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Large-scale mapping and mutagenesis of 
human transcriptional effector domains

Nicole DelRosso1, Josh Tycko2, Peter Suzuki3, Cecelia Andrews4, Aradhana2, Adi Mukund1, 
Ivan Liongson5, Connor Ludwig3, Kaitlyn Spees2, Polly Fordyce2,3,6,7, Michael C. Bassik2 & 
Lacramioara Bintu3 ✉

Human gene expression is regulated by more than 2,000 transcription factors and 
chromatin regulators1,2. Effector domains within these proteins can activate or repress 
transcription. However, for many of these regulators we do not know what type of 
effector domains they contain, their location in the protein, their activation and 
repression strengths, and the sequences that are necessary for their functions. Here, 
we systematically measure the effector activity of more than 100,000 protein 
fragments tiling across most chromatin regulators and transcription factors in human 
cells (2,047 proteins). By testing the effect they have when recruited at reporter genes, 
we annotate 374 activation domains and 715 repression domains, roughly 80% of 
which are new and have not been previously annotated3–5. Rational mutagenesis and 
deletion scans across all the effector domains reveal aromatic and/or leucine residues 
interspersed with acidic, proline, serine and/or glutamine residues are necessary for 
activation domain activity. Furthermore, most repression domain sequences contain 
sites for small ubiquitin-like modifier (SUMO)ylation, short interaction motifs for 
recruiting corepressors or are structured binding domains for recruiting other 
repressive proteins. We discover bifunctional domains that can both activate and 
repress, some of which dynamically split a cell population into high- and low- 
expression subpopulations. Our systematic annotation and characterization of 
effector domains provide a rich resource for understanding the function of human 
transcription factors and chromatin regulators, engineering compact tools for 
controlling gene expression and refining predictive models of effector domain 
function.

Large scale efforts have mapped where in the human genome tran-
scription factors (TFs) and chromatin regulators (CRs) bind6,7. How-
ever, equivalent maps of transcriptional effector domains (EDs) are 
incomplete: we are currently missing ED annotations for about 60% 
of human TFs8. Moreover, the sequence characteristics of what makes 
a good human activation or repression domain are still under investi-
gation. One useful assay for characterizing individual EDs and testing 
specific sequence requirements consists of recruitment of domains and 
mutants to reporter genes (reviewed in ref. 8). This approach has been 
extended from recruiting single domains to high-throughput assays in 
yeast9–12, Drosophila13–16 and human cells with a subset of transcriptional 
domains4,17 or a subset of full-length TFs5. These works have extended 
our list of EDs and have set the stage for systematically mapping EDs 
across the thousands of human transcriptional proteins.

To map the human EDs at unprecedented scale and resolution, we 
synthesized DNA sequences encoding 80 amino acid (aa) segments 
that tile across 1,292 human TFs1 and 755 CRs2 (hereafter CRTF tiling 
library) with a 10-aa step size between segments (Fig. 1a, Extended Data 

Fig. 1a, Supplementary Table 1 and Methods). This library, consisting 
of 128,565 sequences, was cloned into a lentiviral vector, where each 
protein tile is expressed as a fusion protein with rTetR (a doxycycline 
inducible DNA-binding domain) and delivered as a pool to K562 cells 
at a low lentiviral infection rate, such that each cell contains a single 
rTetR-tile. The cells contain a reporter with binding sites for rTetR. 
This reporter consists of a synthetic surface marker that allows facile 
magnetic separation of cells for high-throughput measurements, and 
the fluorescent protein citrine for flow cytometry quantification during 
individual validations. The reporter gene is driven by either a minimally 
active minCMV promoter for identifying activators, or constitutively 
active pEF promoter for finding repressors. To simultaneously measure 
the effector function of these sequences, we used a high-throughput 
recruitment assay we recently developed: HT-recruit4. After treating the 
cells with doxycycline, which recruits each CRTF tiling library member 
to the reporter, we magnetically separated the cells into ON and OFF 
populations and sequenced the tiles to identify sequences enriched in 
each cell population (Methods and Extended Data Fig. 1b,c). Each screen 
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was reproducible across two biological replicates (Extended Data 
Fig. 1d,e). We drew thresholds for calling hits on the basis of the scores 
of random negative controls (Extended Data Fig. 1d,e and Methods).  
Of the positive control domains for activation and repression, 90 and 
92% (ref. 4), respectively, were hits above this threshold, as expected 
(Supplementary Table 1). Among the tiles shared with our previous 
screen4, we identified an extra subset of tiles that were only hits in 
this repression screen and whose activity validated in individual flow 
cytometry experiments (Extended Data Fig. 1f,g), showing this screen 
had better sensitivity. Overall, these results demonstrated HT-recruit 
reliably identified EDs while using an order-of-magnitude larger library 
than our previous experiments4.

Measured transcriptional strength depends not only on the intrinsic 
potential of the sequence but also on the levels at which individual tiles 
are expressed. All library members contain a 3xFLAG tag, allowing us 
to measure each fusion protein’s expression levels by staining with an 
anti-FLAG antibody, FACS sorting the cells into FLAG HIGH and LOW 
populations (Extended Data Fig. 2a and Supplementary Fig. 3), and 

measuring the abundance of each member in the two populations by 
sequencing the domains (Extended Data Fig. 2b). These FLAG scores 
from the high-throughput measurements can identify proteins that are 
not expressed, as determined from individual validations using western 
blotting (Extended Data Fig. 2c), and were used when annotating EDs, 
allowing us to filter out false negative library members that have lower 
activation or repression scores due to low expression (Extended Data 
Fig. 2d and Methods).

To further confirm all the hits and help remove false positives, we 
screened a smaller library containing only the activating and repres-
sive hit tiles (hereafter validation screen; Supplementary Table 1 and 
Methods). Because of their small size, these screens had better separa-
tion purity (Extended Data Fig. 3a,b) and could be screened at tenfold 
higher coverage, which resulted in higher reproducibility than the 
original, larger screens (Extended Data Fig. 3c,d) and even better cor-
relation between screen scores and individual validations (Extended 
Data Fig. 3e,f). About 80% of the hits were confirmed as hits in these 
validation screens (Supplementary Table 1 and Extended Data Fig. 3c,d). 
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Fig. 1 | High-throughput tiling screen across 2,047 human TFs and CRs finds 
hundreds of EDs. a, Schematic of HT-recruit. A pooled library of protein tiles is 
synthesized, cloned as a fusion to rTetR-3xFLAG and delivered to reporter cells. 
The reporter includes fluorescent citrine and a synthetic surface marker for 
magnetic bead separation of ON and OFF cells. b, MYB’s activation and 
repression enrichment scores. Each horizontal line is a tile, and each vertical 
bar is the range of measurements from two biologically independent screens. 
Dashed horizontal line is the hit calling threshold based on random controls 
(Methods). Points with larger marker sizes are hits in the validation screen. 
Marker hues indicate FLAG-stained expression levels. c,d, Distribution of the 
strongest EDs from the top 40 gene families: activation (c) and repression (d). 
Average enrichment scores are from the maximum tile within each domain 
measured in the validation screen (n = 2). All points shown are above the hit 
thresholds. e, Tiling results for BRD4, TET2, ARID3B and ETV1 (n = 2 screens, 

