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SUMMARY
The binding of transcription factors (TFs) along genomes is restricted to a subset of sites containing their
preferredmotifs. TF-binding specificity is often attributed to the co-binding of interacting TFs; however, apart
from specific examples, this model remains untested. Here, we define dependencies among budding yeast
TFs that localize to overlapping promoters by profiling the genome-wide consequences of co-depleting
multiple TFs. We describe unidirectional interactions, revealing Msn2 as a central factor allowing TF binding
at its target promoters. By contrast, no case ofmutual cooperation was observed. Particularly, Msn2 retained
binding at its preferred promoters upon co-depletion of fourteen similarly bound TFs. Overall, the
consequences of TF co-depletions were moderate, limited to a subset of promoters, and failed to explain
the role of regions outside the DNA-binding domain in directing TF-binding preferences. Our results call
for re-evaluating the role of cooperative interactions in directing TF-binding preferences.
INTRODUCTION

Transcription factors (TFs) bind DNA using DNA-binding do-

mains (DBDs) that recognize short sequence motifs. Most motif

occurrences in genomes, however, remain unoccupied,1,2 with

TFs with similar motif preferences often selecting different sub-

sets of motif sites.3,4 This specificity of TF binding presents a

fundamental unknown in gene regulation: what distinguishes

TF-bound motifs from unoccupied ones? Despite the broad

interest and some well-explored cases, the basis of TF-binding

specificity remains poorly understood at the genomic scale.5–8

DBDs are small, folded domains consisting of �40–70 amino

acids (aa) within the hundreds of TF residues. The remaining

non-DBD sequences are enriched with intrinsically disordered

regions (IDRs) that lack stable 3D conformations.9–12 This prev-

alence of IDRswithin TFs suggests a general role in transcription;

however, most IDRs remain poorly characterized. Recently, we

revealed IDRs that direct TF-promoter selection using multiple

weak specificity determinants distributed throughout their

sequences,13,14 and this role received further support.15,16 The

basis of this IDR-mediated binding specificity, however, remains

unclear.6,13,17

Different models were proposed to explain how TFs select

their genomic-binding sites.6,18 Prevalent among those is coop-

erative binding,5,7,8,18–22 whereby two or more interacting TFs

co-bind at adjacent motifs. TFs could interact directly through

protein-protein interactions (PPIs) or indirectly by affecting

nucleosome positioning7,19,20,23 or DNA structure.20,24,25

Perhaps, supporting the latter, regulatory regions display rapid

motif turnover and rearrangements during evolution,26–29 which
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contrasts the stringency of the short composite motifs bound

by obligatory TF heterodimers.

Motif combinatorics could provide precise addressing within

the genome, which is consistent with the high density of binding

sites within regulatory regions.30 However, proximal sites could

serve other purposes, including signal integration or cofactor

recruitment following TF binding.8,31 Well-studied examples

supporting TF-binding cooperation exist32–35; however, system-

atic genome-scale analysis of binding cooperativity is largely

missing.

In this study, we performed systematic TF co-depletion to

examine binding dependencies between two groups of TFs

that localize to overlapping promoters (Figure 1A). Unexpect-

edly, we find no case of cooperative binding. Rather, observed

binding dependencies between TFs were unidirectional, moder-

ate, and limited to subsets of bound promoters. Furthermore,

those dependencies failed to explain the role of non-DBDs in di-

recting TF-promoter preferences. Our results call for revisiting

the role of TF-binding cooperativity in directing binding speci-

ficity, and the mechanism through which TFs’ non-DBDs

contribute to this process.

RESULTS

Multiple TFs localize to promoters bound by the Med15
coactivator
The budding yeast genome encodes for �150 TFs that regulate

specific gene expression.37 Binding profiles are available for a

large fraction of budding yeast TFs from the work of

others,38–40 but individual datasets are partial and difficult to
Inc.
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Figure 1. Multiple TFs localize to Med15-bound promoters

(A)Scheme: gene regulatory regions contain binding sites for multiple TFs. Cooperative binding by proximally bound TFs can explain TF preferences for localizing

to specific subsets of motifs. Co-deleting those TFs can test for cooperativity by distinguishing cooperative binding events that will be lost from the independent

ones that will remain.

(B–F) The pattern of promoter binding overlaps among TFs localizing toMed15-bound promoters: we used a lab-generated dataset describing TF-binding profiles

of 141 (95%) budding yeast TFs (Table S1). Shown in (B) are the promoter-binding preference similarities (measured by Pearson’s correlation on the sum of the

signal received for each promoter) between all TFs in our dataset, Med15, and Cyc8. The correlation matrix is hierarchically clustered, the two selected TF groups

are highlighted, and theMed15-related group is shown in large on the right. The Cyc8-related group is shown in large in Figure S6A. Shown in (C) is the similarity of

promoter preferences between each TF andMsn2 (x axis) or Med15 (y axis). TFs chosen for further analysis are highlighted in green. Chosen TFs’ family, identity,

and IDR length are described in (D; calculated by IUPred2,36 with values above 0.5 considered disordered). The dashed line indicates the median IDR length

across all TFs. TFs within each family are ordered according to IDR length. (E) TF binding to the top-bound promoters by at least one TF in our set. Here, the 100

top-bound promoters by each TF were used and each promoter is shown only once. Msn2-bound promoters are sorted according to the median binding of all

TFs, and Msn2-unbound promoters are sorted according to the bound TF. The number of TFs bound to each promoter (Z score > 3) is shown below. An example

of an Msn2-bound promoter (USV1) is indicated in orange. The spread of the signal on it is shown in (F), with the background color indicating the sum of signal on

the promoter, normalized to the five top-bound promoters of each TF, circles indicating motif location (sequence shown to the right), and the bottom panel

showing nucleosome occupancy.
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compare due to differences in profiling methods and growth

conditions. To systematically define TFs of overlapping pro-

moter preferences, we used our lab’s compendium,13,14,41,42

which includes binding profiles for 141 (95%, Table S1) TFs,

all acquired using chromatin endogenous cleavage with high-
throughput sequencing (ChEC-seq43) in cells subjected to par-

tial nutrient deprivation (OD600 = 4). Overall, ChEC-seq profiles

were of high spatial resolution (Figures S1A–S1C) and differed

greatly from that of free-MNase (Figure S1D). To our knowl-

edge, this dataset includes all TFs with stress-related functions.
Cell Systems 14, 732–745, September 20, 2023 733
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Figure 2. Msn2/4 are required for the binding of multiple TFs at Msn2-bound promoters

(A–C)Msn2/4 deletion abolishes TF binding at a subset of promoters: (A) Shown is the binding of the indicated TFs at theMsn2-target promoterGSY1 in wild-type

and Msn2/4 deletion backgrounds (notation as is Figure 1F). (B) Yap1 binding to its target promoters which are either bound or unbound by Msn2 within the

(legend continued on next page)

ll
Article

734 Cell Systems 14, 732–745, September 20, 2023



ll
Article
The majority of TFs localize within a subset of �1000 (�20%)

promoters38 that display fuzzy nucleosome organization44–46

and associate mostly with stress or poor-nutrient adaptation.

To define TF candidates for binding cooperativity, we clustered

the promoter preference similarities between all TFs, revealing

two prominent groups (Figure 1B). One of those included

stress-related TFs together with the coactivator Med15, a medi-

ator tail subunit that interacts with most budding yeast TFs,47–49

whereas the second included the general Cyc8 corepressor

together with its recruiting TFs.50 Focusing on the first cluster,

we noted that Med15 binding was highly similar to that of the

Msn2/4 paralogs42,51,52 (Pearson’s r = 0.86 and 0.84, respec-

tively, comparing promoter preferences, Figures 1B and S1D).

