the Cross Validation column.
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Table 3.5: Barcoded “well” and “plate” PCR primers used for library sequencing.

Sequence Barcode Use

CTACGTCGACACACACTTAATCGTTCTTCCACACGGATC ACACACT WA1a

CTACGTCGACACACTACTAATCGTTCTTCCACACGGATC ACACTAC WA2a

CTACGTCGACACAGATGTAATCGTTCTTCCACACGGATC ACAGATG WA3a

CTACGTCGACACATCGTTAATCGTTCTTCCACACGGATC ACATCGT WA4a,
CLP1b

CTACGTCGACACATGAGTAATCGTTCTTCCACACGGATC ACATGAG WA5a,
CLP2b

CTACGTCGACACGAGACTAATCGTTCTTCCACACGGATC ACGAGAC WA6a,
CLP3b

CTACGTCGACACGTCTGTAATCGTTCTTCCACACGGATC ACGTCTG WA7a,
CAP1b

CTACGTCGACACTACTATAATCGTTCTTCCACACGGATC ACTACTA WA8a,
CAP2b

CTACGTCGACACTAGCTTAATCGTTCTTCCACACGGATC ACTAGCT WA9a,
CAP3b

CTACGTCGACACTATGCTAATCGTTCTTCCACACGGATC ACTATGC WA10a,
GLP1b

CTACGTCGACACTGAGATAATCGTTCTTCCACACGGATC ACTGAGA WA11a,
GLP2b

CTACGTCGACACTGCATTAATCGTTCTTCCACACGGATC ACTGCAT WA12a

CTACGTCGACAGACAGCTAATCGTTCTTCCACACGGATC AGACAGC WB1a

CTACGTCGACAGAGCACTAATCGTTCTTCCACACGGATC AGAGCAC WB2a

CTACGTCGACAGATGCATAATCGTTCTTCCACACGGATC AGATGCA WB3a

CTACGTCGACAGCAGCGTAATCGTTCTTCCACACGGATC AGCAGCG WB4a,
GLP3b

CTACGTCGACAGCATGATAATCGTTCTTCCACACGGATC AGCATGA WB5a,
GAP1
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Sequence Barcode Use

CTACGTCGACAGCGAGTTAATCGTTCTTCCACACGGATC AGCGAGT WB6a,
GAP2b

CTACGTCGACAGCTATCTAATCGTTCTTCCACACGGATC AGCTATC WB7a,
GAP3b

CTACGTCGACAGCTCATTAATCGTTCTTCCACACGGATC AGCTCAT WB8a,
MLP1b

CTACGTCGACAGTACAGTAATCGTTCTTCCACACGGATC AGTACAG WB9a,
MLP2b

CTACGTCGACATAGCGATAATCGTTCTTCCACACGGATC ATAGCGA WB10a,
MLP3b

CTACGTCGACATCACACTAATCGTTCTTCCACACGGATC ATCACAC WB11a, 
MAP1b

CTACGTCGACATCTACATAATCGTTCTTCCACACGGATC ATCTACA WB12a,
MAP2b

CTACGTCGACATGCAGACTAATCGTTCTTCCACACGGATC ATGCAGAC WC1a

CTACGTCGACATGCTCGCTAATCGTTCTTCCACACGGATC ATGCTCGC WC2a

CTACGTCGACCACACATCTAATCGTTCTTCCACACGGATC CACACATC WC3a

CTACGTCGACCACTACGCTAATCGTTCTTCCACACGGATC CACTACGC WC4a,
GAK3b

CTACGTCGACCACTCTCCTAATCGTTCTTCCACACGGATC CACTCTCC WC5a

CTACGTCGACCAGATAGCTAATCGTTCTTCCACACGGATC CAGATAGC WC6a

CTACGTCGACCAGCGCTCTAATCGTTCTTCCACACGGATC CAGCGCTC WC7a

CTACGTCGACCATATCACTAATCGTTCTTCCACACGGATC CATATCAC WC8a

CTACGTCGACCATGATCCTAATCGTTCTTCCACACGGATC CATGATCC WC9a

CTACGTCGACCGACGAGCTAATCGTTCTTCCACACGGATC CGACGAGC WC10a,
MAP3b

CTACGTCGACCGAGACGCTAATCGTTCTTCCACACGGATC CGAGACGC WC11a,
NLP1b
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Sequence Barcode Use

CTACGTCGACCGATAGACTAATCGTTCTTCCACACGGATC CGATAGAC WC12a

CTACGTCGACCGCGCTGCTAATCGTTCTTCCACACGGATC CGCGCTGC WD1a

CTACGTCGACCGCTGACCTAATCGTTCTTCCACACGGATC CGCTGACC WD2a

CTACGTCGACCGTCACACTAATCGTTCTTCCACACGGATC CGTCACAC WD3a

CTACGTCGACCGTGTATCTAATCGTTCTTCCACACGGATC CGTGTATC WD4a

CTACGTCGACCTACAGTCTAATCGTTCTTCCACACGGATC CTACAGTC WD5a

CTACGTCGACCTAGCATCTAATCGTTCTTCCACACGGATC CTAGCATC WD6a

CTACGTCGACCTATATGCTAATCGTTCTTCCACACGGATC CTATATGC WD7a

CTACGTCGACCTCAGCACTAATCGTTCTTCCACACGGATC CTCAGCAC WD8a

CTACGTCGACCTCGAGCCTAATCGTTCTTCCACACGGATC CTCGAGCC WD9a

CTACGTCGACCTCGTAGCTAATCGTTCTTCCACACGGATC CTCGTAGC WD10a,
NLP2b

CTACGTCGACCTCTCGTCTAATCGTTCTTCCACACGGATC CTCTCGTC WD11a,
NLP3b

CTACGTCGACCTGACGCCTAATCGTTCTTCCACACGGATC CTGACGCC WD12a,
NAP1b

CTACGTCGACCTGCGACGCTAATCGTTCTTCCACACGGATC CTGCGACGC WE1a

CTACGTCGACCTGTCAGGCTAATCGTTCTTCCACACGGATC CTGTCAGGC WE2a

CTACGTCGACGACATCTGCTAATCGTTCTTCCACACGGATC GACATCTGC WE3a

CTACGTCGACGACGCGAGCTAATCGTTCTTCCACACGGATC GACGCGAGC WE4a,
NAP2b

CTACGTCGACGAGACACGCTAATCGTTCTTCCACACGGATC GAGACACGC WE5a

CTACGTCGACGAGCACGGCTAATCGTTCTTCCACACGGATC GAGCACGGC WE6a

CTACGTCGACGAGTAGCGCTAATCGTTCTTCCACACGGATC GAGTAGCGC WE7a,
NAP3b

CTACGTCGACGAGTGTAGCTAATCGTTCTTCCACACGGATC GAGTGTAGC WE8a
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Sequence Barcode Use

CTACGTCGACGATAGATGCTAATCGTTCTTCCACACGGATC GATAGATGC WE9a

CTACGTCGACGATCAGAGCTAATCGTTCTTCCACACGGATC GATCAGAGC WE10a,
CLK1b

CTACGTCGACGATGTAGGCTAATCGTTCTTCCACACGGATC GATGTAGGC WE11a,
CLK2b

CTACGTCGACGCACTCAGCTAATCGTTCTTCCACACGGATC GCACTCAGC WE12a,
CLK3b

CTACGTCGACGCAGAGTGCTAATCGTTCTTCCACACGGATC GCAGAGTGC WF1a

CTACGTCGACGCAGCAGGCTAATCGTTCTTCCACACGGATC GCAGCAGGC WF2a

CTACGTCGACGCGACGAGCTAATCGTTCTTCCACACGGATC GCGACGAGC WF3a,
CAK1b

CTACGTCGACGCTCATGGCTAATCGTTCTTCCACACGGATC GCTCATGGC WF4a,
CAK2b

CTACGTCGACGCTCGACGCTAATCGTTCTTCCACACGGATC GCTCGACGC WF5a,
CAK3b

CTACGTCGACGTACATCGCTAATCGTTCTTCCACACGGATC GTACATCGC WF6a

CTACGTCGACGTAGACAGCTAATCGTTCTTCCACACGGATC GTAGACAGC WF7a

CTACGTCGACGTATCACGCTAATCGTTCTTCCACACGGATC GTATCACGC WF8a

CTACGTCGACGTCACTGGCTAATCGTTCTTCCACACGGATC GTCACTGGC WF9a,
GLK1b

CTACGTCGACGTCTGATGCTAATCGTTCTTCCACACGGATC GTCTGATGC WF10a

CTACGTCGACGTGAGCGGCTAATCGTTCTTCCACACGGATC GTGAGCGGC WF11a,
GLK2b

CTACGTCGACGTGCTATGCTAATCGTTCTTCCACACGGATC GTGCTATGC WF12a,
GLK3b

CTACGTCGACGTGTACTAGCTAATCGTTCTTCCACACGGATC GTGTACTAGC WG1a

CTACGTCGACTACACTAAGCTAATCGTTCTTCCACACGGATC TACACTAAGC WG2a
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Sequence Barcode Use