dots are the mean, vertical bars the range). f, Citrine fluorescence distributions 
from flow cytometry for cell lines expressing individual activating tiles (n = 2). 
Vertical line is the citrine gate used to determine the fraction of cells ON (written 
above each distribution). g, Comparison between screen measurements and 
individually recruited tiles at minCMV (n = 2, dots are the mean, bars the range) 
with logistic model fit plotted as solid line (r2 = 0.67, n = 23). Dashed line is the 
hits threshold. h, Flow cytometry citrine distributions for individual validations 
of repressing tiles (n = 2). i, Comparison between screen measurements and 
individually recruited tiles at pEF (n = 2, dots are the mean, bars the range) with 
logistic model fit as solid line (r2 = 0.84, n = 22). j, ED counts identified in this 
study are shown above the black line, and domain counts from previous work 
not tested in this study are shown below. RDs are annotated from tiles that were 
hits in both pEF and PGK promoter screens (Extended Data Fig. 4).
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We only considered these confirmed sequences in subsequent analyses 
(Supplementary Table 1).

Using these filtered tiling data, we annotated EDs from contiguous 
hit tiles (Methods, Fig. 1b and Supplementary Table 2). Doing so can 
accurately identify EDs previously annotated in UniProt, for exam-
ple MYB’s EDs (Fig. 1b). Some of the strongest EDs come from gene 
families with some family members already containing annotated acti-
vation domains (ADs) (for example, ATF and NCOA) and repression 
domains (RDs) (for example, KLF and ZNF), making us more confident 
our screens returned reliable results (Fig. 1c,d). TFs from certain gene 
families (for example, KLF and KMT) contain both strong ADs and RDs, 
which highlights our results can identify bifunctional transcriptional 
regulators. In total, 12% of the proteins screened are bifunctional and 
77% of proteins have at least one ED (Supplementary Table 2).

Furthermore, this method allows us to discover previously unanno-
tated EDs (Fig. 1e). For example, we found both a new AD and four new 
RDs within the DNA demethylating protein, TET2. We validated tens of 
these new EDs by individually cloning them, creating stable cell lines 
and measuring their effect using flow cytometry after dox-induced 
recruitment (Fig. 1f,h and Supplementary Table 3). In these experi-
ments, fluorescence distributions are often not unimodal, most likely 
due to stochastic gene expression: bursting in the case of activation18,19 
and stochastic silencing in the case of repression20. We used these 
results to validate our screen thresholds: all tiles above the thresholds 
had activity and no tiles below did (Fig. 1g,i).

Forty-five of the proteins tiled here were recently screened for acti-
vation in human embryonic kidney 293T (HEK293T) cells, but tiled 
with smaller fragments5. The two studies show good agreement: 19 
proteins do not activate in both screens, and 15 proteins do (Extended 
Data Fig. 4a). The proteins that only activate in one of the studies could 
represent activators that are unique to the specific context (cell type for 
example) but could also reflect the difference in length. For example, 
KLF6 tiles that only activated with smaller fragments overlapped a RD 
in our measurements with longer tiles (Supplementary Fig. 2). Whereas 
longer tiles can possibly capture large ADs, shorter peptides are more 
likely to find small ADs that are near RDs.

Previous screens in yeast have led to the development of a machine 
learning model (PADDLE12) capable of predicting activation levels from 
sequence alone with an area under the precision-recall curve of 81%. If 
the sequence properties that drive activation in humans are like those in 
yeast, we would expect PADDLE to predict human ADs with similar accu-
racy. Whereas PADDLE was able to predict 70% of our ADs, the domains 
that PADDLE predicted to be activating were more negatively charged 
than the ADs it missed (Extended Data Fig. 4b), suggesting that in human 
cells there are more non-acidic activator classes compared to yeast.

Because there are no other comprehensive studies in human cells or 
predictive models with which we can compare our RDs, we repeated 
the repressive measurements with the entire CRTF library at a second 
constitutive promoter, PGK. Even though this promoter is weaker than 
pEF (Extended Data Fig. 4c), we were able to magnetically separate the 
silent and active cells (Extended Data Fig. 4d) and observed good repro-
ducibility (Extended Data Fig. 4e). Of the hit tiles that showed up in the 
pEF and PGK screens, 92% also showed up as hits in the pEF validation 
screen (Extended Data Fig. 4f), suggesting higher confidence results 
when combining both screens. Taking the maximum tile’s enrichment 
scores within each RD showed that 715 RDs were shared across both 
screens (Extended Data Fig. 4g,h). Together, these results indicate that 
at the 80 aa scale there are more sequences across the CRs and TFs that 
can work as repressors versus activators. In total, 291 out of 374 ADs and 
592 out of 715 RDs are new compared to previous annotations3–5 (Fig. 1j).

Activation domain sequence characteristics
ADs have been classified by the abundance of particular amino acids 
such as acidic, glutamine- and proline-rich sequences21,22. Acidic 

residues are essential for function in all yeast ADs12 and some human 
ADs17. Certain human ADs have compositional biases that are not 
present in other organisms, often containing stretches of homotypic 
repeats23 (for example, QQQQ). Furthermore, some aa are enriched in 
human ADs, in particular the hydrophobic residues, aromatics (W, F, Y) 
and leucines (L)17. It remains unclear whether these enriched residues 
are necessary for activation.

Our large set of new ADs provides a great opportunity to systemati-
cally quantify the prevalence of each of these sequence properties. 45% 
of activating tiles contain a compositional bias (Fig. 2a), in which serine 
and proline are the most abundant. Consistent with these observations, 
when we further normalize the aa frequencies in the AD sequences by 
the non-hit sequences, there is an enrichment in certain hydrophobic, 
acidic, serine and proline residues (Fig. 2b).

Despite being well-documented22,24, we found very few Q-rich ADs 
(Fig. 2a, n = 10 and Supplementary Table 2). Annotated Q-rich ADs 
are longer than 80 aa (ref. 25), suggesting our tiling approach might 
have missed them. Alternatively, Q-rich ADs could be relatively weak 
and require other TFs to activate. Recruitment of SP1’s two annotated 
Q-rich ADs25 (longer than 80 aa) did not activate minCMV (Extended 
Data Fig. 5a). However, including a short, acidic AD upstream of the 
Q-rich domains was sufficient for SP1’s ‘tAD A’ to activate (Extended 
Data Fig. 5a). This result supports the previous observations that acidic 
and Q-rich domains work synergistically in human cells26.