Msn2 binding preferences depend on its non-DBD,13 rendering

it a promising candidate for cooperative binding.22 We therefore

selected a group of 14 TFs, including 12 that showed the highest

similarity (correlation) with either Med15 or Msn2 (r > 0.6) and 2

(Sko1 and Hot1) previously implicated inMsn2-related transcrip-

tion53 (Figure 1C). Seven of the selected TFs were of the zinc-

finger (C2H2 ZF) family, andmost contained long and disordered

non-DBDs (IDR content of 278–654 aa, Figure 1D). Motif prefer-

ences observed in our data agreed well with previous in vitro or

in vivo studies3,54,55 (Figure S1E). As expected, only subsets of

motif occurrences were occupied (Figure S1F).

Collecting all promoters bound by the selected TFs revealed

dense TF binding at Msn2-preferred promoters (Figures 1E

and 1F). Accordingly, those promoters included not only the

Msn2 motif but also motifs of the additionally bound TFs (e.g.,

USV1, Figures 1F and S1G). This high overlap in promoter bind-

ing rendered the selected TFs promising candidates for cooper-

ative binding.

Msn2/4 facilitates the binding of multiple TFs at their
target promoters
We began our analysis by examining whether Msn2 facilitates

the binding of other TFs. Deleting Msn2 or its paralog Msn4 indi-
indicated backgrounds. Promoters are ordered by Yap1 binding inMsn2/4-deletio

Yap1 are shown at the bottom, and their color indicates their median. Z score va

seven additional TFs is depicted in distributions of the binding signal atMsn2/4-bo

specific reduction in binding from Msn2-bound promoters, while Msn2-unbound

(D) Multiple TFs show preferential localization to the Msn2/4 motif, which is lost u

around Msn2 motifs (left) and at its own motifs (right), distinguishing Msn2-bo

backgrounds. Onlymotif sites within the respective TF-bound promoters are includ

at the top-right, and the background color indicates the maximal signal. An examp

(E) The effect of Msn2/4 deletion extends to hundreds of bases away from Msn

backgrounds for the indicated TFs at individual binding sites, classified accord

promoters (in wild-type background) are shown. Values lower than�4 (in log2 sca

unaffected byMsn2/4 deletion, while sites near anMsn2 site show reduced signal

indicated by a black circle and a bar, respectively.

(F)Msn2/4-deletion increases nucleosome occupancy within their target promote

Msn2/4-bound promoters centered at their TSS (top) or atMsn2/4 top-boundmoti

Msn2/4-deletion backgrounds. The average Msn2 binding signal is shown below

motifs (Figure S2E).

(G and H) Msn2/4 deletion abolishes Med15 binding at Msn2-bound promoters

comparingMed15 promoter binding at Msn2/4-deleted vs. wild-type background

(H). Each dot represents the sum of signal (normalized reads) on each promote

correlation of promoter preferences is indicated on top. The binding on Msn2-bo

(I)Med15 partially explains the effect of Msn2/4 on TF binding: shown on top is th

promoters in the indicated backgrounds. Note that the reduced binding signal upo

specifically at Msn2-bound promoters. The median across all TFs is indicated wit
vidually had a small effect, but co-deletion of both reduced the

binding of multiple TFs to most Msn2-bound promoters

(Figures 2A–2C). Of note, this effect was specific, as TF binding

to promoters lacking Msn2 was unaffected (Figures 2B and 2C).

To examine whether the Msn2 non-DBD is sufficient for TF

recruitment, we fused it to the strong Rpn4-DBD,13 shifting its

localization to a new subset of promoters (Figure S2A). None

of the six tested TFs (nor the intact Msn2) was recruited to those

new promoters (Figures S2B and S2C). We conclude that Msn2/

4 are required, but not sufficient, for multiple TF-promoter

associations.

To further examine the dependency of the tested TFs on

Msn2/4, we examined bindings around motif sites (Figures 2D

and S2D). This revealed that all tested TFs localized to their

own motifs while also showing a significant preference for the

Msn2 motif at its bound promoters. Notably, Msn2/4 deletion

reduced TF preference to not only Msn2 motifs but also its

self-motifs, when those appear in Msn2-bound promoters.

Furthermore, classifying individual binding sites based on their

distances from the nearest Msn2 site revealed that the effect of

Msn2/4 deletion extended across the promoter region (Fig-

ure 2E). This effect was also manifested at the nucleosome

level, as Msn2/4 deletion increased nucleosome occupancy

at Msn2-bound promoters, reaching considerable distances

from Msn2/4 binding sites (Figures 2F and S2E). We conclude

that Msn2/4 influence on TF binding extends beyond their im-

mediate proximity, spanning hundreds of bases around their

binding sites.

The binding of the coactivator Med15 was also lost from

Msn2-bound promoters in theMsn2/4-deleted strain (Figure 2G).

Med15 interacts with most TFs’ activation domains49 and could

therefore mediate the long-range effect of Msn2/4.22 To test this,

we mapped the binding of six Msn2/4-recruited TFs in Med15-

deleted cells. Msn2 binding profile remained insensitive to this

deletion (Figure 2H), as we previously reported.13 Other TFs

were affected, with Yap1 showing the most significant loss
n, andMsn2 binding is shown below. The distributions of binding intensities for

lues larger 15 were assigned as 15. The effect of Msn2 and Msn4 deletion on

und andMsn2/4-unbound promoters is shown in (C), notation as in (B). Note the

promoter are mostly unaffected (or show a relative increase in signal).

pon Msn2/4 deletion: shown is the average binding signal of the indicated TFs

und or unbound promoters, and comparing wild-type and Msn2/4-deleted

ed. The number ofmotif occurrenceswithin the respective promoters is shown

le of the raw binding signal around these sites is shown for Crz1 in Figure S2D.

2 sites: shown is the change in signal between Msn2/4 deletion to wild-type

ing to the nearest Msn2-bound site. Only sites within each TFs’ top-bound

le) were set to be �4. Note that for all TFs, sites with no adjacent Msn2 site are

, even at distances larger than 200 bps. Themedian andmean of each class are

rs: shown is the average nucleosome signal (measured by MNase-seq) across

fs, ordered according to nearest TSS (bottom), in wild-type,Msn4-deletion, and

. For control, a similar analysis was done on a different set of promoters and

, while Msn2 binding is invariant to Med15 deletion: shown are scatter plots

s (G) andMsn2 promoter binding inMed15-deleted and wild-type backgrounds

r, color indicates the sum of signal of Msn2 (red) or Med15 (blue). Pearson’s

und promoters is shown below in Z scores.

e median change in binding of the indicated TFs to Msn2-bound and unbound

nMed15-deletion is lower than that observed uponMsn2/4 deletion and occurs

h a star. The change in binding at individual promoters is shown in Figure S2G.
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Figure 3. Msn2 enables TF binding at its target promoters using the same multiplicity of weak sequence regions guiding its own binding

(A–C) No specific 200 aa region within Msn2 is required for allowing TF binding at Msn2-bound promoters: binding of the indicated TFs was measured in Msn4-

deleted strains expressing anMsn2 variant deleted of the indicated 200 aa (scheme in A, noteMsn2 disorder tendency on top). (B) Similarities of promoter-binding

preferences for each TF on Msn2-dependent promoters (promoters bound by Msn2 and the indicated TF which are lost upon Msn2/4-deletion) between the

indicated backgrounds. Note that TF preferences remain largely insensitive to the various 200 aa deletions. This general pattern is exemplified by plotting the

respective binding signal along the UGP1 target promoter (C), notation as in Figure 1F.