CTACGTCGACTACAGAGAGCTAATCGTTCTTCCACACGGATC TACAGAGAGC WG3a,
GAK1b

CTACGTCGACTACGACTAGCTAATCGTTCTTCCACACGGATC TACGACTAGC WG4a,
GAK2b

CTACGTCGACTAGAGCAAGCTAATCGTTCTTCCACACGGATC TAGAGCAAGC WG5a

CTACGTCGACTAGCTACAGCTAATCGTTCTTCCACACGGATC TAGCTACAGC WG6a,
CAK3b

CTACGTCGACTAGTCGTAGCTAATCGTTCTTCCACACGGATC TAGTCGTAGC WG7a

CTACGTCGACTATATGTAGCTAATCGTTCTTCCACACGGATC TATATGTAGC WG8a

CTACGTCGACTATCGCGAGCTAATCGTTCTTCCACACGGATC TATCGCGAGC WG9a,
MLK1b

CTACGTCGACTATGCACAGCTAATCGTTCTTCCACACGGATC TATGCACAGC WG10a,
MLK2b

CTACGTCGACTCACGATAGCTAATCGTTCTTCCACACGGATC TCACGATAGC WG11a,
MLK3b

CTACGTCGACTCATAGCAGCTAATCGTTCTTCCACACGGATC TCATAGCAGC WG12a,
MAK1

CTACGTCGACTCATGTAAGCTAATCGTTCTTCCACACGGATC TCATGTAAGC WH1a

CTACGTCGACTCGACATAGCTAATCGTTCTTCCACACGGATC TCGACATAGC WH2a

CTACGTCGACTCGCACAAGCTAATCGTTCTTCCACACGGATC TCGCACAAGC WH3a

CTACGTCGACTCTATAGAGCTAATCGTTCTTCCACACGGATC TCTATAGAGC WH4a,
MAK2b

CTACGTCGACTCTGACGAGCTAATCGTTCTTCCACACGGATC TCTGACGAGC WH5a,
MAK3b

CTACGTCGACTGAGTAGAGCTAATCGTTCTTCCACACGGATC TGAGTAGAGC WH6a,
NLK1b

CTACGTCGACTGCATACAGCTAATCGTTCTTCCACACGGATC TGCATACAGC WH7a,
NLK2b
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Sequence Barcode Use

CTACGTCGACTGCGTCAAGCTAATCGTTCTTCCACACGGATC TGCGTCAAGC WH8a,
NLK3b

CTACGTCGACTGCTCGAAGCTAATCGTTCTTCCACACGGATC TGCTCGAAGC WH9a,
NAK1b

CTACGTCGACTGCTGTGAGCTAATCGTTCTTCCACACGGATC TGCTGTGAGC WH10a,
NAK2b

CTACGTCGACTGTAGTCAGCTAATCGTTCTTCCACACGGATC TGTAGTCAGC WH11a,
NAK3b

CTACGTCGACTGTCAGTAGCTAATCGTTCTTCCACACGGATC TGTCAGTAGC WH12a

ACGTACAATTGACGATGTTGAGAACGGTTCGGCATTG ACGAT Cbf1 P1a

ACGTACAATTGACGCAGTTGAGAACGGTTCGGCATTG ACGCA Cbf1 P2a

ACGTACAATTGACGTGGTTGAGAACGGTTCGGCATTG ACGTG Cbf1 P3a

ACGTACAATTGAGCGCGTTGAGAACGGTTCGGCATTG AGCGC Cbf1 P4a

ACGTACAATTGAGCTGGTTGAGAACGGTTCGGCATTG AGCTG Cbf1 P5a

ACGTACAATTGAGTCGGTTGAGAACGGTTCGGCATTG AGTCG Cbf1 P6a

ACGTACAATTGATATGGTTGAGAACGGTTCGGCATTG ATATG Cbf1 P7a

ACGTACAATTGATGACGTTGAGAACGGTTCGGCATTG ATGAC Cbf1 P8a

ACGTACAATTGATGTAGTTGAGAACGGTTCGGCATTG ATGTA Cbf1 P9a

ACGTACAATTGCACGAGTTGAGAACGGTTCGGCATTG CACGA Cbf1 P10a

ACGTACAATTGCAGATTGTTGAGAACGGTTCGGCATTG CAGATT Met31 P1a

ACGTACAATTGCAGTGTGTTGAGAACGGTTCGGCATTG CAGTGT Met31 P2a

ACGTACAATTGCGACATGTTGAGAACGGTTCGGCATTG CGACAT Met31 P3a

ACGTACAATTGCGAGCTGTTGAGAACGGTTCGGCATTG CGAGCT Met31 P4a

ACGTACAATTGCGTAGTGTTGAGAACGGTTCGGCATTG CGTAGT Met31 P5a

ACGTACAATTGCGTCTTGTTGAGAACGGTTCGGCATTG CGTCTT Met31 P6a

ACGTACAATTGCGTGATGTTGAGAACGGTTCGGCATTG CGTGAT Met31 P7a

104



Sequence Barcode Use

ACGTACAATTGCTCTATGTTGAGAACGGTTCGGCATTG CTCTAT Met31 P8a

ACGTACAATTGCTGAGTGTTGAGAACGGTTCGGCATTG CTGAGT Met31 P9a

ACGTACAATTGCTGTCTGTTGAGAACGGTTCGGCATTG CTGTCT Met31 
P10a

ACGTACAATTGGACATACGTTGAGAACGGTTCGGCATTG GACATAC Nrg1 P1a

ACGTACAATTGGACTGACGTTGAGAACGGTTCGGCATTG GACTGAC Nrg1 P2a

ACGTACAATTGGATCGACGTTGAGAACGGTTCGGCATTG GATCGAC Nrg1 P3a

ACGTACAATTGGATGTACGTTGAGAACGGTTCGGCATTG GATGTAC Nrg1 P4a

ACGTACAATTGGCACAACGTTGAGAACGGTTCGGCATTG GCACAAC Nrg1 P5a

ACGTACAATTGGCGACACGTTGAGAACGGTTCGGCATTG GCGACAC Nrg1 P6a

ACGTACAATTGGCGCGACGTTGAGAACGGTTCGGCATTG GCGCGAC Nrg1 P7a

ACGTACAATTGGCGTAACGTTGAGAACGGTTCGGCATTG GCGTAAC Nrg1 P8a

ACGTACAATTGGTACGACGTTGAGAACGGTTCGGCATTG GTACGAC Nrg1 P9a

ACGTACAATTGGTGATACGTTGAGAACGGTTCGGCATTG GTGATAC Nrg1 P10a

ACGTACAATTGGTGTGCACGTTGAGAACGGTTCGGCATTG GTGTGCAC Gcn4 P1a

ACGTACAATTGTAGCGCACGTTGAGAACGGTTCGGCATTG TAGCGCAC Gcn4 P2a

ACGTACAATTGTATAGCACGTTGAGAACGGTTCGGCATTG TATAGCAC Gcn4 P3a

ACGTACAATTGTATCTCACGTTGAGAACGGTTCGGCATTG TATCTCAC Gcn4 P4a

ACGTACAATTGTATGACACGTTGAGAACGGTTCGGCATTG TATGACAC Gcn4 P5a

ACGTACAATTGTCGAGCACGTTGAGAACGGTTCGGCATTG TCGAGCAC Gcn4 P6a

ACGTACAATTGTCTATCACGTTGAGAACGGTTCGGCATTG TCTATCAC Gcn4 P7a

ACGTACAATTGTCTGCCACGTTGAGAACGGTTCGGCATTG TCTGCCAC Gcn4 P8a

ACGTACAATTGTGACGCACGTTGAGAACGGTTCGGCATTG TGACGCAC Gcn4 P9a

ACGTACAATTGTGAGTCACGTTGAGAACGGTTCGGCATTG TGAGTCAC Gcn4 P10a
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aW = Well and P = Plate, so WA1 is Well A1 and P1 is Plate 1. 
bChIPed sample barcode: C=Cbf1-tagged; G=Gcn4-tagged; A=AAS; L=Glucose; K=Input; P=IP; 1-3=Sample 
replicate. So CLP1=Cbf1-tagged IP in glucose, replicate 1.

Synthetic promoters were amplified by using one well-specific PCR primer and one plate-

specific PCR primer. Custom adapters were ligated on to the products and sequenced on an 

Illumina MiSEQ machine. A subset of well-specific primers were reused to barcode CHiP 

samples for multiplexing on an Illumina HiSEQ 2000. All primers are listed in 5’-3’ order.
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Table 3.6: Oligonucleotides used for strain manipulation, validation, PCR, and sequencing

Name Sequence Purpose

RZ84 5’-GATCGTATCACGTGCTTTAC-3’ Cbf1 site, forward

RZ85 3’-CATAGTGCACGAAATGCTAG-5’ Cbf1 site, reverse

RZ86 5’-GATCGTAATGACTCATTTAC-3’ Gcn4 site, forward

RZ87 3’-CATTACTGAGTAAATGCTAG-5’ Gcn4 site, reverse

RZ88 5’-GATCGTAGCCACAGTTTTAC-3’ Met 31/32 site, 
forward

RZ89 3’-CATCGGTGTCAAAATGCTAG-5’ Met 31/32 site, 
reverse

RZ90 5’-GATCGTATGAGGACCCTTAC-3’ Nrg1 site, forward

RZ91 3’-CATACTCCTGGGAATGCTAG-5’ Nrg1 site, reverse

RZ92 5’-CATTCTTACCCACTCCTGTTCTAG -3’ Gcn4 Avi-tagging 
check, upstream 
PCR primer

RZ93 5’-CGCGTCTGACTTCTAATCAGAAG-3’ Gcn4 Avi-tagging 
check, downstream 
PCR primer

RZ94 5’-CCGATGAAGCAAACATCGAAAAG -3’ Cbf1 Avi-tagging 
check, upstream 
PCR primer

RZ95 5’-TCCGTCCCGTCCTCTTTTAC -3’ Cbf1 Avi-tagging 
check, downstream 
PCR primer

RZ96 5-’CCGGAAAATATGGCTAGAGGTC -3’ Met31 Avi-tagging 
check, upstream 
PCR primer

RZ97 5’-GTACGTCACCACTTTGTGCG -3’ Met31 Avi-tagging 
check, downstream 
PCR primer
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Name Sequence Purpose

RZ98 5’-CGGAAGCAAAGAACAGATCCA -3’ Nrg1 Avi-tagging 
check, upstream 
PCR primer

RZ99 5’-CCAGACATGATCTTAAGCGGAAG -3’ Nrg1 Avi-tagging 
check, downstream 
PCR primer