To determine which amino acids are necessary for activation, we took 
a deletion scanning approach27: we measured the activity of mutant 
ADs containing consecutive small deletions (Extended Data Fig. 5b 
and Methods). Although most (61%) deletions do not affect activa-
tion, we found at least one deletion that was well-expressed and could 
abolish activator function in most of the pilot ADs (20 out of 24 with 
activity at minCMV) (Supplementary Table 1). To confirm whether this 
approach could resolve residues necessary for activity, we compared 
our deletion scan data from P53 to UniProt and found residues 20–22 
(DLW) within one region and residue W52 within another were neces-
sary for activity, corresponding to UniProt-annotated TAD I and TAD 
II28 (Extended Data Fig. 5b). Furthermore, individual validations of 
deletions including these residues confirmed complete loss of activity 
(Extended Data Fig. 5c).

Confident in our deletion scan approach, we designed a second 
library of 10 aa deletions across the maximum activating tile from each 
AD, resulting in 304 total deletion scans (Supplementary Table 4). 
We measured activation using the minCMV reporter and HT-recruit 
workflow described in Fig. 1a (Extended Data Fig. 5d–f) and filtered 
out mutants that were poorly expressed on the basis of FLAG staining 
(Extended Data Fig. 5g,h). Across each of these expression-filtered 
deletion scans we classified deletions according to their effect on activa-
tion (Fig. 2c). Using these data, we can determine which composition-
ally biased residues are important for function and which are not: for 
example, whereas NFAT5’s AD has a patch of four serines near the C 
terminus, deleting those residues had no effect on activation (Fig. 2c 
and Extended Data Fig. 6a). Applying this analysis to all ADs contain-
ing a homotypic repeat, we find serine, proline, acidic, glutamine and 
glycine homotypic repeats were more often found in deletions that 
had no effect on activation than in deletions that decreased activa-
tion (Fig. 2d). Therefore, homotypic repeats of these amino acids are 
generally not necessary for activation.

The deletion scans also identify the necessary sequence for activa-
tion of each tile: sequences that, once removed, completely abolished 
activation (Fig. 2c). We were able to annotate at least one necessary 
sequence (median length of 10 aa) in most (69%) of our screened ADs, 
and most (61%) ADs have several necessary sequences (Fig. 2c and Sup-
plementary Table 4). Nearly every necessary sequence (96%) contained 
a W, F, Y or L.

To validate this enrichment of specific hydrophobic residues, 
we rationally designed mutant libraries in which we systematically 
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replaced every aa of a particular type within the sequence with ala-
nines (Supplementary Table 4). Replacement of all W, F, Y or Ls with 
alanine (range 3–24 aa replaced/80 aa tile, median of 10 aa) in all our 
activating tiles resulted in a total loss of activation (Fig. 2e). The one 
exception that remained active was within DUX4, and the mutation did 
make it weaker (Extended Data Fig. 6b). This systematic loss of activa-
tion was not due to a decrease in protein expression, as measured by 
FLAG staining (Extended Data Fig. 6c). There is no correlation between 
the overall count of these residues within tiles and a tile’s activation 
strength (Extended Data Fig. 6d), probably suggesting these residues 
mediate interactions necessary for activity, and the placement of these 
residues is more important than the overall count. This means ADs 
from 258 different proteins require at least some aromatic or leucine 
residues to activate.

We next replaced all acidic residues with alanine in all activating tiles. 
More than half of the acidic mutants had reduced expression (Extended 
Data Fig. 6c). These results indicate acidic residues increase protein 
levels, at least in the context of ADs. Of the remaining 247 well-expressed 
activating tile mutants, most mutants lost the ability to activate (Fig. 2f, 
n = 196). The mutants with no change in activity had significantly fewer 
acidic residues than the tiles whose mutants had a decreasing effect 
(Extended Data Fig. 6e), supporting the idea that acidic ADs are not 
the only class of human ADs.

Intrigued by what other compositional biases could be functional in 
human ADs, we next tested the necessity of other frequently appearing 
residues by replacing them with alanine. Consistent with the results 
above, all tiles with leucine and acidic compositional biases lost activity 
once mutated (Fig. 2g). Removal of serine and proline compositional 
biases had more mild effects: most mutants still had activity (Fig. 2g, 
top), even though the strength of activation decreased for a subset of 
them (Fig. 2g, bottom).

Wanting to follow up more on the compositionally biased tiles that 
decreased activity on compositional bias removal (Fig. 2g), we next ana-
lysed the set of necessary sequences (as determined from the deletion 
scans) from the compositionally biased activating tiles that lost activity 
on bias removal (Fig. 2g, bottom). For each bias type, most necessary 
sequences also contain a W, F, Y or L (Fig. 2h), suggesting their place-
ment next to hydrophobic residues is important for their function.

In summary, sequences that are necessary for activation consist 
of certain hydrophobic residues (W, F, Y and/or L) that are inter-
spersed with acidic, proline, serine and/or glutamine residues (Fig. 2i 
and Extended Data Fig. 6f). Although previous work has shown that 
homopolymer stretches of glutamine and proline are sufficient to 
activate a weak synthetic reporter23, we find most glutamine and pro-
line repeats within ADs of the human CRs and TFs are not part of the 
sequence necessary for activation.

Repression domain sequence characteristics
Repressing tile sequences have significantly more predicted second-
ary structure than activating tile sequences (Extended Data Fig. 7a). 
Therefore, we needed to take a different approach for understand-
ing RD sequence characteristics. Instead of looking at RD sequence 
compositions, we first set out to classify the RDs by their potential 
mechanism. We used the Eukaryotic Linear Motifs (ELM)29 database 
to search for corepressor interaction motifs (Methods) and UniProt3 
to search for domain annotations. We observe 72% of the RDs overlap 
diverse annotations, such as sites for SUMOylation, zinc fingers (ZFs), 
SUMO-interacting motifs, corepressor binding motifs, DNA-binding 
domains (including homeodomains, consistent with previous results)4 
and dimerization domains (Fig. 3a). To address whether these anno-
tations are necessary for repression, we rationally designed mutant 
libraries that replaced sections of 1,313 repressing tiles (Supplementary 
Table 5 and Methods) and screened this RD mutant library using the pEF 
reporter and workflow described in Fig. 1a (Extended Data Fig. 7b–d). 
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Futhermore, we stained for protein expression (Extended Data Fig. 7e,f) 
and filtered out mutants that had low FLAG enrichment scores.