(D and E) Msn2 truncations lead to a gradual loss of TF binding at Msn2-bound promoters: TF binding was measured in Msn4-deleted strains expressing the

indicated Msn2 truncation variant (D). Distributions of Msn2 and Hsf1 promoter-binding signal (sum of signal on promoters) are shown in (E). Note the gradual

change in Msn2 and Hsf1 binding at Msn2-bound promoters.

(F)Msn2 truncations exert proportional effects on the binding of Msn2 and Msn2-dependent TFs: median promoter-binding signal of Msn2 and the indicated TFs

to Msn2-dependent promoters. Each dot represents an Msn2 variant, color-coded as indicated. Differences in binding on individual promoters are shown in

Figures S3C and S3D.
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(Figures 2I, S2F, and S2G). However, the effects of Med15 dele-

tion were moderate and lower than those of Msn2/4 deletion

(Figures 2I and S2F). In particular, TF preferences for the Msn2
736 Cell Systems 14, 732–745, September 20, 2023
motif were retained (Figure S2H). We conclude that Med15 plays

a partial (direct or indirect) role in transducing the long-range

contribution of Msn2 to TF-promoter binding.
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Figure 4. Msn2 recognizes its promoters independently of other TFs

(A–C)Msn2 retains binding at its target promoters upon co-deletion of other TFs localizing to its promoters: shown in (A) are the promoter-binding preferences of

Msn2 in wild-type and TF co-deletion backgrounds. Each dot represents the total signal on a promoter. The deleted TFs are indicated on top (gray). Also shown is

the binding of Msn2 along a representative promoter (B, notation as in Figure 1F) and the overall similarities (Pearson’s correlation) of Msn2 promoter preferences

between the indicated TF co-deletion and wild-type backgrounds (C).

(D)Msn2 shows no preference formotifs bound by its proximal-bound TFs: shown is the averageMsn2 binding signal aroundmotif sites of each deleted TF inwild-

type (black) and 14 TF co-deletion (red) backgrounds. Onlymotifs found in the top 100-bound promoters of each TFwere included. y axis limits are the same for all

panels, according to the upper panel.
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Msn2 truncations gradually reduce TF recruitment in
proportion to the gradual loss of binding by Msn2 itself
Our results revealed that Msn2 is needed to allow the binding of

multiple TFs at its target promoters. We next examined Msn2 re-

gion(s) causal for this recruitment. In this, we were interested in

whether Msn2 recruits all TFs through the same regions, and

whether those regions correspond to the (few) structural seg-

ments within its disordered non-DBD (Figure 3A). We examined

that by profiling the binding of the recruited TFs in strains devoid

of Msn4 and carrying a truncated Msn2, searching for variants

that abolish TF recruitment.

As a first set of Msn2 variants, we deleted 200-aa segments,

covering the full Msn2 non-DBD (Figure 3A). We previously

showed that Msn2 binding is invariant to those deletions,13

andwe verified this in theMsn4-deleted strains (Figure S3A). Un-

expectedly, the binding of the tested TFs was also invariant to

those truncations (Figures 3B and 3C). Therefore, no 200-aa re-

gion within Msn2 is individually necessary for TF recruitment.

To examine for redundant regions, we generated a series of

truncations in which we gradually shortened Msn2 through

sequential �50-aa deletions (Figure 3D). We previously found

those truncations to gradually shift Msn2-binding preferences,13
and we verified this now in Msn4-deleted strains (Figure S3A).

Notably, promoter binding by the tested TFs followed the

same gradual dynamics, independent of TF identity

(Figures 3E, 3F, and S3B–S3D). We conclude that Msn2-medi-

ated TF recruitment scales with Msn2 promoter occupancy

and is accordingly dependent on the cumulative action of multi-

ple weak determinants distributed throughout its non-DBD.

Msn2 localizes to its preferred promoters independently
of other TFs
Our results, showing a coordinated loss in promoter binding by

Msn2 and its recruited TFs, are consistent withmodels of cooper-

ative binding, predicting that Msn2 binding will be similarly lost

when deleting its interacting TFs. To examine that, we mapped

Msn2binding in strains co-deletedofMsn4and three TFs showing

pronounced Msn2/4 dependence (msn4D, crz1D, skn7D, and

yap1D). Msn2 binding preferences, however, remained invariant

to thosedeletions, ascanbeappreciated from theoverall similarity

of promoter preferences (r = 0.94, Figures 4A–4C) or binding at in-

dividual promoters (e.g.,UGP1, Figure 4B). Note that to control for

possible changes in Msn2 abundance among mutants, we ex-

pressed Msn2 using a constitutive promoter of similar expression
Cell Systems 14, 732–745, September 20, 2023 737
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levels, which had no detectable effect on Msn2 binding (r = 0.98,

Figure S4A).

Given this invariance of Msn2 binding preferences to this four

TF co-deletion, we deleted three additional TFs (rsf2D, tda9D,

asg1D or mss11D, sko1D, hot1D), generating two strains, each

deleted of seven TFs. Again, Msn2 binding pattern was hardly

affected (r = 0.93–0.94 with wild-type profile, Figures 4A–4C).

Next, we combined all deletions and added Gis1, co-deleting

11 TFs (msn4D, crz1D, skn7D, yap1D, rsf2D, tda9D, asg1D,

mss11D, sko1D, hot1D, gis1D). Still, Msn2 binding remained

largely invariant (r = 0.94, Figures 4A–4C), as was its paralog

Msn4 (r = 0.88, Figure S4B).

Finally, we added three more deletions (adr1D, ixr1D, nfi1D).

This massive 14-TF deletion slowed the growth rate by �40%

(Figures S4C and S4D); however, Msn2 binding preferences

were only moderately affected (r = 0.85; Figures 4A–4C). Of

note, even in this strain, Msn2 retained binding at most of its

target promoters, although the relative binding strength was

reduced (Figure S4E). The binding pattern of Msn2 across the

promoter remained largely unaffected by the TF deletions (Fig-

ure S4F). Consistently, although Msn2 localized preferentially

to its own motif, it showed no preference for motifs of the other

tested TFs (Figure 4D). In addition, deleting the last 3 TFs individ-

ually had no effect on Msn2 binding preference (Figure S4G). We

conclude that Msn2 recognizes its target promoters largely inde-

pendent of its neighboring TFs, including those it effectively re-

cruits to those same promoters.

Beyond Msn2/4-bound promoters, TF binding shows
limited dependency on neighboring TFs
We next used our strains lacking the tested TFs to systematically

examine for binding dependencies among them. For this, we

profiled the binding of seven TFs in cells co-deleted of 11 TFs

(includingMsn2/4), again replacing their promoters with a consti-

tutive one to limit potential changes in abundance (Figure S5A).

Focusing first on Msn2/4-bound promoters, we noted that

most Msn2/4-independent binding events were retained in the

11 TF co-deleted strains (Figure 5A). Furthermore, re-introducing

Msn2 fully rescued TF (and Med15) binding to Msn2-bound pro-

moters in all tested cases (Figure 5B). Of note, Msn2 did not

rescue the increased nucleosome occupancy at those pro-

moters (Figures 5C and S5B), suggesting that nucleosome loss

is the result, rather than the cause of TF binding. We conclude

that Msn2/4 fully account for TF-binding dependencies within

their bound promoters.