RZ127 5’-
GACATGATAATTGCTTGCAACACTATAGAACACATT
TGAAAAAGGGACAAGGGATCGAGCAGAAGCTGAT 
-3’

myc-C-Avi tagging 
primer, Nrg1, 
upstream

RZ128 5’-
AGTGCGGAATAGTAGTACTGCTAATGAGAAAAACA
CGGGTATACCGTCAACTGCAGGTCGACAACCCTTA
AT -3’

myc-C-Avi tagging 
primer, Nrg1, 
downstream

RZ129 5’-
AACAAGAGAACGAAAGAAAAAGCACTAGGAGCG
ATAATCCACATGAGGCTGGGATCGAGCAGAAGCTG
AT -3’

myc-C-Avi tagging 
primer, Cbf1, 
upstream

RZ130 5’-
GTGCTATGGGGCAGAGACGCAGATACATAGGGAGA
CTCGAAATACATTTACTGCAGGTCGACAACCCTTA
AT -3’

myc-C-Avi tagging 
primer, Cbf1, 
downstream

RZ131 5’-
CTTTTTTGTGCCTTTGTTACGTCTATATTCTATTGAA
ACTGGAGCTCGTTTTCGACACTGG -3’

Insert PCORE into 
lys-2, upstream 
PCR primer

RZ132 5’-
TATTATATATTATTCTCGGAGTTTTTAAGTGACATCA
CCCTCCTTACCATTAAGTTGATC -3’

Insert PCORE into 
lys-2, downstream 
PCR primer

RZ133 5’-
CTTTTTTGTGCCTTTCTTACGTCTATATTCATTGAAA
CTGGACTGGGTCATGGCTGCG -3’

Insert BirA into 
lys-2, upstream 
PCR primer

RZ134 5’-
TATTATATATTATTCTCGGAGTTTTTAAGTGACATCA
CCCAAGCTTGCAAATTAAAGCCTTCGAG -3’

Insert BirA into 
lys-2, downstream 
PCR primer
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Name Sequence Purpose

RZ135 5’-
GCTCATCAAGGATGCGATAAAGAATGGTACCGGCC
TGTTGGGGATCGAGCAGAAGCTGAT -3’

myc-C-Avi tagging 
primer, Met31, 
upstream

RZ136 5’-
ATTCTACTTATCTCAATGGCTAAAGTATATATCTATCT
ATCTGCAGGTCGACAACCCTTAAT -3’

myc-C-Avi tagging 
primer, Met31, 
downstream

RZ137 5’-
AAATGAGGTTGCCAGATTAAAGAAATTAGTTGGCG
AACGCGGGATCGAGCAGAAGCTGAT -3’

myc-C-Avi tagging 
primer, Gcn4, 
upstream

RZ138 5’-
GCGTGGTGTAAAATTCTACTTAAGAAAATTGGCATA
AAAACTGCAGGTCGACAACCCTTAAT -3’

myc-C-Avi tagging 
primer, Gcn4, 
downstream

RZ143 5’-CGACCTCATGCTATACCTGAGAAAG -3’ myc-C-avi 
integration check 
PCR primer, 
upstream, internal 
to tag

RZ144 5’-TGGGGATGTATGGGCTAAATGTAC -3’ myc-C-Avi 
integration check 
PCR primer, 
downstream, 
internal to Kan

RZ147 5’-GCAGTTGCTTTCTCCTATGGGAAG -3’ PCORE and BirA 
integration check 
PCR primer, 
upstream

RZ148 5’-GAATTGGTCAGTATCGACCTGTGAA -3’ PCORE and Bira 
integration check 
PCR primer, 
downstream

RZ149 5’-GTTAGAAGAAAAGAGTCGGGATCTCTG -3’ BirA integration 
check PCR primer, 
upstream, internal 
to BirA
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RZ150 5’-CTGTACAGACGCGTGTACGC -3’ BirA integration 
check PCR primer, 
downstream, 
internal to BirA

RZ151 5’-TTAAGTCCGGGGATCCCCAG -3’ Universal myc-C-
Avi-tag sequencing 
primer, internal to 
Avi tag. 

RZ158 5’-GGGAGGAGTCATGGCAAATA -3’ Cbf1 ChIP check 
qPCR primer: 
ADE765.

RZ159 5’-CGTATACGGTGACGACGAGA -3’ 5’ PRIMER 
AROUND ADE756 
SET 2 SET 4

RZ169 5’-TAGGGGCTTAGCATCCACAC -3’ SUC2 qPCR 
Primer

RZ170 5’-TGGATACCTTCGACAGCTCA -3’ SUC2 qPCR 
Primer

RZ177 5’-CCCCTAAACATTCAGATTGTAAAC -3’ Gcn4 ChIP check 
qPCR primer 
(YJR109C)

RZ178 5’-TCTCGATGCTTACTCAAGGTG -3’ Gcn4 ChiP check 
qPCR primer 
(YJR109C)

RZ183 5’-GCCGCCACAGAAAACTTAC -3’ Met31 ChIP check 
qPCR primer 
(YNL278W)

RZ184 5’-GAGCTATGGGCAATTGTACG -3’ Met31 ChiP check 
qPCR primer 
(YNL278W)

RZ193 5’-CCGGAAAAGAAGGGAAAAAT -3’ Nrg1 ChIP check 
qPCR primer 
(YDR043C)
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RZ194 5’-CCTGCAGCCAGACTGTAGAA -3’ Nrg1 ChIP check 
qPCR primer 
(YDR043C)

RZ226 5’-CCCTCGTTCAATTGCTCACCTCGAC -3’ Custom read 1 
sequencing primer 
for sequencing 
synthetic 
promoters.

RZ227 5’-GCTCCCCATTTCACGAATTG-3’ Custom read 2 
sequencing primer 
for synthetic 
promoters

RZ230 /5Phos/
TCGAGGTGAGCAATTGAACGAGGGGTGTAGATCTC
GGTGGTCGCCGTATCATT -3’

Read 1 flow cell 
adapter and 
sequencing primer

RZ231 /5Phos/
AATTCGTGAAATGGGGAGCATCTCGTATGCCGTCTT
CTGCTTG -3’

Read 2 flow cell 
adapter and 
sequencing primer

RZ232 5’- 
AATGATACGGCGACCACCGAGATCTACACCCCTCG
TTCAATTGCTCACC -3’

Read 1 flow cell 
adapter and 
sequencing primer 
(reverse 
complement)

RZ233 5’- 
CAAGCAGAAGACGGCATACGAGATGCTCCCCATTT
CACG -3’

Read 2 flow cell 
adapter and 
sequencing primer 
(reverse 
complement)

RZ257.1 5’- 
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGC
ATTCCTGCTGAACCGCTCTTCCGATCTGTTGAGAAC
GGTTCGGCATTG -3’

Downstream pcr 
primer for synthetic 
promoter 
amplification for 
sequencing post-
ChIP (1/4)
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RZ257.2 5’- 
CAAGCAGAAGACGGCATACGACGATCGGTCTCGG
CATTCCTGCTGAACCGCTCTTCCGATCTCGTTGAGA
ACGGTTCGGCATTG -3’

Downstream pcr 
primer for synthetic 
promoter 
amplification for 
sequencing post-
ChIP (2/4)

RZ257.3 5’- 
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGC
ATTCCTGCTGAACCGCTCTTCCGATCTTAGTTGAGA
ACGGTTCGGCATTG -3’

Downstream pcr 
primer for synthetic 
promoter 
amplification for 
sequencing post-
ChIP (3/4)

RZ257.4 5’- 
CAAGCAGAAGACGGCATACGAGATCGGTCTCGGC
ATTCCTGCTGAACCGCTCTTCCGATCTACAGTTGAG
AACGGTTCGGCATTG -3’

Downstream pcr 
primer for synthetic 
promoter 
amplification for 
sequencing post-
ChIP (4/4)

RZ259 5’- TGTAATCGTTCTTCCACACGGATC -3’ qPCR Primer for 
library 
concentration 
check, post prep.

RZ260 5’- TTCCTGCTGAACCGCTCTTC-3’ qPCR Primer for 
library 
concentration 
check, post prep.
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Table 3.7: List of all promoters and condition-specific expression and occupancy values 

Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

c 4.48 1.96 4.48 1.92 Cbf1

C 4.87 2.15 4.51 2.11 Cbf1

cC 6.50 4.71 NA 4.27 Cbf1

cCcNC 6.84 8.60 NA 7.40 Cbf1

cCnGGn 3.34 3.04 5.89 4.04 Cbf1

cCNm 6.19 4.07 NA 4.09 Cbf1

cg 2.82 1.69 3.16 1.96 Cbf1

Cg 6.28 1.85 NA 2.14 Cbf1

cgg 2.06 0.03 5.04 0.03 Cbf1

cgGm 3.21 1.28 NA 1.63 Cbf1

CGGn 2.03 1.34 NA 1.70 Cbf1

cgm 6.62 1.57 NA 1.87 Cbf1

CgM 3.77 0.05 NA 0.05 Cbf1

cGN 3.96 1.30 NA 1.65 Cbf1

CgnM 4.04 NA NA NA Cbf1

cGnmM 5.47 1.58 NA 2.14 Cbf1

cgnN 1.80 0.85 4.34 1.38 Cbf1

cm 4.13 3.50 NA 2.68 Cbf1

CMcC 2.70 0.05 5.18 0.05 Cbf1

cmG 6.48 1.85 NA 2.18 Cbf1

cMgN 1.00 0.04 NA 0.05 Cbf1

cmM 6.05 2.28 NA 2.55 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

cmn 3.77 1.64 5.20 2.01 Cbf1

CMn 4.40 2.00 5.62 2.38 Cbf1

CMNgC 2.22 0.05 NA 0.05 Cbf1

CMnmg 5.88 1.78 NA 2.31 Cbf1

CMNMn 3.80 1.84 4.51 2.30 Cbf1

cN 3.94 1.66 4.20 1.91 Cbf1

Cn 2.91 1.97 3.13 2.08 Cbf1

CN 3.96 1.89 4.17 2.09 Cbf1

cNCCM 4.28 0.04 NA 0.04 Cbf1

Cng 4.68 1.48 NA 1.83 Cbf1

cngCnG 4.77 3.52 NA 3.63 Cbf1

cnGN 1.66 0.70 3.49 1.17 Cbf1

CNGNmn 0.89 0.72 1.77 1.01 Cbf1

cnm 6.83 NA NA NA Cbf1

cNM 4.00 1.68 NA 2.09 Cbf1

cnNm 2.45 1.06 3.54 1.34 Cbf1

g 1.73 0.10 3.16 0.10 Cbf1

G 1.60 0.10 3.06 0.09 Cbf1

gc 3.00 0.05 6.67 0.05 Cbf1

Gc 6.25 2.08 NA 2.26 Cbf1

GcgG 3.60 1.58 NA 1.61 Cbf1

GCgggn 2.41 1.78 NA 1.52 Cbf1

gcmm 7.61 1.96 NA 2.30 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

gCN 4.57 1.76 6.52 1.98 Cbf1

Gcn 4.41 1.61 NA 1.82 Cbf1

gg 2.80 0.99 NA 0.79 Cbf1

Gg 2.72 0.29 3.88 0.66 Cbf1

GG 2.23 0.10 4.88 0.10 Cbf1

gGCm 4.91 NA NA NA Cbf1

gGCn 5.02 1.89 8.19 2.27 Cbf1

gGm 2.50 0.08 4.75 0.09 Cbf1

gGM 2.04 0.05 NA 0.05 Cbf1

ggMMM 5.15 0.14 NA 0.15 Cbf1

GGmn 1.57 0.09 2.55 0.08 Cbf1

ggNm 1.17 0.04 3.82 0.03 Cbf1

gGnm 1.12 0.10 2.03 0.10 Cbf1

GGNmc 5.27 2.59 NA 3.10 Cbf1

ggnN 0.72 0.07 1.80 0.08 Cbf1

gM 4.55 0.07 NA 0.07 Cbf1

Gm 2.03 0.09 3.39 0.08 Cbf1

GM 2.42 0.45 4.19 0.23 Cbf1

GMC 8.63 2.14 NA 2.35 Cbf1

gMG 2.32 0.33 5.23 0.86 Cbf1

GmGg 2.57 NA 4.88 NA Cbf1

GmGggN 2.74 NA 4.95 NA Cbf1

Gmgm 1.95 NA NA NA Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

GmgmGG 2.33 NA NA NA Cbf1

gMgn 1.66 0.08 3.32 0.09 Cbf1

gMGn 1.59 0.10 3.20 0.13 Cbf1

Gmgnm 1.39 0.13 2.80 0.08 Cbf1

gmMc 5.72 NA NA NA Cbf1

GmmgC 7.54 3.92 NA 4.15 Cbf1

gn 3.37 1.15 NA 1.65 Cbf1

GN 1.26 0.08 2.47 0.09 Cbf1

gNC 6.22 1.90 NA 2.04 Cbf1

gng 2.04 0.07 3.04 0.09 Cbf1

gNGGNn 1.04 0.10 1.96 0.07 Cbf1

gNM 1.59 0.08 3.98 0.06 Cbf1

GNm 1.20 0.08 2.34 0.08 Cbf1

GNM 1.74 0.09 2.72 0.08 Cbf1

gnmG 6.21 NA NA NA Cbf1

GNmN 3.98 NA NA NA Cbf1

GnnCn 2.79 1.57 3.42 1.87 Cbf1

GnnMCn 4.18 1.95 NA 2.50 Cbf1

m 1.04 0.09 1.30 0.06 Cbf1

M 1.25 0.13 1.42 0.12 Cbf1

mc 5.38 2.28 NA 2.61 Cbf1

mC 6.72 2.27 3.85 2.52 Cbf1

MCG 5.94 2.04 NA 2.32 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

Mcggg 3.90 1.43 NA 1.82 Cbf1

mcm 8.11 2.08 NA 2.31 Cbf1

mCm 5.66 2.36 NA 2.64 Cbf1

MCMgMg 5.41 1.93 NA 2.18 Cbf1

mcn 4.14 1.83 NA 2.32 Cbf1

MCN 5.11 1.88 NA 2.12 Cbf1

MCnCn 1.91 0.04 2.59 0.04 Cbf1

MCnn 3.12 1.68 4.10 2.13 Cbf1

MCNN 1.18 0.05 1.92 0.03 Cbf1

mG 6.85 1.96 NA 2.14 Cbf1

Mg 2.25 0.27 3.86 0.13 Cbf1

MG 2.14 0.16 3.89 0.13 Cbf1

mgc 6.52 2.22 NA 2.44 Cbf1

Mgc 5.96 2.30 NA 2.42 Cbf1

MGCG 4.58 3.22 NA 3.27 Cbf1

MgcM 4.09 0.15 NA 0.65 Cbf1

MGCn 5.74 1.69 NA 2.04 Cbf1

MgG 2.13 0.13 NA 0.10 Cbf1

MGg 2.23 0.10 4.27 0.11 Cbf1

MggCNM 4.83 NA NA NA Cbf1

mggN 1.43 0.09 2.81 0.09 Cbf1

MGGNm 2.14 NA NA NA Cbf1

MGm 3.15 NA 5.13 NA Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

mGmC 3.54 0.06 NA 0.05 Cbf1

MGmCc 2.86 0.08 NA 0.08 Cbf1

MGmM 5.39 0.13 NA 0.11 Cbf1

mgMNc 2.94 0.06 NA 0.01 Cbf1

mGn 0.88 0.04 3.41 0.03 Cbf1

mGNc 5.60 2.20 NA 2.37 Cbf1

MGnGC 5.61 1.99 NA 2.27 Cbf1

mGNNG 1.17 0.09 2.90 0.09 Cbf1

mm 3.70 0.09 4.09 0.08 Cbf1

mM 3.34 0.20 4.94 NA Cbf1

MM 3.65 0.10 4.51 0.09 Cbf1

MMgc 4.43 0.06 NA 0.04 Cbf1

MMGN 1.56 0.09 3.79 0.10 Cbf1

mmm 4.32 0.10 NA 0.10 Cbf1

mmn 7.73 2.35 NA 2.70 Cbf1

MmnCMN 7.32 2.06 NA 2.05 Cbf1

MmNm 2.78 0.06 4.63 NA Cbf1

mn 0.63 0.08 0.87 0.07 Cbf1

Mn 0.76 0.09 0.87 0.07 Cbf1

MN 0.95 0.30 1.25 0.21 Cbf1

MNcg 3.92 4.41 NA 5.25 Cbf1

mnCn 1.47 0.03 2.83 0.04 Cbf1

MnG 0.80 0.06 1.33 0.08 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

MngG 1.20 0.04 5.00 0.03 Cbf1

mNGmm 3.31 0.09 NA 0.11 Cbf1

MNm 1.60 NA 2.22 NA Cbf1

MnMG 1.97 0.49 4.33 0.19 Cbf1

MNMG 1.32 0.12 NA 0.10 Cbf1

mnMGG 2.20 0.10 4.10 0.09 Cbf1

mNnc 1.48 0.04 2.18 0.03 Cbf1

MNnc 4.00 2.11 4.55 2.34 Cbf1

mnng 0.79 0.07 1.36 0.07 Cbf1

MnNgnG 1.02 0.08 1.61 0.09 Cbf1

n 0.61 0.11 0.59 0.06 Cbf1

N 0.84 0.10 0.89 0.07 Cbf1

nc 4.39 2.01 3.98 2.22 Cbf1

nC 4.63 1.90 3.96 2.14 Cbf1

Nc 2.36 0.19 NA 0.31 Cbf1

NC 1.96 0.47 2.13 0.63 Cbf1

NcG 5.31 1.81 NA 2.08 Cbf1

NCg 5.77 1.75 NA 1.92 Cbf1

NcGnGN 1.43 0.69 4.07 1.11 Cbf1

ncGNNm 1.36 0.72 3.43 0.99 Cbf1

ncM 4.80 1.88 NA 2.30 Cbf1

Ncm 5.31 1.81 7.46 2.17 Cbf1

NCmn 1.53 NA 4.29 NA Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

nCmnGm 5.59 1.14 NA 2.16 Cbf1

ncN 3.29 5.89 3.67 9.60 Cbf1

NCngG 2.19 1.13 4.98 1.51 Cbf1

nCnGm 3.22 1.08 6.55 1.77 Cbf1

nCNGNG 0.86 0.03 4.05 0.04 Cbf1

nCnm 3.98 1.42 5.49 1.87 Cbf1

nCNMCn 6.45 3.89 NA 4.19 Cbf1

ng 1.12 0.08 2.79 0.07 Cbf1

nG 1.14 0.08 2.66 0.07 Cbf1