We systematically replaced corepressor interaction motifs with ala-
nine to test their contribution to activity (Fig. 3b). The TLE-binding 
motif, WRPW, appears exclusively in the C-terminal RDs of the HES 
family and all tiles containing this motif were repressive (Extended Data 
Fig. 7g). All tested TLE-binding motifs were necessary for repression 

(Fig. 3b, left). The HP1-binding motif, PxVxL, was necessary or con-
tributed to repression in many of the tiles containing it (8 out of 13 
tiles with decreasing effects Fig. 3b, middle). We found a more refined 
CtBP motif explained most tiles that lost activity on mutation (14 out 
of 17 tiles Fig. 3b, right, Extended Data Fig. 8a). Altogether, 78% of the 
36 repressing tiles with a corepressor binding motif (TLE, HP1 or CtBP) 
decreased in repression strength when the motif was mutated, and 78% 
of 113 SUMO interaction motif- (SIM, the binding site to SUMOylated 
proteins) containing repressing tiles were similarly sensitive to muta-
tion (Extended Data Fig. 8b).

We were intrigued by the many RDs that contain a SUMOylation site 
(site for covalent conjugation of a SUMO domain) (Fig. 3a). The ELM 
database classifies SUMOylation sites with the search pattern φKxE. 
Because this motif is short and flexible, some non-hit sequences (12.3%) 
also contain SUMOylation motifs. To investigate whether SUMOyla-
tion sites within non-hit sequences are functional, we used the AD 
deletion scan data. Deleting a SUMOylation motif within ADs rarely 
decreased activation (Extended Data Fig. 8c). Next, we asked if these 
motifs are functional in RDs using the same deletion scanning approach 
(Supplementary Table 5 and Fig. 3c). For example, residue K550 in the 
SP3 protein is a SUMOylation site and has been shown before to be 
important for repression30; indeed, we also find this site to overlap 
with the region necessary for repression (Fig. 3c). In a similar manner, 
we find SUMOylation motifs are important for the repression of at 
least 147 out of the 166 RDs where they are found (Fig. 3d and Supple-
mentary Table 5). This result is concordant with our previous finding 
that a short 10 aa tile from the TF MGA, which contains this SUMOyla-
tion motif, IKEE, is itself sufficient to be a repressor4. SUMOylation of 
FOXP1 (which also shows up as a necessary region in our measurements, 
Supplementary Table 5), has been shown to promote repression by 
CtBP recruitment31,32. SUMOylation motif-containing TFs are enriched 
for binding corepressor KMT2D, as reported in a bioID interaction 
resource33 (P = 0.028, one-sided proportions z test, compared to TFs 
with no EDs). We also identify a previously undescribed RD in KMT2D 
(Supplementary Fig. 2) containing a SIM, suggesting SUMOylation for 
these TFs drives repression by SIM-containing corepressor recruit-
ment. Our results indicate the pervasive role, across more than 100 
TFs, that SUMOylation plays in repression.

We next used our deletion scan data to gain better resolution of 
the region within RDs overlapping dimerization domains, such as 
basic helix-loop-helix domains (bHLHs). Within bHLHs, the basic 
region binds DNA and mutations in the HLH region are known to affect 
dimerization34. Deletion scans across tiles that overlap HLH domains 
reveal part of helix 1, the loop and helix 2 are necessary for repression 
(Extended Data Fig. 8d). HLHs lacking a basic region have previously 
been shown to negatively regulate transcription by forming complexes 
with other bHLHs and inhibiting their binding35,36. Alternatively, here 
we show that bHLHs containing basic regions can negatively regulate 
transcription when recruited at a promoter, probably by forming func-
tional dimer complexes with another bHLH from a TF that contains 
RDs elsewhere in the protein. Most RDs that overlap bHLHs belong to 
Class II tissue specific bHLH TFs (Extended Data Fig. 8e) that can either 
activate or repress depending on the context34. Indeed, bHLH TFs can 
act as activators in other contexts: for example, NEUROG3, a Type II 
bHLH TF, acts as an activator when recruited full length to the minCMV 
promoter5 and we find an activator tile that partially overlaps the bHLH 
RD (Supplementary Fig. 2). This context specificity to activation and 
repression of bHLH TFs might be expected given they can dimerize 
with different activating or repressing bHLH TFs.

Many RDs overlap annotated ZFs (n = 124), and some specifically 
overlap C2H2 ZFs (n = 50, compared to only three ADs that overlap C2H2 
ZFs P = 5.9 × 10−24, one-sided proportions z test) (Fig. 3a). We wondered 
whether the C2H2 domain itself or the protein sequence flanking it was 
responsible for repression. For example, REST’s ninth C2H2 ZF is repres-
sive37 and directly recruits the corepressor coREST38. In agreement with 
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 f, Summary of RD functional sequence categories (n indicated in the figure).
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these reports, our deletions in this RD of REST revealed the ninth ZF is 
necessary for repression (Extended Data Fig. 8f).

In addition to binding DNA and directly binding corepressors, ZFs 
dimerize with other ZFs39. We reasoned some ZFs could cause repression 
by binding to other ZF domains within endogenous repressive proteins. 
Support for this indirect recruitment of repressive TFs by means of ZFs 
comes from the IKZF family in which the N terminus of some members, 
such as IKZF1, directly recruits CtBP40, whereas the C-terminal ZFs 
bind other IKZF family members41. Indeed, we recover the N-terminal 
repressive domains in IKZF1, and the associated sequence contains a 
CtBP-binding motif (Extended Data Fig. 8g). In addition, all IKZF family 
members show C-terminal RDs that overlap the last two ZFs (Extended 
Data Fig. 8g). These two ZFs are both necessary for repression in IKZF5 
(Fig. 3e) and in all tested family members (Extended Data Fig. 8h), and 
therefore probably dimerize with the IKZFs that recruit CtBP. Whereas, 
in general, ZFs are well-known DNA-binding domains, our data expand 
the list of ZF sequences that are probably protein binding domains to 
other repressive TFs (Supplementary Table 5).

In summary, RDs can be categorized in the following way: (1) domains 
that contain short, linear motifs that directly recruit corepressors, (2) 
domains that contain SIMs or can be SUMOylated or (3) structured 
binding domains that probably recruit corepressors or other repres-
sive TFs (Fig. 3f and Extended Data Fig. 8i).

Bifunctional activating and repressing domains
Transcriptional proteins are categorized as activating, repressing or 
bifunctional, where 115 proteins have previously been found to activate 
some promoters but repress others8,42. Here, we classify 248 proteins 
as bifunctional, CRs and TFs that have both an AD and RD (such as in 
Fig. 1b and Supplementary Table 2). Whereas most of these proteins 
contain both ADs and RDs at independent locations, a surprising frac-
tion (92 out of 248) possess single domains apparently capable of both 
activation and repression (Fig. 4a–c and Supplementary Table 6), with 
many found within homeodomain TFs (Extended Data Fig. 9a).