When tested across all promoters, TF-binding preferences

within the 11 TF co-deletion strains were somewhat shifted

with respect to the Msn2/4 deleted strains (Figure 5D, r =

0.77–0.96), although all TFs, including the moderately affected

ones (Yap1 and Tda9; r = 0.83, 0.77) retained binding to their

top targets (Figures 5A and S5C). To define the dependencies

explaining those additional effects, we examined the average

TF binding around different motifs at TF-bound promoters (Fig-

ure 5E). Three cases indicating unidirectional dependencies

emerged, including the known recruitment of Yap1 by Skn7.56

The two additional ones predicted the recruitment of Tda9 and

Yap1 by Crz1, which we verified through Crz1 deletion (Fig-

ure 5F). These dependencies were one-sided, as neither Skn7

nor Crz1 showed similar TF-dependent motif localization. We
738 Cell Systems 14, 732–745, September 20, 2023
conclude that binding dependencies within the selected TF

group are unidirectional and, besides Msn2/4, are of limited

effect.

Transcription repressors of overlapping binding
preferences show limited binding cooperativity
We extended our study to the second group of similarly bound

TFs, which included the general corepressor Cyc850,57 (Fig-

ure S6A). Thirty of the 141 TFs in our compendium showed

high similarity to Cyc8 (r > 0.6), including 11 TFs known to

interact with the respective Tup1-Cyc8 complex (Figure 6A;

Table S1). We selected 15 of the top-correlating ones and added

Yap4 and Rgt1, previously implicated in Tup1-Cyc8 recruit-

ment.58,59 The selected TFs were of diverse families, displayed

varying lengths and IDR content, and were localized to overlap-

ping promoters (Figures 6B and S6A). For all TFs in this group,

motif preferences derived from our data agreed well with the

known preferences defined in previous in vitro or in vivo studies3

(Figure S6B).

As Cyc8 interacts with most TFs in this group, we asked

whether it affects their promoter binding. Due to the severe

growth defects caused by Cyc8 deletion, we examined this

through rapid Cyc8 depletion using auxin-inducible degron60

(Figure S6C). All five tested TFs retained their binding prefer-

ences upon Cyc8 depletion (r = 0.87–0.92, Figures S6D and

S6E), suggesting that Cyc8 itself has no significant effect on TF

binding.

We next generated strains deleted of combinations of six,

twelve, or sixteen TFs from the Cyc8-correlated group and

examined the consequences on TF binding (Figures 6C–6E).

Although some TFs were highly sensitive to those massive dele-

tions (e.g., Rox1 and Nrg1/2), most TFs were only moderately

affected (e.g., Sok2 and Ixr1, Figures 6C–6E). The binding of

Cyc8 itself was lost from a subset of promoters but, perhaps un-

expectedly, was retained and even strengthened in others (r =

0.81, Figure S6F). Of note, the binding of Msn2, measured as

well in this TF co-deletion background, was hardly affected

(r = 0.92, Figures S6G and S6H).

To define the structure of binding dependencies among the

Cyc8-related TFs, we examined the average TF binding around

the various motifs. Each of the tested TFs localized to its known

motifs, and most TFs retained this localization also in the TF co-

deleted strains (Figure 6F). Exceptions include TFs that lost (e.g.,

Nrg1/2, Mig1) or gained (e.g., Rox1, Mot3) motif binding signal.

Furthermore, most TFs did not localize to motifs of other TFs,

consistent with the low effects of the TF co-deletions (Figure 6G).

Nrg1/2 were again exceptions, showing preferred localization at

Sko1 and Mot3 sites, which was reduced in the deletion strains.

Those effects were again unidirectional, as neither Sko1 nor

Mot3 localized to Nrg1/2 sites or showed reduced abundance

around those sites in the deletion strain. This analysis further pre-

dicted unidirectional dependencies of Mig1 on its similarly

bound paralogs Mig2/3 and Rgt1 (Figure 6G), which we verified

using single TF deletions (Figure 6H). Overall, interactions in this

TF group appeared less frequent than in the Med15 group, in line

with the previously noted synergism among transcriptional acti-

vators.8,61 We conclude that within our set of tested TFs, cases

of TF-binding dependencies are limited and, when exist, are uni-

directional and affect only a subset of promoters.
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Figure 5. TF-binding dependencies are infrequent and one-sided

(A) Msn2 accounts for all binding dependencies at Msn2-bound promoters: shown is the binding of the indicated TFs within wild-type (top), Msn2/4-deletion

(middle), and 11 TF co-deletion (bottom) backgrounds. The deleted TFs are listed in (D). All promoters bound by at least one the indicated TFs in the wild-type

background were included. Each promoter group (top-bound promoters of a given TF) was clustered using k-means in the co-deletion background, and their

order was kept between plots.

(B and C)Msn2 is sufficient to rescue TF localization to Msn2-bound promoters, but not nucleosome eviction: shown in (B) is the binding of the indicated TFs (and

Med15) to Msn2-dependent promoters in the indicated backgrounds. Note that Msn2 is sufficient to restore the binding of all measured TFs and Med15 to its

target promoters. The deleted TFs are listed in (D). (C) Shown is the nucleosome pattern at Msn2 top-bound promoters and around Msn2 motifs in these pro-

moters (notation as Figure 2F).

(D)BeyondMsn2/4, TFs show limited dependencies: shown are the similarities (Pearson’s correlation) in promoter-binding preferences betweenMsn2/4-deleted

and the indicated backgrounds. Note that, with the exception of Yap1 and Tda9, all TFs retain a high correlation (r > 0.88) to Msn2/4-deletion. See Figure S5C for

a comparison to wild-type background.

(E and F) Motif localization points at one-sided TF-binding dependencies: shown in (E) is the average binding of the indicated TFs around their preferred motifs

(top) and around motifs of other TFs (bottom). Only motifs located within bound promoters are included, and the binding signal is compared between Msn2/4-

deletion (black) with 11 TF co-deletion (red) strains. The background color indicates the maximal signal. Note the co-localization of Tda9 and Yap1 to Crz1-

motifs, which is lost in the 11 TF co-deletion background, reflecting the preferential loss of Tda9 binding from Crz1-bound promoters. (F) Single-deletion of

CRZ1 validates binding dependencies: shown is the correlation in promoter-binding preference for Tda9 (top) and Yap1 (bottom) at the indicated backgrounds

to Msn2 (x axis) and Crz1 (y axis). The color indicates the correlation to wild-type background. Note the differential dependency on both Crz1 and Msn2/4.
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TF non-DBDs direct binding specificity independent of
TF interactions
Our data above testing systematically for dependency among

similarly bound TFs show no evidence for cooperative TF binding
but still describes multiple unidirectional dependencies. We

therefore asked whether those dependencies explain the role

of non-DBDs in directing TF-binding locations13,14 (Figure 7A).

For 11 of our tested TFs, binding preferences of DBD-only
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mutants (lacking most of their non-DBD) were mapped14 and, in

all those cases, differed from those of full TFs (Figure S7A), dis-

playing reduced binding signal at some TF-bound promoters as

well as gain of binding at new promoters (exemplified by Sko1,

Figure 7B).

Comparing the changes in binding profiles of DBD-only variants

or TF co-deletions revealed little similarities (Figures 7C and 7D).

Specifically, TF co-deletion did not increase binding at DBD-

only-unique promoters, nor did it reduce binding at non-DBD-

dependent promoters (Figures 7C and S7C). Exceptions included

Yap1 and Mig1, although also in those cases, TF-binding prefer-

ences within the TF co-deletion were better correlated with those

of full TF than with the DBD-only variant (Figure 7D). We conclude

that within our set of tested TFs, direct interactions fail to explain

the role of non-DBDs in directing binding preferences.

DISCUSSION

Cooperative DNA binding by interacting TFs presents a compel-

ling explanation for the challenge of binding specificity. Two

necessary conditions for this model are satisfied. First, at the

level of the DNA, regulatory sequences contain closely spaced

motifs bound bymultiple TFs. Second, at the level of TFs, regions

outside the DBD play a prominent role in directing DNA binding,

potentially by interacting with other TFs. Still, functional evidence

confirming the role of TF co-binding in directing binding speci-

ficity was limited to specific cases. Our study suggests that

cooperative binding is rather infrequent and, contrasting the pre-

vailing notion, fails to explain the specificity of TF binding.