Ng 1.52 0.11 3.01 0.11 Cbf1

NG 1.21 0.16 2.63 0.21 Cbf1

ngc 5.78 2.02 8.40 2.15 Cbf1

NGc 5.42 2.18 NA 2.50 Cbf1

NgCgg 5.14 NA NA NA Cbf1

nGcM 2.89 0.05 NA 0.05 Cbf1

nGcNm 4.86 1.20 NA 2.00 Cbf1

ngg 1.34 0.05 4.43 0.03 Cbf1

Ngg 1.52 0.16 2.64 0.18 Cbf1

nGgCNn 1.13 0.07 3.39 0.03 Cbf1

ngGm 6.60 0.09 NA 0.07 Cbf1

ngM 1.56 0.09 3.43 0.08 Cbf1

nGm 1.38 0.08 2.83 0.09 Cbf1

nGMGMC 7.00 2.46 NA 2.88 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

NGn 0.69 NA 1.30 NA Cbf1

NGnc 7.09 NA NA NA Cbf1

NgNGG 1.26 0.08 4.15 0.08 Cbf1

nm 0.83 0.11 1.10 0.11 Cbf1

Nm 0.96 0.08 1.20 0.08 Cbf1

NM 1.51 0.14 NA 0.12 Cbf1

nMC 6.31 2.15 8.06 2.36 Cbf1

nMcm 6.16 2.25 NA 2.71 Cbf1

nmg 1.37 0.09 2.44 0.11 Cbf1

nMG 1.23 0.03 5.17 0.03 Cbf1

nMgm 1.83 0.09 2.99 0.09 Cbf1

nmGN 0.92 0.16 1.46 0.50 Cbf1

nmM 4.04 0.06 NA 0.04 Cbf1

nMm 2.57 0.09 3.54 0.09 Cbf1

NMM 5.12 1.62 NA 1.70 Cbf1

NMMgn 4.82 NA NA NA Cbf1

nmn 0.49 0.07 0.58 0.07 Cbf1

Nmn 8.41 NA NA NA Cbf1

nmnM 1.38 0.11 2.08 0.06 Cbf1

nN 0.63 0.42 0.69 0.38 Cbf1

NN 0.70 0.08 0.98 0.07 Cbf1

nnC 3.98 1.95 4.41 2.14 Cbf1

nNC 9.86 2.60 6.35 2.80 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

NNc 4.12 2.11 3.88 2.47 Cbf1

NNC 4.29 2.03 3.64 2.15 Cbf1

NNcc 6.53 4.81 NA 4.59 Cbf1

NncgN 3.22 0.98 5.88 1.51 Cbf1

NNCN 3.42 1.71 3.25 2.01 Cbf1

NNG 1.21 0.13 2.46 0.10 Cbf1

Nngc 4.16 2.13 NA 2.40 Cbf1

nnGGg 1.61 0.13 4.91 0.15 Cbf1

NnM 0.86 0.08 1.08 0.06 Cbf1

NNm 0.71 0.07 0.86 0.07 Cbf1

NNn 0.38 NA 0.39 0.31 Cbf1

Basal NA 0.17 0.98 0.07 Cbf1

cc NA 4.50 NA 4.33 Cbf1

CC NA 4.89 NA 4.51 Cbf1

Cccgcn NA 8.11 NA 7.22 Cbf1

CccMM NA 6.04 NA 5.92 Cbf1

ccm NA 4.28 NA 4.41 Cbf1

ccNgc NA 6.63 NA 6.51 Cbf1

ccnGM NA 3.85 1.38 3.63 Cbf1

cGcGmm NA 4.65 NA 4.56 Cbf1

cgcM NA 4.40 NA 4.21 Cbf1

cGmCCg NA 6.25 NA 5.44 Cbf1

cM NA 5.70 NA 6.34 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

CMCGCM NA 7.28 NA 8.04 Cbf1

CMCm NA 4.79 NA 4.82 Cbf1

CMCn NA 4.47 NA 4.52 Cbf1

cMgM NA 2.10 NA 2.47 Cbf1

CMMm NA 0.09 NA 0.05 Cbf1

cmNc NA 4.51 NA 4.80 Cbf1

cnCC NA 7.20 NA 9.34 Cbf1

cncg NA 3.92 NA 4.17 Cbf1

cNcG NA 4.17 NA 4.32 Cbf1

CNCN NA 4.34 NA 4.39 Cbf1

CNm NA 2.19 NA 2.20 Cbf1

GC NA 5.65 NA 5.64 Cbf1

GcC NA 4.38 NA 4.51 Cbf1

gcgcN NA 4.11 NA 4.10 Cbf1

gCGGN NA 0.94 NA 1.30 Cbf1

gcgmGn NA 1.16 NA 1.62 Cbf1

GCM NA 7.04 NA 6.61 Cbf1

GcMNc NA 5.01 NA 4.85 Cbf1

gCnGc NA 4.41 NA 4.55 Cbf1

gCNnn NA 0.93 NA 1.42 Cbf1

ggCMc NA 4.91 NA 4.62 Cbf1

gGMGN NA 1.93 NA 3.63 Cbf1

gGnccm NA 4.67 NA 4.29 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

GMCn NA 2.17 NA 1.95 Cbf1

GmGcCN NA 4.47 NA 4.64 Cbf1

gmN NA 0.95 NA 2.07 Cbf1

GmN NA 2.01 NA 2.03 Cbf1

GNCC NA 6.89 NA 6.77 Cbf1

GNNc NA 2.14 NA 2.23 Cbf1

mcC NA 4.83 NA 4.94 Cbf1

MCcG NA 3.39 NA 3.26 Cbf1

MCCG NA 4.56 NA 4.08 Cbf1

MccN NA 4.52 NA 4.34 Cbf1

McG NA 1.87 NA 2.34 Cbf1

mCmC NA 5.48 NA 5.53 Cbf1

MCMC NA 4.74 NA 4.58 Cbf1

MCMccg NA 6.75 NA 6.18 Cbf1

MCMMNc NA 5.30 NA 5.23 Cbf1

MGc NA 7.50 NA 7.33 Cbf1

MGCCcN NA 6.50 NA 5.65 Cbf1

MGccnc NA 6.80 NA 6.32 Cbf1

mgcmC NA 5.07 NA 5.06 Cbf1

mGCN NA 7.95 NA 7.21 Cbf1

mGggC NA 2.09 NA 2.36 Cbf1

mGMn NA 0.07 NA 0.11 Cbf1

MgN NA 8.37 NA 5.80 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

MGnnNM NA 0.09 NA 0.08 Cbf1

Mm NA 0.46 NA NA Cbf1

MMgC NA 0.07 NA 0.06 Cbf1

mmnmC NA 2.58 NA 2.77 Cbf1

MnccMM NA 4.79 NA 4.55 Cbf1

MNgMmn NA 0.08 NA 0.07 Cbf1

mNm NA 0.17 NA 0.16 Cbf1

mnmC NA 2.76 NA 2.95 Cbf1

MNmmCN NA 2.52 NA 2.44 Cbf1

ncc NA 4.47 NA 4.43 Cbf1

nCCGnm NA 4.15 NA 3.93 Cbf1

NCcmg NA 4.26 NA 4.28 Cbf1

ncg NA 1.38 NA 1.68 Cbf1

NCgGg NA 1.55 NA 1.76 Cbf1

ncGgm NA 1.10 NA 1.61 Cbf1

ncGmm NA 1.83 NA 2.07 Cbf1

ngC NA 2.56 NA 2.85 Cbf1

ngCc NA 4.75 NA 4.60 Cbf1

Ngm NA 0.06 NA 0.09 Cbf1

nGMC NA 7.20 NA 8.63 Cbf1

NgNm NA 3.94 NA 5.05 Cbf1

NMcc NA 4.73 NA 4.83 Cbf1

nmCGC NA 10.81 NA 10.28 Cbf1
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

Nmg NA 4.27 NA 5.18 Cbf1

nmgG NA 0.20 NA 0.14 Cbf1

NmmgMC NA 2.64 NA 2.88 Cbf1

nMNMm NA 0.10 NA 0.13 Cbf1

nn NA 0.29 NA 0.10 Cbf1

Nn NA 0.27 NA NA Cbf1

NNgCgM NA 4.56 NA 4.41 Cbf1

NNGn NA 0.10 NA 0.07 Cbf1

cCCC NA NA NA 11.18 Cbf1

mGCM NA NA NA 4.44 Cbf1

NccmN NA NA NA 4.73 Cbf1

NGccmN NA NA NA 6.80 Cbf1

c 2.18 0.86 1.94 0.15 Gcn4

C 2.15 0.85 1.78 0.20 Gcn4

cc 2.67 0.69 2.21 0.19 Gcn4

CC 2.30 1.05 2.19 0.19 Gcn4

Ccc 3.02 NA 2.01 NA Gcn4

Cccgcn 2.72 NA 4.67 1.80 Gcn4

cCcNC 1.13 NA NA NA Gcn4

CcG 3.07 NA NA 3.11 Gcn4

CCG 2.20 NA NA 10.36 Gcn4

ccgC 2.37 NA NA NA Gcn4

Ccm 3.10 0.73 4.40 0.17 Gcn4
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

ccN 2.59 0.65 2.47 0.07 Gcn4

cCN 2.45 0.91 1.69 0.14 Gcn4

cCnGGn 0.59 NA NA 4.11 Gcn4

cCNm 2.83 0.78 5.00 0.11 Gcn4

cg 1.05 NA NA NA Gcn4

Cg 2.52 1.40 NA 2.27 Gcn4

Cgcm 2.78 1.80 NA 2.16 Gcn4

cGmCCg 2.47 2.44 NA 6.14 Gcn4

cGN 1.30 1.02 5.05 1.48 Gcn4

cGnmM 4.28 1.21 NA 2.29 Gcn4

cm 2.79 0.63 3.99 0.16 Gcn4

cM 0.79 3.20 5.60 6.27 Gcn4

CM 3.16 0.75 NA 0.39 Gcn4

CMCGCM 2.74 2.15 NA 3.13 Gcn4

CMCm 4.48 0.54 NA 0.13 Gcn4

CMCn 2.47 0.64 3.92 0.11 Gcn4

cmG 2.25 1.27 NA 2.39 Gcn4

cmM 5.79 0.70 NA 0.16 Gcn4

cmn 1.69 0.57 3.45 0.13 Gcn4

cmNc 2.39 0.71 NA 0.16 Gcn4

cmnmc 3.37 0.42 5.17 0.10 Gcn4

CMNn 3.58 NA NA NA Gcn4

cn 1.12 0.66 NA 0.08 Gcn4
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Promoter Expression Glucose 
Expression