To further investigate their behaviour, we individually recruited 
candidate bifunctional domains and quantified doxycycline-dependent 
minCMV activation and pEF repression (Fig. 4b and Supplementary 
Table 3). These validation measurements recapitulated initial screen 
observations, highlighting some domains with similar strengths of 
both repression and activation (for example, ARGFX-161:240 and 
NANOG-191:270), and others with preferential activities (for example, 
ARGFX-191:270, SREBF2-1:80; Fig. 4b and Extended Data Fig. 9b). Entire 
bifunctional domains could drive activation or repression, or specific 
regions within domains could mediate distinct activities. Systematic 
deletions of 10 aa segments within bifunctional domains further refined 
the necessary regions responsible for each activity (Supplementary 
Table 6 and Extended Data Fig. 9c–f). Whereas some bifunctional 
domains (23 of 92) possess independent activating and repressing 
regions (for example, NANOG; Extended Data Fig. 9g), others have 
fragments as small as 14 aa that are necessary for both activation and 
repression (69 of 92 domains, for example, ARGFX and the structurally 
related LEUTX) (Fig. 4d and Extended Data Fig. 10a–c).

Bifunctional domains could stably drive both activation and repres-
sion or could fluctuate between these activities over time. To distin-
guish between these possibilities, we quantified transcription driven by 
the bifunctional ARGFX tile 16 (Fig. 4b) at the minCMV promoter over 
4 days and found that activation peaked at day 1 and then decreased 
over time (Extended Data Fig. 10d). Intrigued by these dynamics, we 
profiled activation dynamics for ARGFX tile 16 and several other bifunc-
tional domains (FOXO1, NANOG and KLF7) recruited to a promoter of 
moderate strength (PGK) (Fig. 4e,f and Extended Data Fig. 10e). ARGFX 
tile 16 initially activated transcription at the PGK promoter from a low to 
a high state, but then the cell population split into two subpopulations: 
activated (high) or repressed (off). Other domains (for example, ARGFX 

tile 19 and FOXO1 tile 56) showed similar behaviour at the minCMV and 
PGK promoters, initially activating and then decreasing transcription 
over time. They also contained overlapping regions necessary for both 
activities (Supplementary Table 6). Several domains with bifunctional 
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activities at the minCMV and pEF promoters did not significantly alter 
transcription when recruited to the PGK promoter, establishing that 
observed activities are promoter-dependent. For these domains, dele-
tion scan measurements revealed independent regions necessary for 
activation and repression (Extended Data Fig. 9g and Supplementary 
Table 6). In summary, some bifunctional tiles that independently acti-
vate and repress different promoters are bifunctional even at a single 
promoter, and can dynamically split a cell population into high- and 
low-expressing cells.

Discussion
Compared to DNA-binding domains, many ED sequences are intrin-
sically disordered, poorly conserved and do not align well with one 
another in a multiple sequence alignment. When a new transcriptional 
protein is sequenced, homology models robustly identify DNA-binding 
domains and delineate their margins but cannot even identify EDs43. As 
a result, we lack comprehensive knowledge of the sequence patterns 
associated with EDs, and high-throughput experimental approaches 
are required to discover them and ultimately learn to predict their 
transcriptional activities.

Here, we report comprehensive measurements of human transcrip-
tional EDs. By means of high-throughput tiling screens combined with 
deletion scans and rational mutagenesis, we collectively assigned EDs 
to 1,568 out of 2,047 (77%) of the CRs and TFs screened (Supplemen-
tary Table 1). Of these proteins, 1,193 were screened for activation as 
full-length proteins5. Despite the different methods, 83% had similar 
activities in both sets of measurements (Extended Data Fig. 10f). Of 
the ones that differed, 49 proteins only activated when full length, 
suggesting some proteins, such as PIN1, rely on a large catalytic fold 
that cannot be captured with 80 aa. Some proteins, such as CREB3L1, 
have large RDs (Supplementary Fig. 2) that might dominate over the 
ADs in the full-length protein. This might explain why 153 AD-containing 
proteins as determined by the CRTF tiling screen did not activate as 
full-length proteins5. These examples show how both methods measure 
complementary information.

Our sequential screening approach allowed us to first identify new 
EDs from a vast protein sequence space (>100,000 sequences), then 
follow up on these domains with orders of magnitude smaller valida-
tion screens (roughly 1,000–10,000 sequences) and nearly 100 indi-
vidual validations, where we could not only confirm hits, but more 
accurately quantify each tile’s transcriptional strength. Finally, by 
screening mutants of these high confidence activators and repressors, 
we identified sequence characteristics necessary for their functions.

In addition to the acidic exposure model11, our data indicate further 
ways human ADs could conditionally promote hydrophobic exposure: 
serine could functionally mimic acidic residues only when phosphoryl-
ated and proline could favour exposure by breaking secondary struc-
ture. In this way, activation can be controlled by the relative activities 
of signalling proteins such as kinases, phosphatases and prolyl isomer-
ases. Furthermore, ADs contain certain hydrophobic residues, but our 
data indicate those residues can be arranged in many ways, interspersed 
with serine, proline and/or acidic residues. Unlike RDs, we did not find 
any AD motifs, other than the previously reported LxxLL (Supplemen-
tary Table 4). Flexibility in composition might be related to promiscuity 
in binding, as many ADs bind many co-activators44, probably because 
co-activators are a scarce resource within the cell45. Improving our 
understanding of ADs will require dissecting if and how their sequence 
composition dictates specific co-activator binding.

Here we propose several molecular mechanisms behind the function 
of RDs: corepressor binding motifs, SUMO interaction or SUMOylation 
sites and specific structured binding domains, accounting for 514 out 
of 715 of our RDs. This number is even larger (552 out of 715) if we con-
sider the other TLE-binding motif EH1, the most abundant motif in a 
recent high-throughput study of Drosophila RDs14. This classification 

is in addition to the approximately 350 KRAB-structured domains 
that recruit KAP1, domains which we characterized in a previous 
high-throughput study4 and excluded from the libraries used here. 
Previous investigation of several RDs revealed the presence of 
SUMOylation sites and established that SUMO-1 domain recruitment 
was sufficient for repression30,32. We find that SUMO-related repres-
sion is widespread: hundreds of RDs contain SUMOylation sites and 
deleting these sites ablates repression in roughly 90% of cases (Fig. 3d). 
SUMOylation could drive repression by recruiting SIM-containing 
corepressors (Extended Data Fig. 8i) or could localize SUMOylated 
TFs towards regions of heterochromatin30,32.