We analyzed possible interactions among 28 TFs that form

two hubs within the co-localization network of budding yeast

TFs. Selecting those TFs as candidates for cooperative binding

was motivated not only by their high binding overlap but also

by the prominent roles of their non-DBDs in directing those bind-

ing preferences. Still, we find no case of cooperative binding

among this group. We do describe multiple cases of unidirec-

tional dependencies, whereby one TF facilitates the binding of

a second TF(s). Those dependencies, however, were limited to

a subset of promoters and rarely explained the top-bound

ones (Figure 7E).
Figure 6. Binding dependencies between Cyc8-colocalized TFs are on

(A and B)Multiple TFs co-localize to Cyc8-bound promoters: shown are the prom

in our dataset. A red asterisk indicates known recruiters.58,59 Marked in green

described in (B). Clustered correlation matrix between TFs is shown in Figure S6

(C–E) TF co-deletion points at limited binding dependencies between selected TF

preferences between wild-type or TF co-deletion backgrounds for each indicate

deletions, most TFs retain a high correlation (r > 0.75) with their wild-type backgr

deletion are shown in scatterplots (D), comparing binding signals at each promote

Cyc8 binding signal. Shown in (E) are the top-bound promoters bound by each ind

backgrounds, shown separately for lowly affected (top) and highly affected (bottom

background, and the order was kept between plots. Note that most affected prom

promoter loss, whereas others retain binding at most promoters.

(F–H) TFs localized to their own motifs but show a limited preference for motifs of

preferred motifs (notation as in Figure 5E). Only motifs located within bound pro

(black), 12 (orange), and 16 TF co-deletion (red) backgrounds. The background co

in some (e.g., Nrg1/2) and the increased in others (e.g., Mot3). The respective pre

preference for non-self-motifs, with the exception of Nrg1/2 preferences for the m

Note that Mig1/Mig2/Mig3 have highly similar promoter andmotif preferences. Sh

for Nrg1 (top) and Mig1 (bottom), notation as in Figure 5F. Note that in contrast to

on promoter preferences.
The master stress regulator, Msn2, illustrates these results.

We find that Msn2 acts as a pioneering-like factor in enabling

the binding of multiple TFs. Similar multi-TF-binding depen-

dencies were reported in other organisms, such as the pioneer

TF Zelda in Drosophila.62–64 Notably, this enabling function of

Msn2 was not dependent on any one localized region within its

sequence but was the result of the same set of weak determi-

nants directing its own binding. The binding of Msn2 itself, how-

ever, was independent of all other tested TFs.

Thosefindings raise twoquestions for further studies.Thefirst is

the mechanism through which Msn2 enables the binding of other

TFs to its target promoters. Msn2 could recruit those TFs through

direct PPIs. We do not favor this possibility considering the long-

range effect ofMsn2/4 deletion and that no localized regionwithin

Msn2 was sufficient for TF recruitment; however, we do not rule

out the involvement of IDR-mediated PPIs.22 Another option is

that recruitment occurs throughMsn2-driven nucleosome deple-

tion,whose levels increaseuponMsn2/4 deletion. This possibility,

however,was largely refutedby thecapacityofMsn2 to restoreTF

(andMed15)bindingwithin the11TFco-deletion strains, although

nucleosome occupancy remained high. Another possibility is that

Msn2/4 recruitment ismediatedbyMed15, amediator tail compo-

nent that interacts with multiple TFs and is recruited byMsn2.We

find that Med15 affects the binding of the recruited TFs; however,

it accounts for only a small part ofMsn2/4-dependent binding and

could be either through direct interaction or indirect consequence

of Med15 deletion. Other coactivators not tested here, including

TFIID, SAGA, and SWI/SNF,49,65,66 could perhaps contribute to

TF recruitment, although their interactions withMsn2 appear sec-

ondary to those of Med15.

A relatedquestion raisedbyour study is the roleofnon-DBDs, or

IDRs, in directing TF-binding preferences.Within the cooperativity

model, the non-DBD directs binding by interacting with other TFs.

Accordingly, deleting those interacting partners is expected to

have the same effect as removing the non-DBD. This, however,

was not the case for any of the TFs we examined (Figure 7E). In

fact, in only a few instances did the extensive deletions lead to

similar loss or gain of promoter binding as seen by the non-DBD

removal. It may be that other TF interactors exist that are

more prominent and explain the non-DBD effect; however, the
e-sided and limited to a subset of TFs and promoters

oter preferences similarities (Pearson’s correlation) between Cyc8 and each TF

are TFs selected for further analysis, with their family identity and IDR length

A.

s: shown in (C) are the similarities (Pearson’s correlation) of promoter-binding

d TF. Deleted TFs are indicated at the bottom. Note that despite the extensive

ound. Examples of TFs displaying low (Sok2) or high (Nrg1) sensitivity to TF co-

r (notation as in Figure 4A). Each dot (promoter) is color-coded by the respective

icated TF (notation as in Figure 5A) in wild type and in the largest TF co-deletion

) TFs. Each promoter groupwas clustered using k-means in the TF co-deletion

oters were bound bymultiple TFs, and that only a subset of TFs showed amajor

other TFs: shown in (F) is the average binding of the indicated TFs around their

moters are included, and the binding signal is compared between wild-type

lor indicates themaximal signal. Note the reduced localization to self-motif seen

ference of TFs at motifs of other TFs in our set is shown in (G). Note the limited

otifs of Sko1 and Mot3, and Mig1 preference for Rgt1 motif and Mig2/3 motifs.

own in (H) is single-deletion validation of motif-predicted binding dependencies

Tda9 (Figure 5F), here, single deletions had a shared, rather than distinct, effect
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Figure 7. TF non-DBDs guide binding specificity independent of other TFs

(A) Scheme: TFs depend on their non-DBD for binding at their specific genomic sites. If this non-DBD-mediated specificity occurs through interactions with other

TFs, deleting the co-interactors or removing the non-DBD should have a similar effect on binding.

(B and C) Gain or loss of specific promoters following non-DBD removal is not apparent in TF co-deletion: shown in (B) is the promoter-binding preferences of

Sko1 inwild-type background (x axis) and following non-DBD removal (y axis, ‘‘DBD-only,’’ notation as in Figure 4A, same presentation for all other TFs is shown in

Figure S7A), color indicates Sko1 binding in the 16 TF co-deletion background. Binding on specific promoters that are either gained (green) or lost (blue) in the

DBD-only variants are shown in (C) for the indicated TFs and backgrounds (shown also as histograms in Figure S7C). Note the high similarity between wild-type

and TF co-deletion for all TFs in both promoter groups. Note that Yap1 and Mig1 show some gain and loss similar to their DBD-only variant, indicating on more

prominent non-DBD-mediated dependency on other TFs. Data of DBD-only variants was taken from Kumar et al.14

(D) Promoter-binding preference similarities (Pearson’s correlation on all promoters) between TF co-deletion to DBD-only variant (x axis) or to wild-type (y axis)

background. The color indicates the change in similarity (correlation in promoter preference) to the DBD-only variant following TF co-deletion (correlation [WT to

DBD-only] � correlation [TF co-deletion to DBD-only], negative values indicate increased similarity to the DBD-only variant after TF co-deletion). Note that Yap1

andMig1 show an increase in similarity to their DBD-only variant in the TF co-deletion background. Note that for all TFs, including Yap1 andMig1, the similarity of

TF co-deletion is higher to wild-type background than to the DBD-only variant.