Glucose 
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AAS 
Expression

AAS 
Occupancy

cN 2.45 0.67 3.03 0.13 Gcn4

CN 1.89 0.87 1.78 0.12 Gcn4

CnC 5.70 NA NA NA Gcn4

cNcG 2.90 2.43 NA 2.21 Gcn4

Cncgm 2.65 NA NA 1.94 Gcn4

cng 1.38 0.88 5.13 1.19 Gcn4

Cng 1.26 1.02 NA 1.62 Gcn4

CnG 1.26 1.04 5.21 1.43 Gcn4

cngCnG 1.22 0.85 NA 4.29 Gcn4

cnMc 3.12 0.43 3.40 0.12 Gcn4

CNMgg 1.05 1.08 NA 5.48 Gcn4

cnncMN 2.19 0.55 4.30 0.10 Gcn4

g 1.15 1.10 4.02 1.49 Gcn4

G 1.18 1.24 3.79 1.67 Gcn4

Gc 2.15 1.21 4.57 2.15 Gcn4

GC 2.74 2.64 NA 9.48 Gcn4

GcC 2.56 1.32 4.32 2.01 Gcn4

gcgCM 2.75 1.73 NA 6.28 Gcn4

gcgcN 1.97 1.16 NA 6.67 Gcn4

GcgG 1.25 4.48 NA 14.26 Gcn4

GCgggn 1.03 NA NA 14.77 Gcn4

gCM 3.38 0.79 NA 2.15 Gcn4

Gcm 2.79 0.95 NA 2.14 Gcn4
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Expression

Glucose 
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AAS 
Expression

AAS 
Occupancy

GCm 2.49 0.75 NA 2.15 Gcn4

GCM 3.07 NA NA NA Gcn4

Gcn 1.62 0.89 3.98 1.42 Gcn4

gCnGc 2.59 1.53 NA 5.09 Gcn4

gCNnn 0.37 0.70 1.29 0.50 Gcn4

Gg 0.93 NA 5.05 10.26 Gcn4

GG 0.89 1.35 5.43 5.37 Gcn4

gGCn 1.12 3.13 NA 7.13 Gcn4

GggnG 0.71 1.17 NA 11.69 Gcn4

gGm 1.68 2.32 NA 4.54 Gcn4

gGMGN 1.86 NA NA 14.85 Gcn4

ggMMM 5.08 1.98 NA 10.28 Gcn4

GGmn 0.52 0.95 4.41 3.12 Gcn4

gM 1.71 0.88 5.07 1.29 Gcn4

Gm 1.70 1.17 5.53 1.12 Gcn4

GM 1.58 1.27 NA 1.49 Gcn4

gmc 2.81 1.06 NA 2.72 Gcn4

gmC 2.64 0.78 NA 2.47 Gcn4

GMC 2.62 1.13 NA 2.49 Gcn4

gMG 1.60 NA NA NA Gcn4

GmGg 1.73 1.61 NA 7.10 Gcn4

Gmgm 1.94 NA NA NA Gcn4

GmgmGg 1.20 NA NA NA Gcn4
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Glucose 
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AAS 
Expression

AAS 
Occupancy

gMgn 0.81 0.86 4.20 2.44 Gcn4

gMGn 0.85 NA 4.19 3.62 Gcn4

GmM 5.21 NA NA NA Gcn4

GMMg 2.24 NA NA NA Gcn4

GN 0.95 0.90 3.01 0.64 Gcn4

gNC 2.20 0.72 3.87 1.04 Gcn4

gNM 1.13 0.76 3.43 0.65 Gcn4

GNM 1.24 0.66 3.82 0.54 Gcn4

GnMm 3.92 NA NA 1.21 Gcn4

Gnn 0.34 0.66 0.88 0.27 Gcn4

GNNc 1.68 0.79 2.71 0.78 Gcn4

m 1.22 0.92 1.51 0.16 Gcn4

M 1.49 0.95 1.68 0.17 Gcn4

mc 2.44 0.61 3.64 0.14 Gcn4

McG 2.64 1.28 NA 2.06 Gcn4

mCGC 2.89 1.82 NA 2.18 Gcn4

Mcggg 1.01 1.68 NA 12.71 Gcn4

mcgm 3.76 1.46 NA 2.51 Gcn4

mCm 4.78 0.45 NA 0.17 Gcn4

Mcm 4.29 NA NA NA Gcn4

mCmC 3.68 0.56 4.37 0.15 Gcn4

Mcmgn 1.89 NA NA 2.51 Gcn4

MCMMNc 4.09 1.15 NA 0.13 Gcn4
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Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

MCN 2.09 0.63 2.77 0.13 Gcn4

McNcnm 2.88 NA NA NA Gcn4

MCnn 1.83 0.76 1.81 0.16 Gcn4

mg 2.01 NA NA NA Gcn4

mG 1.43 1.08 4.66 3.83 Gcn4

Mg 1.46 0.91 4.73 1.20 Gcn4

MG 1.71 1.06 5.28 1.07 Gcn4

mgc 2.59 1.55 NA 2.42 Gcn4

Mgc 2.95 1.37 NA 2.26 Gcn4

MGc 3.31 0.96 NA 2.22 Gcn4

mgCCnc 2.56 0.99 4.25 2.32 Gcn4

mgcmC 3.46 1.41 NA 3.55 Gcn4

MGg 1.06 1.03 NA 3.30 Gcn4

MggCc 1.78 NA NA NA Gcn4

MGGcG 3.95 2.51 NA 19.41 Gcn4

MggCNM 1.95 NA NA NA Gcn4

mggN 0.58 0.91 3.24 1.91 Gcn4

mgN 0.79 0.80 2.74 0.66 Gcn4

MGnGC 1.68 1.26 NA 5.93 Gcn4

mm 4.66 0.75 NA 0.18 Gcn4

MM 4.52 1.06 NA 0.16 Gcn4

mMccCG 2.82 NA NA 2.78 Gcn4

MMGg 0.68 1.85 NA 10.92 Gcn4
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Glucose 
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AAS 
Expression

AAS 
Occupancy

MMgmN 2.44 0.99 NA 1.40 Gcn4

mmn 2.80 0.62 5.00 0.12 Gcn4

MMNcg 1.18 NA NA NA Gcn4

mmnmC 4.58 1.01 NA 0.20 Gcn4

Mn 0.67 0.72 1.04 0.14 Gcn4

MN 1.07 0.78 1.29 0.20 Gcn4

mNC 2.20 0.82 3.02 0.36 Gcn4

Mng 1.67 NA NA 4.52 Gcn4

MNm 2.16 NA 3.44 NA Gcn4

mNmC 3.17 0.64 NA 0.09 Gcn4

Mnmg 1.13 0.45 NA 0.65 Gcn4

MnMG 1.36 0.77 NA 1.08 Gcn4

MNMG 1.57 0.82 NA 1.01 Gcn4

mnMGG 0.75 NA NA 4.43 Gcn4

MNnc 1.87 0.81 1.68 0.15 Gcn4

mnng 1.62 0.73 1.63 0.28 Gcn4

n 0.55 0.82 0.63 0.15 Gcn4

N 0.83 0.89 0.89 0.18 Gcn4

nc 2.02 0.67 1.79 0.14 Gcn4

nC 2.02 0.66 1.70 0.14 Gcn4

Nc 2.04 0.54 1.67 0.14 Gcn4

ncc 2.61 0.79 2.33 0.12 Gcn4

nCCGnm 1.84 1.41 NA 2.45 Gcn4
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Expression

Glucose 
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AAS 
Expression

AAS 
Occupancy

ncg 1.33 NA 4.22 NA Gcn4

NcG 2.30 1.26 NA 1.54 Gcn4

ncGgm 1.55 1.69 NA 4.72 Gcn4

nCGm 2.89 1.16 NA 1.78 Gcn4

NcGm 2.51 0.89 NA 1.60 Gcn4

ncGmm 5.22 1.58 NA 2.16 Gcn4

ncm 2.33 0.70 3.11 0.13 Gcn4

Ncm 2.61 0.67 4.48 0.23 Gcn4

ncmN 2.00 NA NA NA Gcn4

nCmnGG 0.76 0.84 NA 6.15 Gcn4

ncN 1.58 NA 1.46 NA Gcn4

nCnGm 1.25 1.03 NA 1.98 Gcn4

nCnm 1.85 0.79 3.00 0.14 Gcn4

nCNMCn 1.92 0.54 2.74 0.18 Gcn4

ng 0.56 0.86 2.48 1.08 Gcn4

Ng 0.71 1.34 3.82 1.30 Gcn4

NG 1.00 0.81 3.08 1.22 Gcn4

ngc 2.01 1.30 4.68 1.43 Gcn4

NGc 1.90 1.13 5.08 1.75 Gcn4

NGC 2.21 0.99 4.89 1.42 Gcn4

ngCMGC 2.70 1.49 NA 5.86 Gcn4

NGcNn 0.76 0.49 1.53 0.71 Gcn4

Ngg 0.76 0.91 3.46 2.46 Gcn4
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