ZF DNA-binding domains are the most common fold in the human 
proteome and can bind DNA, RNA or proteins39. Previous reports estab-
lished that several ZF domain-containing proteins can interact with 
corepressors or repressive partner TFs37–41, yet the relative prevalence 
of these interactions within CRs and TFs remained unknown. Here, we 
find 124 ZF domains that repress transcription, with the domain itself 
being necessary for repressive activity.

By systematically measuring both activation and repression of the 
same library, we were able to find EDs that can perform both roles. 
Whereas bifunctional TFs with separate domains have previously been 
observed46–48, here we report bifunctional domains that are capable 
of simultaneously enhancing and silencing expression from a single 
promoter in different cells in the population. Bifunctional domains 
are particularly common in homeodomain TFs (Extended Data Fig. 9a), 
which are thought to compensate for a relative lack of DNA specificity 
by forming complexes with other DNA-binding partners and/or bind-
ing regulatory elements containing many motifs49,50. The bifunctional 
domain identified here within NANOG agrees with previous observa-
tions that this master regulator can both activate and repress at distinct 
target loci51,52. For homeodomain TFs such as CRX that switch from 
activating to repressing at regulatory elements containing several 
motifs, the downstream output could be dictated by particular stoi-
chiometries or kinetics of partner protein binding53,54.

Future work using these libraries and approaches in other cell 
types and under different signalling conditions will discover the 
context-specificities of this catalogue of EDs. The current work can 
be used to improve sequence prediction models of transcriptional EDs, 
understand the possible effects of CR and TF disease mutants, engineer 
better CRISPR systems55, and move us one step closer to proteome-wide 
functional screening of protein domains.
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Methods

Cell culture
All experiments presented here were carried out in K562 cells (ATCC, 
CCL-243, female). Cells were cultured in a controlled humidified incu-
bator at 37C and 5% CO2, in RPMI 1640 (Gibco, 11-875-119) media sup-
plemented with 10% fetal bovine serum (FBS) (Takara, 632180) and 1% 
penicillin streptomycin (Gibco, 15-140-122). HEK293T-LentiX (Takara 
Bio, 632180, female) cells, used to produce lentivirus, as described 
below, were grown in DMEM (Gibco, 10569069) media supplemented 
with 10% FBS (Takara, 632180) and 1% Penicillin Streptomycin Glutamine 
(Gibco, 10378016). minCMV and pEF reporter cell line generation is 
described in ref. 4. Briefly, pEF and minCMV promoter reporter cell 
lines were generated by TALEN-mediated homology-directed repair 
to integrate donor constructs (pEF promoter Addgene no. 161927, 
minCMV promoter Addgene no. 161928) into the AAVS1 locus by elec-
troporation of K562 cells with 1,000 ng of reporter donor plasmid and 
500 ng of each TALEN-L (Addgene no. 35431) and TALEN-R (Addgene 
no. 35432) plasmid (targeting upstream and downstream the intended 
DNA cleavage site, respectively). After 7 days, the cells were treated 
with 1,000 ng ml−1 puromycin antibiotic for 5 days to select for a popu-
lation where the donor was stably integrated in the intended locus. 
Fluorescent reporter expression was measured by microscopy and 
by flow cytometry. The PGK reporter cell line was generated by elec-
troporation of K562 cells with 0.5 µg each of plasmids encoding the 
AAVS1 TALENs and 1 µg of donor reporter plasmid using program T-016 
on the Nucleofector 2b (Lonza, AAB-1001). Cells were treated with 
0.5 µg ml−1 puromycin for 1 week to enrich for successful integrants. 
The PGK reporter donor plasmid generated in this study is available 
from Addgene (Addgene no. 196545). These cell lines were not authen-
ticated. All cell lines tested negative for mycoplasma.

TF tiling library design
To construct the TF tiling library, 1,294 human TFs were selected from 
ref. 1. To make this library’s size feasible for high-throughput measure-
ments, we excluded 476 proteins that we have previously character-
ized with HT-recruit4: a set of 132 CRs and 344 KRAB-containing TFs. 
The canonical transcript of each gene was retrieved from Ensembl 
and chosen using the APPRIS (annotation of principal and alternative 
splice isoforms) principal transcript56. If no APPRIS tag was found, 
the transcript was chosen using the TSL principal transcript. If no TSL 
tag was found, the longest transcript with a protein coding CDS was 
retrieved. The coding sequences were divided into 80 aa tiles with 
a 10 aa sliding window. For each gene, a final tile was included span-
ning from 80 aa upstream of the last residue to that last residue, such 
that the C-terminal region would be included in the library. Dupli-
cate sequences were removed, sequences were codon matched for 
human codon use, 7xC homopolymers were removed, BsmBI restric-
tion sites were removed, rare codons (less than 10% frequency) were 
avoided, and the GC content was constrained to be between 20 and 
75% in every 50 nucleotide window (performed with DNA chisel57). 
To improve the coverage of this large library, we subdivided it into 
three smaller sublibraries on the basis of the three main classes of 
TFs: a 25,032 C2H2 ZF sublibrary including 406 C2H2 ZF TFs, a 9,757 
homeodomain and bHLH sublibrary including 304 homeodomain 
and bHLH TFs and a 31,664-member sublibrary containing the rest  
of the 583 TFs.

One thousand random controls of 80 aa lacking stop codons were 
computationally generated as controls using the DNA chisel package’s 
random_dna_sequence function and included in each sublibrary. 473 
sequences that were found to be non-activators and 42 sequences 
that were found to be activators in our laboratory’s previous minCMV 
Nuclear Pfam screen4 were included as negative and positive controls. 
We made use of alternative codon usage (match_codon_usage and 
use_best_codon functions) to recode the controls in each sublibrary to 

give ourselves the option of pooling the three sublibraries and running 
the library as one 73,288 element screen.

One hundred extra controls were added to each sublibrary to serve 
as fiduciary markers to aid comparing separately run screens. These 
controls were not recoded in each sublibrary and thus were repeated 
when pooling sublibraries.

Fifty activation domains from 45 proteins involved in transcriptional 
activation were curated from UniProt3. We queried the UniProt database 
for human proteins whose regions, motifs or annotations included the 
term ‘transcriptional activation’. We then filtered for ADs that ranged 
in length from 30 to 95 aa. For ADs shorter than 95 aa, we extended the 
protein sequence equally on either side until it reached 95 aa. The pro-
tein sequences were reverse translated and further divided into 95 aa 
sequences with 15 aa deletions positioned with a 2-aa sliding window. 
Duplicate sequences were removed, sequences were codon matched 
for human codon usage, 7xC homopolymers were removed, BsmBI 
restriction sites were removed, rare codons (less than 10% frequency) 
were avoided and the GC content was constrained to be between 20 
and 75% in every 50 nucleotide window, performed with DNA chisel57. 
Fifity yeast Gcn4 controls were added, which included previously stud-
ied deletions27. Then 2,024 library elements in total were added to the 
31,664 element TF tiling sublibrary.