(E) Binding dependency is one-sided, limited and fails to explain the role of non-DBDs: summarizing scheme: binding dependencies between TFs are mostly one-

sided (left, one TF depends on another but not vice versa) and limited to a subset of TFs and promoters (middle, most binding events remain following TF co-

deletion). Comparison of TF co-deletion to DBD-only variants suggests that non-DBD-mediated specificity does not depend on TF-TF interactions and occurs

through other mechanisms.
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comprehensive nature of our study makes this possibility unlikely.

Alternatively, those non-DBDs, most of which are IDR-rich, may

interact with other chromatin-localizing factors or with the DNA it-

self. Further studies are required to resolve this conundrum.
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Chemicals, peptides, and recombinant proteins

cOmplete EDTA-free Protease Inhibitor Cocktail Sigma Aldrich Cat#11873580001

Proteinase K Sigma Aldrich Cat#P2308

RNase A Sigma Aldrich Cat#R4875

SPRI beads AMPure XP Beckman Coulter Cat#A63881

Glycoblue Thermo Fisher Cat# AM9515

IGEPAL CA-630 Sigma Aldrich Cat#I3021

Micrococcal nuclease (MNase) Worthington Cat#LS004797

Digitonin Sigma Aldrich Cat#300410

Spermine Sigma Aldrich Cat# S3256-5G

Spermidine Sigma Aldrich Cat# S026

10x T4 DNA Ligase buffer NEB B0202S

T4 DNA ligase NEB M0202S

T4 PNK NEB M0201S

T4 DNA Polymerase Thermo Scientific EP0061

Taq polymerase Bioline BIO-21040

Quick Ligase NEB M2200S

Phenol-Chloroform Sigma Aldrich P3803

Phusion High-Fidelity PCR Master Mix NEB M0531S

Auxin (3-indolo acetic acid) Sigma Aldrich I2886

BsaI HFv2 NEB R3733S

KAPA Hifi DNA polymerase Roche 07958927001

Critical commercial assays

HiYield Plasmid Mini Kit RBC Bioscience Cat# YPD100

MasterPure Yeast DNA Purification Kit Epicenter MPY80200

Deposited data

Raw and processed NGS data

generated in this study

This paper GEO: GSE222268

Raw NGS data for individual TFs Brodsky et al.13 SRA: PRJNA573518

Raw and proc. NGS data for individual TFs Gera et al.42 GEO: GSE179430

Raw and proc. NGS data for individual

TFs and for DBD-only variants

Kumar et al.14 GEO: GSE209631

Experimental models: Organisms/strains

Yeast strain information This study Table S2

Oligonucleotides

Barcoded Y-shaped adapters Blecher-Gonen et al.67 N/A

Oligos used for CRIPSR-based gene editing This study Table S3

Recombinant DNA

bRA89 (Plasmid, PGK1-Cas9- HPHMX-BplI) Anand et al.68 Addgene #100950

pGZ108 (Plasmid, pFA6a-3FLAG-MNase-kanM6) Zentner et al.43 Addgene #70231

bRA89-GG (Plasmid, PGK1-Cas9- HPHMX-BsaI) This study N/A

pBS35 Hailey et al.69 Add gene #83797

Software and algorithms

MATLAB MathWorks N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 Langmead and Salzberg70 N/A

BEDTools Quinlan and Hall71 N/A

cutAdapt Martin72 N/A

Custom Analysis codes This Study https://github.com/OffirLupo/CooperativeBinding

https://doi.org/10.5281/zenodo.8086338

Growth media

YPD CSHP https://doi.org/10.1101/pdb.rec12315

Synthetic Complete Medium

with 2% dextrose

Gietz et al.73 N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Naama

Barkai (naama.barkai@weizmann.ac.il).

Materials availability
All yeast strains and plasmids generated in this study are available upon request.

Data and code availability
d All raw sequencing data of ChEC-seq and MNase-seq generated in this study have been deposited in GEO and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table.

d All original code has been deposited at GitHub and Zenodo and is publicly available as of the date of publication. DOIs are listed

in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast strains and transformations
All strains used in this study are derived from the wild-type Saccharomyces cerevisiae strain, BY4741 (MATa his3D1 leu2D0met15D0

ura3D0 genotype). Yeast strains were freshly thawed from frozen stock before experiments and plated on YPDplates. Single colonies

were picked and grown at 30�C in liquid SD medium (Synthetic Complete with 2% dextrose).74 All transformations were performed

using the LiAc/SS DNA/PEG method.73

All strains and oligos used and generated in this study are listed in Tables S2 and S3, respectively.

Plasmids
In order to createmultiple gene deletions, amodified CRISPR plasmidwas generated (termed bRA89-GG), containing both Cas9 and

a golden gate cloning site for the assembly ofmultiple gRNAs.75 This plasmid was generated bymodifying the bRA89 plasmid,68 a gift

from James Haber. Specifically, the gRNA integration site, including its scaffold, promoter, and terminator, was replaced by a golden

gate cloning site compatible with the restriction enzyme BsaI. Integration of multiple gRNAs was done in two steps: First, single

gRNAswere assembled into bRA89 plasmid as previously described.68 Second, individual gRNAswere amplified (including their pro-

moter and terminator) from each plasmid using primers that harbor BsaI sites and unique 4bp overhangs for golden gate assembly.

These gRNAs amplicons were purified and mixed together (20ng each) with the bRA89-GG plasmid (200ng), 1ul of T4 ligase (NEB),

1ul of BsaI HFv2 (NEB), 2ul of 10X T4 ligase buffer (NEB) andwater to a total of 20ul. Golden gate assembly was then carried out using

the following thermocycling protocol: (37�C 1.5 minutes, 16�C 3 minutes) x25, 37�C for 5 minutes, 80�C for 10 minutes, and then

cooled to 4�C. All reaction was then transformed into Escherichia coli. Plasmids were verified with PCR and purified with

MiniPrep Kit (Real Genomics).

Gene deletions
All gene deletions in this study were done using CRISPR. gRNA sequences were designed to target TF ORFs using Benchling and

integrated to bRA89 plasmid as described above. gRNA plasmids targeting the genes: Msn2, Tda9, Yap1, Skn7, Gis1, and Sfl1 were

available from previous work.13,14,42 The bRA89-GG plasmid was used to perform a few gene deletions simultaneously. For this, the

bRA89-GG (typically containing three gRNAs targeted to different ORFs) was co-transformed with repair products containing homol-

ogy of 45bp upstream and downstream to the respected ORF. In order to increase transformation efficiency, the repair products
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contained a non-coding sequence of �300bp amplified from a template plasmid (pBS3569). Positive colonies (in which all targeted

ORFs were removed) were verified using PCR and gel electrophoresis, and CRISPR plasmid was lost by growth in YPD and selection

for colonies without bRA89-GG-encoded Hygromycin resistance.

MNase tag, DBD swap, and truncations
Most wild-type strains with MNase-tagged TFs were generated and profiled in previous studies from the lab and are listed in

Table S1. Tagging with MNase was performed with the amplification product of an MNase cassette from the pGZ108 plasmid, a

gift from Steven Henikoff, with either MNase-Kanamycin selection or by SWAp-Tag76 (C-SWAT) libraries using CRISPR.

Msn2 DBD swapping and truncations were done as previously described,13 using bRA89 plasmid. All strains were verified using

PCR and gel electrophoresis, followed by DNA sequencing and plasmid loss as described above.