NGg 0.63 1.04 3.96 2.77 Gcn4

NggGc 1.27 1.93 NA 11.09 Gcn4

NgGMCm 2.69 2.99 NA 10.42 Gcn4

ngM 1.13 0.93 3.94 0.96 Gcn4

nGm 1.32 1.02 3.85 0.73 Gcn4

nGM 1.15 0.93 4.28 0.66 Gcn4

ngMc 2.35 1.13 NA 2.07 Gcn4

nGMC 3.00 NA NA 7.94 Gcn4

NgMG 0.98 0.97 NA 3.52 Gcn4

ngMm 3.65 1.00 NA 1.28 Gcn4

ngMMn 1.92 0.60 NA 1.20 Gcn4

NgN 0.50 0.61 1.76 0.37 Gcn4

NgNGG 0.55 0.71 4.33 4.32 Gcn4

nm 0.87 0.97 1.16 0.32 Gcn4

Nm 1.20 0.83 1.37 0.22 Gcn4

NM 1.32 0.69 1.57 0.19 Gcn4

nMC 2.47 0.81 3.75 0.16 Gcn4

NMccNc 2.69 0.44 2.62 0.11 Gcn4

nmCNN 1.10 NA 2.08 NA Gcn4

nmg 0.72 0.80 2.79 0.66 Gcn4

Nmg 1.03 1.18 3.51 1.33 Gcn4

nmGN 0.52 NA 2.12 NA Gcn4

nmGng 0.99 0.64 3.86 1.99 Gcn4
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Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

nMm 3.75 0.85 3.70 0.11 Gcn4

Nmn 2.74 NA NA NA Gcn4

nmnM 1.79 0.61 3.26 0.19 Gcn4

nn 0.36 0.77 2.26 0.14 Gcn4

nN 0.62 NA 0.68 NA Gcn4

Nn 0.52 NA 0.68 NA Gcn4

NN 1.65 0.87 0.98 0.24 Gcn4

NNccc 2.73 0.52 2.47 0.09 Gcn4

NNCN 1.65 0.68 1.66 0.14 Gcn4

NNG 0.70 1.03 2.39 0.78 Gcn4

Nngc 1.63 1.41 4.85 1.35 Gcn4

nnGg 1.52 0.86 2.01 1.30 Gcn4

NNGn 0.34 0.50 1.37 0.27 Gcn4

Nnm 0.75 0.90 0.84 0.17 Gcn4

NnmG 0.63 0.59 3.10 0.98 Gcn4

nNN 0.65 NA 0.67 NA Gcn4

NNn 0.35 NA 0.43 NA Gcn4

cC NA 0.71 NA 0.11 Gcn4

ccMmM NA 0.83 NA 0.16 Gcn4

ccNgc NA 2.11 NA 8.01 Gcn4

CMM NA 0.65 NA 0.25 Gcn4

CNm NA 0.97 NA 0.16 Gcn4

CNMM NA 0.53 NA 0.09 Gcn4
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

gCGGNN NA 2.19 NA 7.08 Gcn4

gcgmGn NA 1.49 NA 11.32 Gcn4

GGNmc NA 1.07 NA 9.42 Gcn4

gMcNMM NA 1.41 NA 3.48 Gcn4

GMGmn NA 0.88 NA 2.89 Gcn4

gMM NA 1.07 NA 2.64 Gcn4

gn NA 1.56 NA 10.83 Gcn4

McNg NA 1.08 NA 1.57 Gcn4

MGmM NA 1.16 NA 2.46 Gcn4

MNgMmn NA 1.06 NA 1.59 Gcn4

NCcmG NA 1.99 NA 3.06 Gcn4

nG NA 0.93 NA 1.35 Gcn4

NGCGNG NA 1.52 NA 8.35 Gcn4

nGMGMC NA 1.08 NA 6.40 Gcn4

nGMnCM NA 0.68 NA 1.79 Gcn4

nGnm NA 1.54 NA 6.41 Gcn4

NmmgMC NA 1.88 NA 4.83 Gcn4

NNm NA 0.75 0.45 0.13 Gcn4

Cn NA NA NA 10.50 Gcn4

ggn NA NA NA 15.99 Gcn4

GNgcCc NA NA NA 8.89 Gcn4

gNGGNn NA NA NA 3.54 Gcn4

mgmMNm NA NA NA 8.88 Gcn4
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Promoter Expression Glucose 
Expression

Glucose 
Occupancy

AAS 
Expression

AAS 
Occupancy

mmCN NA NA NA 0.44 Gcn4

MmnNC NA NA NA 0.09 Gcn4

MNcg NA NA NA 7.37 Gcn4

mNm NA NA NA 3.12 Gcn4

NcMM NA NA NA 3.29 Gcn4

nMNMm NA NA NA 2.66 Gcn4

NNmCNm NA NA NA 0.08 Gcn4

Synthetic promoters were constructed and expression and occupancy values obtained as detailed 

in Methods. For promoters, C=Cbf1, fwd; c=Cbf1, rev; G=Gcn4, fwd; g=Gcn4, rev; M=Met31/

Met32, fwd; m=Met31/Met32, rev; N=Nrg1, fwd; n=Nrg1, rev, where “fwd” and “rev” refer to 

the corresponding sequences in Table 3.6. Promoter sequences are listed from most distal to most  

proximal to the TSS of YFP.  In the “Glucose Expression”, “Glucose Occupancy”, “AAS 

Expression”, and “AAS Occupancy” columns, NA means the value is not available. For  

Expression columns, this is due to the expression being out of the dynamic range of the 

cytometer.  For Occupancy columns, this is due to their being too few reads in the IN sample to 

reliably estimate the input distribution.
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CHAPTER 4: Discussion

 The ability to accurately model the biology of transcriptional regulation is a challenging 

problem.  The number of moving parts is enormous and the computational complexity rapidly 

increases.  However, this ability is a desirable one since the amount of regulatory sequence is 

much larger than coding sequence(Thurman, et al., 2012 and Neph, 2012).  To make sense of the 

many genomes now available, the ability to examine a sequence and predict its functional 

consequences is critical.  One problem that arises in trying to understand the function of 

regulatory DNA is whether it is possible to capture the complexity of transcriptional regulation 

using relatively simple, generalizable mathematical rules.  If this can be done, then principles 

learned in a simple system or one part of a system can be generalized and applied across the 

system.  If it cannot be done, then all regulatory sequence is a special case requiring time-

consuming and expensive experimental procedures to understand.  This was formally expressed 

as hypothesis H1 of this thesis:

 (H1) It will be possible to explain the complexity of biology with relatively simple,  

generalizable  mathematical rules.

 In chapter two of this thesis, I developed ReLos, a flexible framework for exploring the 

functional consequences of simple mathematical regulatory rules and used the tool to address 

hypothesis 1.  I performed tree regression on a network of eleven expression modules comprising 

254 genes across 255 environmental conditions (Beer and Tavazoie, 2004) to recover a proposed 
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set of combinatorial rules. ReLos was used to determine the functional consequences of those 

rules.  It was shown that the module behavior could be reasonably recapitulated (mean gene-wise 

correlation of 0.7).   Importantly, this level of correlation was achieved by considering only 13 

cis-elements and the mean effects per condition of twelve combinatorial conditions describing 

the interactions of those elements.  These results support hypothesis H1 and  suggest that much 

of cis-regulation can be explained by a reasonably simple set of combinatorial interactions. The 

precise mathematical details of those interactions may be complicated, but the total number and 

type of interactions that must be considered to approximate the biology were surprisingly few.  It 

is also very likely the case that as more genes and regulatory modules are added, more regulatory 

elements and rules would need to be considered.  However, the basic result remains the same: a 

handful of cis-regulatory elements using a small set simple set of rules were all that were 

required to distinguish the various patterns of expression, rather than dozens of elements and 

scores of rules.

 One area where ReLos could be improved is its pre-configured support for additional 

frameworks for modeling cis-regulation.  Since multiple different mathematical formalisms have 

been applied to the problem of mapping sequence to expression (Beer and Tavazoie, 2004; 

Bussemaker, Li and Siggia, 2001; Conlon, 2003; Das, Banerjee and Zhang, 2004; Keles, van der 

Laan and Eisen, 2002; Wang, et al., 2002).  ReLos does not pre-specify any particular 

mathematical framework for determining the functional consequences of a given sequence, but 

allows the user to choose between several sets of pre-defined formalisms and to “plug in” their 

own formalism if the existing abilities were unsuitable to the user’s need.  One notable exception 

to ReLos-supplied frameworks is a statistical thermodynamic description of transcription (Shea 
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and Akers, 1995; Buchler, Gerland and Hwa, 2003).  These models have gained popularity in 

recent years (Cohen, Siggia, and Gertz, 2009; Djordjevic, Sengupta and Shraiman, 2003; He, et 

al, 2009; Roider, et al. 2007; Segal, et al. 2008 and Wasson and Hartemink, 2009) due in large 

part due to their ability to describe complex systems with biophysically motivated parameters.  

Whereas other formalisms predict gene expression, the thermodynamic model provides 

biological hypotheses about the binding of transcription factors and polymerase.  Extending 

ReLos to include this formalism would allow researchers to easily explore the biophysical 

consequences of a variety of parameter choices on both transcription factor binding and gene 

expression, and to compare the results with other mathematical models of expression. 

 One problem with any model that relates sequence to expression is learning the model 

parameters.  Synthetic promoters (Gertz and Cohen, 2009; Gertz, Siggia and Cohen, 2009; Ligr 

et al., 2006;  Kwasnieski, and Mogno et al., 2012; Melnikov, et al., 2012 and Patwarden, et al., 

2012; Sharon, et al., 2012) have emerged as an in vivo method to characterize models of 

expression in a controlled and systematic manner.  To date, all such methods have relied directly 

or indirectly on expression driven by the synthetic promoter.  However, models built with only 

expression data cannot distinguish between multiple biologically distinct hypothesis that produce 

equivalent expression results and risk missing important biological features such as transcription 

factor cooperativity that may be masked in the expression data.  Even in the absence of complex 

interactions, having only expression data means that the model cannot deconvolve the effects of 

TF-RNAP interactions from TF-DNA affinity.  This results in being unable to distinguish 

between models wherein TF-DNA binding is relatively strong and TF-RNAP interactions are 

relatively weak from  models where TF-DNA binding is relatively weak and TF-RNAP 
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interactions are relatively strong.  In theory, an additional independent source of data would 

allow for these parameters to be separated, resulting in more meaningful mechanistic 

descriptions of biology.  This is expressed broadly in hypothesis H2:

 (H2)  Given in vivo protein binding data, it will be possible to distinguish between 

models of transcriptional regulation that yield similar expression results but represent distinct 

biophysical mechanisms

 In chapter three of this thesis, a ChIP-based approach for measuring occupancy on 

synthetic promoters was developed to address this hypothesis.  This approach was used to obtain 

occupancy information for Cbf1 and Gcn4 in libraries of promoters containing sites for Cbf1, 

Gcn4, Met31/Met32, and Nrg1 in glucose and Amino Acid Starvation (AAS) conditions and to 

the best of my knowledge, provides the first data set where quantitative occupancy information 

and accurate expression measurements are available for a large set of synthetic promoters. The 

uniqueness of this dataset is in its ability to directly ask what the effect on expression of binding 

is for a particular transcription factor. This question cannot be readily addressed by genomic 

methods.  The genomic ChIP signal is complicated by many factors, such as different shearing 

efficiencies, that make direct comparison of binding at one location to another difficult. In this 

case,  all promoters were integrated at the same genomic locus and all drive the expression of the 

same gene.  This allows a direct examination of the effect of binding on expression.