CR tiling library design
Candidate CR genes were initially chosen by including all members of 
the EpiFactors database, genes with gene name prefixes that matched 
any genes in the EpiFactors database and genes with any of the follow-
ing gene ontology (GO) terms: GO:000785 (chromatin), GO:0035561 
(regulation of chromatin binding), GO:0016569 (covalent chromatin 
modification), GO:1902275 (regulation of chromatin organization), 
GO:0003682 (chromatin binding), GO:0042393 (histone binding), 
GO:0016570 (histone modification) and GO:0006304 (DNA modifi-
cation). Genes present in previous Silencer tiling screens4 and genes 
present in the TF tiling screen were then filtered out. Biomart was used 
to identify and retrieve the canonical transcript, and chosen by (in 
order of priority) the APPRIS principal transcript, the TSL principal 
transcript or the longest transcript with a protein coding CDS. Tiles 
for each of these DNA sequences were generated using the same 80-aa 
tile/10-aa sliding window approach as the TF tiling library. Duplicate 
sequences were removed, DNA hairpins and 7xC homopolymers were 
removed, and sequences were codon matched for human codon usage 
with GC content being constrained to be between 20 and 75% globally 
and between 25 and 65% in any 50-bp window. To improve the cover-
age while performing the screen, this 51,297 element library was split 
into two sublibraries: a 38,241 element CR Tiling Main sublibrary and 
an 13,056 element CR Tiling Extended sublibrary. Computationally 
generated random negative controls, negative control tiles from the 
DMD protein screened in previous Nuclear Pfam screens4 and fiduci-
ary marker controls were added to each sublibrary: 1,700 elements to 
the Main sublibrary and 3,700 elements to the Extended sublibrary. 
These controls were not recoded, and thus were repeated when pool-
ing sublibraries.

Library filtering
As we pooled the sublibraries and screened them as one large pool, 
several of the control sublibraries, that were not recoded, wound up 
being repeated in the pool several times. Sequences that were repeated 
upwards of five times had systematically lower enrichment scores than 
what was expected from previous screens, probably due to PCR bias. 
Therefore, we removed all repeated control elements and instead relied 
on individual validations to confirm our screens worked. Furthermore, 
there was a computational error in removing BsmBI sites from the CR 
tiling library, resulting in some sequences having accidental restriction 
cut sites in the middle of the open reading frame. We removed these 
sequences from further analysis and supplementary tables.

http://amigo.geneontology.org/amigo/term/GO:0035561
http://amigo.geneontology.org/amigo/term/GO:0016569
http://amigo.geneontology.org/amigo/term/GO:1902275
http://amigo.geneontology.org/amigo/term/GO:0003682
http://amigo.geneontology.org/amigo/term/GO:0042393
http://amigo.geneontology.org/amigo/term/GO:0016570
http://amigo.geneontology.org/amigo/term/GO:0006304
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Activating hits validation library design
Here, 1,055 putative hit tiles were chosen by selecting all tiles 
where both biological replicates were recovered and had activa-
tion enrichment scores above 5.365 (determined by two standard 
deviations above the mean of poorly expressed random controls). 
We included 200 randomly selected random negative controls 
that were poorly expressed (expression threshold of −1.427) and 
100 randomly selected non-hit tiles that had no activity in both the 
minCMV and the pEF CRTF tiling screens. There were 1,355 total  
library elements.

Repressing hits validation library design
Here, 9,438 putative hit tiles were chosen by selecting all tiles where 
both biological replicates were recovered and had pEF repression 
enrichment scores above 1.433 or had a PGK repression enrichment 
score above 0.880 (determined from three standard deviations above 
the mean of poorly expressed random controls). We included 500 ran-
domly selected random negative controls that were poorly expressed 
(expression threshold of −1.427) and 100 randomly selected non-hit tiles 
that had no activity in the minCMV, pEF nor PGK CRTF tiling screens. 
There were 10,038 total library elements.

AD mutants library design
We defined compositional bias as any residue that represented more 
than 15% of the sequence (more than 12 residues). We took 424 com-
positionally biased tiles and replaced all residues with alanine. We 
took 1,055 aromatic or leucine-containing tiles and replaced all Ws, 
Fs, Ys and Ls with alanines. We took 1,052 acidic residue-containing 
tiles and replaced all Ds and Es with alanines. In 51 tiles that contained 
the ‘LxxLL’ motif (ELM accession ELME000045, regex pattern = [^P]
L[^P][^P]LL[^P]), we replaced the motif with alanines. In 22 tiles that 
contained the ‘WW’ motif (ELM accession ELME000003, regex pat-
tern = PP.Y), we replaced the motif with alanines. 8,205 deletions were 
designed by systematically removing 10 aa chunks, with a sliding win-
dow of 5 aa across 547 maximum activating tiles. All mutated sequences 
were reverse translated into DNA sequences using a probabilistic codon 
optimization algorithm, such that each DNA sequence contained some 
variation beyond the substituted residues, which improved the ability 
to unambiguously align sequencing reads to unique library members. 
The 1,055 putative hit tiles were included as positive controls (slightly 
more activating tiles than we report in the main text because these 
libraries were designed before we screened the validation library). We 
included 500 randomly selected random negative controls that were 
poorly expressed (expression threshold −1.427). There were 12,364 
total library elements.

RD mutants library design
Twelve thousand deletions were designed by systematically remov-
ing 10 aa chunks, with a sliding window of 5 aa of the maximum tile 
across 800 putative RDs that were hits in both PGK and pEF CRTF tiling 
screens (slightly more RDs than we report in the main text because these 
libraries were designed before we screened the validation library). All 
mutated sequences were reverse translated into DNA using the method 
described above. The 1,593 putative hit tiles were included as posi-
tive controls. We took 644 compositionally biased tiles and replaced 
all residues with alanine. We replaced with alanines all the following 
motifs: 104 CtBP interaction motif-containing tiles (ELM accession: 
ELME0000098); 18 HP1 interaction motif-containing tiles (ELM acces-
sion: ELME000141); nine ‘ARKS’ motif-containing tiles (ELM acces-
sion DRAFT - LIG_CHROMO); 180 SIM-containing tiles (ELM accession: 
ELME000335) and seven WRPW motif-containing tiles (ELM accession 
ELME000104). We included 500 randomly selected random negative 
controls that were poorly expressed (expression threshold −1.427). 
There were 15,055 total library elements.

Bifunctional deletion scan library design
Three thousand, three hundred and one deletions were created by 
systematically removing 10 aa chunks, with a sliding window of 2 aa 
across 96 bifunctional activating and repressing tiles. All mutated 
sequences were reverse translated into DNA sequences using the 
method described above. We included the wild-type (WT) bifunctional 
tiles and 250 randomly selected random negative controls that were 
poorly expressed (expression threshold of −1.427). There were 3,674 
total library elements.