Expression of TF-MNase under a constitutive promoter
To control for possible changes in the abundance of the measured TFs following gene deletions, we expressed TF-MNase under the

stable VMA5 promoter. We chose this promoter because its expression levels are similar to most TFs and remain unaffected by

changing conditions52 or genetic perturbations.77 For this, we created a strain that contains an additional VMA5 promoter followed

by a cassette composed of a gRNA target sequence, GFP and NatMX. This strain was the basis for all gene deletions done in this

study. Eachmeasured TFwas amplified (using Phusion, NEB) from the purified genome (MasterPure, Epicenter) of its MNase-tagged

wild-type strain. These amplicons were used as repair products for CRISPR transformations targeting the VMA5 promoter. Proper

integration was verified using PCR and gel electrophoresis, followed by DNA sequencing and plasmid loss as described above. For

control, the binding of a selected number of TFs expressed under the VMA5 promoter was measured in strains deleted only of the

native respected TF (Figure S4A).

METHODS DETAILS

ChEC-seq experiments
The experiments were performed as previously described,43 with some modifications. Yeast strains were freshly thawed before ex-

periments from frozen stocks, plated on YPDplates, and grown. Single colonies were picked and grown overnight at 30�C in liquid SD

(Synthetic Complete with 2% dextrose) medium to stationary phase. Then, the cultures were diluted into 5 mL fresh SD media and

grown overnight to reach an OD600 of 4 the following morning. Cultures were pelleted at 1500 g for 2 min and resuspended in 0.5 mL

buffer A (15 mM Tris pH 7.5, 80 mM KCl, 0.1 mM EGTA, 0.2 mM spermine, 0.5 mM spermidine, 13 cOmplete EDTA-free protease

inhibitors (one tablet per 50 mL buffer), 1 mM PMSF) and then transferred to 2.2 mL 96-well plates (LifeGene). Cells were washed

twice in 1 mL Buffer A. Next, the cells were resuspended in 150 mL Buffer A containing 0.1% digitonin, transferred to an Eppendorf

96-well plate (Eppendorf 951020401), and incubated at 30�C for 5 min for permeabilization. Next, CaCl2 was added to a final con-

centration of 2 mM to activate the MNase and incubated for exactly 30s. The MNase cleavage was stopped by adding an equal vol-

ume of stop buffer (400 mM NaCl, 20 mM EDTA, 4 mM EGTA, and 1% SDS) to the cell suspension. After this, the cells were treated

with Proteinase K (0.5mg/mL) at 55�C for 30min. An equal volume of phenol-chloroform pH=8 (Sigma-Aldrich) was added, vigorously

vortexed, and centrifuged at 17,000g for 10 min to extract DNA. After phenol-chloroform extraction of nucleic acids, the DNA was

precipitated with 2.5 volumes of cold 96% EtOH, 45 mg Glycoblue (Thermo Fisher), and 20 mM sodium acetate at –80�C for

>1 hr. DNA was centrifuged (17,000 g, 4�C for 10 min), the supernatant removed, and the DNA pellet washed with 70% EtOH at

room temperature. DNA pellets were dried and resuspended in 30 mL RNase A solution (0.33mg/mL RNase A in Tris-EDTA [TE] buffer

[10 mM Tris and 1 mM EDTA]) and treated at 37�C for 20 min. To enrich for small DNA fragments, the samples went through reverse

SPRI cleanup by adding 0.83 SPRI beads (Ampure XP). The supernatant was collected, and the remaining small DNA fragments

were purified by adding additional 13 SPRI beads and 5.43 isopropanol, and incubating 5 min at RT. Beads were washed twice

with 85% EtOH, and small fragments were eluted in 30 mL of 0.13 TE buffer.

ChEC-seq library preparation and next-generation sequencing
Library preparation was performed as described by Skene and Henikoff,78 with slight modifications. DNA fragments after RNase

treatment and reverse SPRI cleanup served as an input to end-repair and an A-tailing (ERA) reaction. For each sample, 20 mL

ERA reaction (13 T4 DNA ligase buffer [NEB], 0.5 mM dNTPs, 0.25 mM ATP, 2.75% PEG 4000, 6U T4 PNK [NEB], 0.5U T4 DNA Po-

lymerase [Thermo Scientific] and 0.5U Taq DNA polymerase [Bioline]) was prepared and incubated for 20min at 12�C, 15min at 37�C
and 45 min at 58�C in a thermocycler.

After ERA reaction, reverse SPRI cleanup was performed by adding 0.53 (10 mL) SPRI beads (Ampure XP). The supernatant was

collected, and the remaining small DNA fragments were purified with additional 1.33 (26 mL) SPRI beads and 5.43 (108 mL) isopro-

panol. After washing with 85% EtOH, small fragments were eluted in 17 mL of 0.13 TE buffer; 16.4 mL elution was taken into 40 mL

ligation reaction (13Quick ligase buffer [NEB], 4000UQuick ligase [NEB], and 6.4 nMY-shaped barcode adaptors with T-overhang67

and incubated for 15 min at 20�C in a thermocycler.

After incubation, the ligation reaction was cleaned by performing a double SPRI cleanup: first, a regular 1.23 (48 mL) SPRI cleanup

was performed and eluted in 30 mL 0.13 TE buffer. Then and instead of separating the beads, an additional SPRI cleanup was per-

formed by adding 1.33 (39 mL) HXN buffer (2.5 M NaCl, 20% PEG 8000) and final elution in 24 mL 0.13 TE buffer; 23 mL elution were
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taken into 50 mL enrichment PCR reaction (13 Kappa HIFI [Roche], 0.32 mM barcoded Fwd primer and 0.32 mM barcoded Rev

primer,67 and incubated for 45 s in 98�C, 16 cycles of 15 s in 98�C and 15 s in 60�C, and a final elongation step of 1 min at 72�C
in a thermocycler.

The final libraries were cleaned by a regular 1.13 (55 mL) SPRI cleanup and eluted in 15 mL 0.13 TE buffer. Library concentration

and size distribution were quantified by Qubit (Thermo Scientific) and TapeStation (Agilent), respectively. For multiplexed next-gen-

eration sequencing (NGS), all barcoded libraries were pooled in equal amounts, the final pool diluted to 2 nM and sequenced on

NovaSeq 6000 (Illumina).

ChEC-seq processing and analysis
Raw reads from ChEC-seq libraries were demultiplexed using bcl2fastq (Illumina), and adaptor dimers and short reads were filtered

out using cutadapt72 with parameters: ‘–O 10 –pair-filter = any –max-n 0.8 –action =mask’. Filtered reads were subsequently aligned

to S. cerevisiae genome R64-1-1 using Bowtie 270 with the options ‘--end-to-end --trim-to 30 --very-sensitive’. The genome coverage

of fully aligned read pairs was calculated with GenomeCoverage from BEDTools71 using the parameters ‘-d –5 –fs 1’, resulting in the

position of the fragment ends, which correspond to the actual MNase cutting sites. All further analysis was performed on MATLAB.

The signal tracks were normalized to 10million reads to control for sequencing depth. Samples with more than 200,000 concordantly

aligned reads or with >0.9 correlation (Pearson’s r) between biological repeats were taken for further analysis. Tracks of biological

repeats were then averaged to produce mean profiles.

MNase-seq for nucleosome occupancy
MNase-seq for measuring nucleosome occupancy was modified from Yaakov et al.79 S. cerevisiae of the indicated genotypes were

grown in SDmedia to saturation overnight, diluted to fresh SDmedia, and grown for several divisions at 30C until reaching OD600 of

4. 10 mL of cells were fixated for 5 min in 1% formaldehyde shaking at room temperature. Glycine was added to a final concentration

of 0.125 M for 5 min. The cells were pelleted at 4,0003g for 1 min at 4�C, washed twice with cold DDW, and frozen in liquid nitrogen.