 The principal aim of generating occupancy data was to distinguish between different 

biophysical hypotheses in the model that produce the same expression results.  To address this 
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question, the parameters of the thermodynamic model were fit to each data source separately and 

then to both data sources simultaneously.  There were several cases where having both data sets 

made distinguishing between alternative hypotheses possible.  One case was to distinguish 

between a change in the apparent Ka of Cbf1 versus a change in the Cbf1-RNAP interaction 

between Glucose and AAS conditions.  The effect on expression of the two models was 

equivalent, but the occupancy data strongly argue that Cbf1 binding is the same between the two 

conditions (Table 3.3 and Figure 3.7)  The occupancy data also revealed apparent Gcn4 

cooperativity (Figure 3.15), and a negative interaction between Gcn4 and Nrg1 (Figure 3.16). 

One question is why an effect such as the Nrg1 site interaction was not found when fitting only 

to expression data.  There are two non-exclusive possibilities, one technical and one 

mathematical.  

 The expression data for these libraries was obtained via flow cytometry. However, the 

cytometer has an upper limit of detection and many promoters with multiple Gcn4 sites in them 

are gated out due to expressing beyond the limits of detection. This means that the expression 

data is being trained on a subset of data where there are fewer promoters with Gcn4 but no Nrg1.  

Without adequate examples of Gcn4 behavior in the presence and absence of Nrg1, it is difficult 

to fit the interaction terms.  In theory, this limitation could be resolved by adjusting the voltage 

down to allow accurate quantification of highly expressed promoters.  In practice, however, the 

voltage is already low enough that to lower it further would risk losing the ability to normalize 

the expression to the control promoters present on each plate.  An alternative would be a new 

method of quantification.  Recently, Kwasnieski and Mogno, et al. (2012) developed such a 

method using next generation sequencing.  This allows for the quantification of a much larger 
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dynamic range of expression, at the expense of losing information about the population variance.  

It will be interesting to build new libraries using these techniques and to observe whether the 

interactions can be recovered with expression data with a larger dynamic range.  

 The second reason the interactions may not be recovered when fitting to expression data 

is the model formalism.  When fitting to occupancy, there is little to no information regarding 

polymerase binding, so a smaller subset of  the model terms are used.  In particular, the 

interaction term between the factors and RNAP was not modeled when fitting only to occupancy 

data.  It is formally possible for an interaction to be expressed through the polymerase term by 

destabilizing all states in which both interacting proteins are bound to the promoter.  This effect 

is necessarily weaker in impact than a direct interaction, but could be sufficient to mask the 

interaction in the expression data. Indeed, a fit to both data sets that includes the Gcn4-Nrg1 

interaction term results in a substantially weaker Nrg1-RNAP interaction (Table 3.3). Whatever 

the case, the interaction is clearly present in the occupancy data, which argues for a mode of 

direct interaction.

 One of the most interesting phenomenon observed in the data was the switching of the 

Gcn4 site from a repressive role in glucose to an activating role in AAS (Figure 3.17).  With only 

the expression data, this effect can be modeled by Gcn4 switching behavior between conditions. 

Inclusion of the occupancy data results in numeric constraints that are only cleanly resolved by 

accounting for competitive binding, thus suggesting competitive binding by Gcn4 and another 

factor.  This behavior is consistent with earlier reports of Gcn4 competing with other factors such 

as Bas1 (Arndt and Fink, 1986 and Springer, 1996). 
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 Competition between factors, especially between activators and repressors, has emerged 

recently as a recurring theme in transcriptional regulation (Zhou and O’Shea, 2011; White, et al., 

2012 and Wasson and Hartemink, 2009).  In one sense, competition should not be surprising. 

There are many factors being expressed in the cell at the same time, all of which have varying 

affinity for a given sequence of DNA. What does seem surprising is the degree to which 

competitive binding seems to be a feature of transcriptional regulation rather than a side-effect.  

The recurrence of this effect suggests that more theoretical work should be done to fully explore 

the functional consequences of competitive binding. 

  There are several additional points of model improvements that should be considered for 

future research. First, the current version of the model does not take into account non-specific 

binding.  This means that promoters without a pre-identified binding site for a factor are always 

predicted to have an occupancy of zero.  Hence, those promoters were excluded from the fit, 

although they may contain useful information for setting the relative scale of occupancy values. 

 Another area for future research is in directly integrating both sources of data into the 

thermodynamic model, discussed more thoroughly in the chapter three results.  When 

incorporating both sources of data, non-linear fitting routines seemed to prefer parameters sets 

that favored fitting occupancy well over fitting expression well.  While this is most likely due to 

fitting artifacts such as the relative biological noise in the two data sets, the idea that some 

factors such as Cbf1 may require more sophisticated descriptions of their effect on expression 

cannot be entirely ruled out, and should be researched further.

 In modeling the occupancy data, one choice that had to be made was whether to model 

the data as the expected number of proteins bound to the promoter (the average occupancy), or as 
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the probability of at least one transcription factor being bound to the promoter (the probability of 

occupancy).  The average occupancy is expected to increase monotonically with the number of 

binding sites whereas the probability of occupancy is expected to saturate.  For this work, the 

probability of occupancy was chosen as the appropriate model for several reasons.  Empirically, 

using the probability of occupancy resulted in better fits to the data than using the average 

occupancy. Second, the occupancy appeared to start saturating (for instance, see Figure 3.15) 

with increasing number of binding sites.  However, there were not many promoters with more 

than three binding sites for a particular factor, so it is difficult to determine from this data 

whether the observed saturation is real or an artifact of small numbers.  To address this issue, 

another library could be built that focused on binding sites for one or two factors, thus increasing 

the chance of observing many binding sites for a single factor in a single promoter.  

 An interesting corollary to the probability of occupancy question is what the cell actually 

reads out.  Does the cell engage in a molecular form of counting how many proteins are bound to 

a site, or does the cell only care that at least one protein is bound to the site?  This question could 

be addressed by combining the occupancy approach outlined in this work with the next-

generation-sequencing approach to synthetic promoters developed by Kwasnieski and Mogno, et 

al. (2012) to build libraries with fewer types of binding sites, resulting in more promoters with 

many binding sites.  The next-generation-sequencing approach expands the dynamic range of the 

expression assay.  In theory, this would allow us to observe the point at which expression 

saturates and combine the information with the occupancy data to learn whether saturation 

occurs at a point equal to or greater than the probability of at least one TF bound being one.
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 In the absence of the perfect experiment, it is interesting to note the results of Sharon, et 

al. (2012) They systematically varied thousands of promoters, including promoters with multiple 

GCN4 sites (up to seven).  In their hands, they observed a logistic binding curve for GCN4 with 

expression saturating at four binding sites.  This coincidentally agrees well with the binding data 

observed in my work, where the transition point of Gcn4 occurred between two and three 

binding sites, and the probability of binding appears to start saturating at four binding sites.  

Although these data are consistent, a direct measurement using the same promoter backbone and 

promoter construction are necessary to validate this intriguing possibility.

  Tagging a transcription factor, building libraries for each tagged factor, and performing 

ChIP is a time and labor-intensive process and it is worth considering the costs and benefits of 

this approach.  On the one hand, BirA is now integrated into the genome of the yeast strains we 

use for constructing synthetic promoter libraries, so study of additional factors is a one-step 

rather than a multi-step process. Furthermore, recent advances in library construction made by 

Kwasnieski and Mogno, et al. (2012) reduce the cost and effort required to build multiple 

libraries, and the new pooled strategy of library creation works well with the pooled strategy for 

ChIP employed in this study.  On the other hand, each ChIP experiment is costly in terms of 

reagents and there may be alternative sources of information that can be more readily acquired, 

such as the TF concentration through GFP fusions.  With that said, the occupancy does provide 

information that cannot be readily obtained any other way since it is the synthesis of the Ka and 

concentration of the TF and its interactions with other proteins.  For instance, a study of only 

concentration of the TF would not have revealed the Gcn4 cooperativity, and a previous analysis 

of Cbf1 concentration resulted in the erroneous conclusion that the effective Ka of Cbf1 is 
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considerably less in glucose than in AAS.  The key moving forward will be to increase the 

amount of information obtained from any given experiment.  One way to do that would be to 

focus on the binding of a single transcription factor in a variety of different libraries, including 

libraries with different strengths of binding sites.  This would maximize the information learned 

for the effort required to tag and ChIP the factor. 

 In all, the occupancy data complemented the expression data and provided new avenues 

for questioning and model improvement.  Hypothesis (H2) claimed that having occupancy data 

will make it possible to distinguish between different biological models that give rise to the same 

expression results.  This was demonstrated in several cases and provides encouraging results for 

additional study of ways to incorporate multiple sources of data into models of expression.
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