Thawed cell pellets were washed in 15ml ice-cold Sorbitol 1M, pelleted, and resuspended in 600 ml RIPA buffer (10 mM Tris pH 8.0,

140 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxycholate, 1% Triton X-100, EDTA-free protease inhibitor cocktail), and

transferred to ice-chilled microtubes (DNA LoBind, Eppendorf) with �500ul Zirconium beads (Next Advance, ZrOB05). Cells were

lysed using a Bullet Blender24 (Next Advance) for three cycles of 1 minute at level 8 with one minute on ice between cycles. Lysed

cells were transferred by piercing a hole at the bottom with a needle, placing them on new microtubes, and centrifuged at 600g for 5

seconds at 4�C. Chromatin was then pelleted at 17,000g for 10 min at 4�C.
For MNase digestion, pellets were resuspended in 100ul NP buffer (10 mM Tris pH 7.4, 1 M sorbitol, 50 mM NaCl, 5 mM MgCl2,

1mMCaCl2, and 0.075%NP-40, freshly supplemented with 1 mM b-mercaptoethanol, 500 mMspermidine, and EDTA-free protease

inhibitor cocktail) per OD unit of cells (100ul NP buffer for 20 ODs) and warmed to 37�C for 5 minutes. Then, 100 ml of NP buffer sup-

plemented with 40 units of micrococcal nuclease (Worthington) was added, and samples were incubated for 20 min at 37 �C. The
MNase reaction was stopped by placing on ice, adding an equal volume of ice-cold MNase stop buffer (220 mM NaCl, 0.2%

SDS, 0.2% sodium deoxycholate, 10 mM EDTA, 2%, Triton X-100, EDTA-free protease inhibitor cocktail) and incubating for 30 mi-

nutes on ice. Chromatin was then pelleted by centrifuge at 17,000g for 10 min at 4�C. Pellets were resuspended in 24ml of chromatin

elution buffer (10 mM Tris pH 8.0, 5 mM EDTA, 300 mMNaCl, 0.6% SDS) supplemented with 1ml of 0.5mg/ml RNase A (Sigma Aldrich)

and incubated for 30 minutes at 37�C. Then, 22.5ml of chromatin elution buffer supplemented with 2.5 ml of proteinase K (20 units/ml,

SigmaAldrich) was added and incubated at 65 �Covernight for reverse cross-linking. DNAwas purified using a 2x SPRI cleanup. DNA

libraries were constructed as ChEC-seq samples only with regular SPRI cleanups without isopropanol.

MNase-seq processing and analysis
Raw reads fromMNase-seq libraries were demultiplexed using bcl2fastq (Illumina), and adaptor dimers and short reads were filtered

out using cutadapt72 with parameters: ‘–O 10 –pair-filter = any –max-n 0.8 –action =mask’. Filtered reads were subsequently aligned

to S. cerevisiae genome R64-1-1 using Bowtie 270 with the options ‘-p8 –very-sensitive’. The genome coverage of fully aligned read

pairs was calculated with GenomeCoverage from BEDTools71 using the parameters ‘-pc -fs 100’ for the 100bp around the read cen-

ter, taking only reads with sizes between 100-200bp. All further analysis was performed on MATLAB. The signal tracks were normal-

ized to 100 million reads to control for sequencing depth. Biological repeats were average and taken for further analysis.

Auxin Induced Degron (AID)
osTIR1 under ADH1 promoter was PCR-amplified from TIR1 cells, a gift from the lab of Nir Friedman, and introduced into the HO

locus using CRISPR. AID was PCR-amplified from a custom gBlock (IDT) and was used for tagging Cyc8 in its c-terminus using

CRISPR.

Degron Induced Degradation
Overnight stationary cultures were diluted to grow overnight in 30ml YPD to reach OD600 of 0.5. Before the experiment was started,

cultures were divided into two (with and without auxin). For treated cells, auxin (3-indole-acetic acid, Sigma Aldrich) was added at a

final concentration of 2 mM and incubated for 30 minutes. For without Auxin, the same amount of DMSO and NaOH was added and

incubated for 30 minutes. ChEC-Seq was then performed as described above.
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QUANTIFICATION AND STATISTICAL ANALYSES

Assembly of TF list
A list of all available TF specificities in S. cerevisiae was taken from YETFASCO.54 The known function of each TF and its effect on

transcription regulation was taken from SGD.37 Genes with an unknown function or no role in transcription regulation were removed

from the list. TFs that are either specific to mating or meiosis, lack a known DBD, or are part of a complex of which at least one mem-

ber was profiled were also removed. This list was also compared to the TF list tested by Sanborn et al.49 The final list appears in

Table S1.

Lab ChEC-seq compendium
Most wild-type TF profiles were generated in previous and parallel projects from the lab and are listed in Table S1.

Promoter preference analysis
For promoter analysis, promoters were defined only for genes with an annotated transcript according to David et al.80 Transcription

start sites (TSS) for each promoter were taken from Pelechano et al.81 The length of each promoter was defined as 700 bps upstream

to its TSS, and the signal on each promoter was summed. Promoter binding preferences similarities between TFs were measured by

comparing the correlation (Pearson’s r) of summed promoter signal over all promoters.

Clustering of TF promoter preference similarities
To search for TF candidates for cooperativity, we first calculated the pairwise correlation distance between all individual TFs (pro-

moter binding preference over all promoters), and then used this distance to generate a hierarchical clustering tree using the

built-in MATLAB function ‘‘linkage’’ with the method set to ‘‘average’’. This tree was then used to order the binding preference sim-

ilarities and the presented clusters were manually assigned and shown on the heatmap.

Msn2-bound, Msn2-unbound, and Msn2-dependent promoters
For each TF, sets of Msn2-bound (bound by both TF andMsn2) andMsn2-unbound (bound by the TF and not byMsn2) were defined.

Msn2-bound promoters were defined as the shared top 100 bound promoters by both the TF and Msn2 and above a z-score of 3.

Msn2-unbound promoters were defined as promoters that are in the top 100 for the TF but not for Msn2.Msn2-dependent promoters

were defined as promoters bound by Msn2 and that TF binding to them was reduced following Msn2/4-deletion.

Motif enrichment analysis
Motif enrichment analysis was done as previously reported.13 Briefly, all possible 7-mer sequences were given a numerical index.

Each nucleotide in the yeast genome was indexed according to the 7-mer that begins from it. To score each 7-mer occurrence,

the signal around its mid-position was averaged (20 bp window). To reduce background noise, each position with signal of less

than 20 normalized reads was set as zero. The averaged signal for each 7-mer was then calculated across all its occurrences in

all promoters and assigned as its relative binding score.

Probability weight matrices (PWM)
PWMs of the different TFs were generated based on either the top three or top ten 7-mers of each factor. The sequences were then

aligned to the top-boundmotif using theNeedleman-Wunsch local alignment algorithm. Eachmotif contributed to the PWMbased on

its relative binding score. For comparison, Position weight matrixes (PWMs) of in vitro motifs (obtained by protein-binding microar-

rays for most TFs) were downloaded from cisBP.3 Final PWMs are shown as sequence logos using theMATLAB function SEQLOGO.

Binding around motif sites
For each TF, all motif occurrences (Using its consensus sequence, derived from its cisBP PWM) in its top 100 bound promoters

(based on the sum of signal on promoters) were taken and aligned according to the position of the TSS. The meta profile of each

TF around these positions is shown.

OPN Score
OPN score was calculated as described in Rosin et al.44 The TSS proximal region was defined as the region from the TSS to 150bp

upstream of the TSS, and the TSS distal region was defined as the region between 200-400 bp upstream of the TSS. Then, the

average nucleosome occupancy in the proximal and the distal regions was calculated.
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