Library cloning
Oligonucleotides with lengths up to 300 nucleotides were synthesized 
as pooled libraries (Twist Biosciences) and then PCR amplified. 6 × 50 µl 
reactions were set up in a clean PCR hood to avoid contamination with 
plasmid DNA from individual validations. For each reaction, we used 
either 5 or 10 ng of template, 1 µl of each 1  mM primer, 1 µl of Herculase 
II polymerase (Agilent), 1 µl of DMSO, 1 µl of 10 mM dNTPs and 10 µl of 
5× Herculase buffer. The thermocycling protocol was 3 min at 98 °C, 
then cycles of 98 °C for 20 s, 61 °C for 20 s, 72 °C for 30 s and then a 
final step of 72 °C for 3 min. The default cycle number was 20×, and this 
was optimized for each library to find the lowest cycle that resulted in 
a clean visible product for gel extraction (23 cycles was the maximum 
when small libraries were represented in large pools). After PCR, the 
resulting double-stranded DNA libraries were gel extracted by loading 
a 2% TAE gel, excising the band at the expected length (around 300 bp), 
and using a Qiagen gel extraction kit. The libraries were cloned into a 
lentiviral recruitment vector pJT126 (Addgene no. 161926) with 4–16× 
10 µl GoldenGate reactions (75 ng of predigested and gel-extracted 
backbone plasmid, 5 ng of library (2:1 molar ratio of insert:backbone), 
2 µl of 10× T4 Ligase Buffer and 1 µl of NEB GoldenGate Assembly Kit 
(BsmBI-V2)) with 65 cycles of digestion at 42 °C and ligation at 16 °C 
for 5 min each, followed by a final 5 min digestion at 42 °C and then 
20 min of heat inactivation at 70 °C. The reactions were then pooled 
and purified with MinElute columns (Qiagen), eluting in 6 µl of ddH2O. 
Then 2 µl per tube was transformed into two tubes of 50 ml of Endura 
electrocompetent cells (Lucigen, catalogue no. 60242-2) following the 
manufacturer’s instructions. After recovery, the cells were plated on 1–8 
large 10 × 10 inch Luria-Bertani plates with carbenicillin. After overnight 
growth in a warm room (37 °C), the bacterial colonies were scraped into 
a collection bottle and plasmid pools were extracted with a Hi-Speed 
Plasmid Maxiprep kit (Qiagen). Two to three small plates were prepared 
in parallel with diluted transformed cells to count colonies and confirm 
the transformation efficiency was sufficient to maintain at least 20× 
library coverage. To determine the quality of the libraries, the putative 
EDs were amplified from the plasmid pool by PCR with primers with 
extensions that include Illumina adapters and sequenced. The PCR and 
sequencing protocol were the same as described below for sequencing 
from genomic DNA, except these PCRs use 10 ng of input DNA and 17 
cycles. These sequencing datasets were analysed as described below 
to determine the uniformity of coverage and synthesis quality of the 
libraries. In addition, 20–30 colonies from the transformations were 
Sanger sequenced (Quintara) to estimate the cloning efficiency and 
the proportion of empty backbone plasmids in the pools.

Pooled delivery of libraries in human cells using lentivirus
Large scale lentivirus production and spinfection of K562 cells were 
performed as follows. To generate sufficient lentivirus to infect the 
libraries into K562 cells, we plated HEK293T cells on 1–12 15-cm tissue 
culture plates. On each plate, 8.8 × 106 HEK293T cells were plated in 
30 ml of DMEM, grown overnight and then transfected with 8 µg of an 
equimolar mixture of the three third-generation packaging plasmids 
(pMD2.G, psPAX2, pMDLg/pRRE) and 8 µg of rTetR-domain library 
vectors using 50 ml of polyethylenimine (Polysciences no. 23966). 
pMD2.G (Addgene plasmid no. 12259; http://addgene.org/12259), 

http://addgene.org/12259


psPAX2 (Addgene plasmid no. 12260; http://addgene.org/12260) and 
pMDLg/pRRE (Addgene plasmid no. 12251; http://addgene.org/12251) 
were gifts from D. Trono. After 48 and 72 h of incubation, lentivirus 
was harvested. We filtered the pooled lentivirus through a 0.45-mm 
polyvinyl difluoride filter (Millipore) to remove any cellular debris. 
K562 reporter cells were infected with the lentiviral library by spinfec-
tion for 2 h, with two separate biological replicates infected. Infected 
cells grew for 2 days and then the cells were selected with blasticidin 
(10 mg ml−1, Gibco). Infection and selection efficiency were monitored 
each day using flow cytometry to measure mCherry (Bio-rad ZE5). Cells 
were maintained in spinner flasks in log growth conditions each day 
by diluting cell concentrations back to a 5 × 105 cells per ml. Because 
lentiviral particles integrate randomly across accessible regions of 
the genome, we aimed for 600× infection coverage, and our lowest 
infection coverage was 130× (that is, 130 cells per library element dur-
ing infection). We aimed to have 2,000–10,000× maintenance cover-
age (that is, 2,000–10,000 cells per library element postinfection). 
On day 8 postinfection, recruitment was induced by treating the cells 
with 1,000 ng ml−1 doxycycline (Fisher Scientific) for either 2 days for 
activation or 5 days for repression.

Magnetic separation
At each time point, cells were spun down at 300g for 5 min and media 
was aspirated. Cells were then resuspended in the same volume of phos-
phate buffered saline (PBS) (GIBCO) and the spin down and aspiration 
was repeated, to wash the cells and remove any IgG from serum. Dyna-
beads M-280 Protein G (ThermoFisher, 10003D) were resuspended by 
vortexing for 30 s. 50 ml of blocking buffer was prepared per 2 × 108 
cells by adding 1 g of biotin-free bovine serum albumin (Sigma-Aldrich) 
and 200 ml of 0.5 M pH 8.0 EDTA into DPBS (GIBCO), vacuum filtering 
with a 0.22-mm filter (Millipore) and then kept on ice. For all activa-
tion screens, 30 µl of beads was prepared for every 1 × 107 cells, 60 µl 
of beads per 10 million cells for the pEF CRTF tiling, PGK CRTF tiling 
and minCMV bifunctional deletion scan screens, 120 µl of beads per 
10 million cells for the pEF validation, 90 µl of beads per 10 million 
cells for the RD Mutants and pEF bifunctional deletion scan screens. 
Magnetic separation was performed as previously described in ref. 4.

FLAG staining for protein expression
The expression level measurements for the CRTF tiling library were 
made in K562 minCMV cells (with citrine OFF). 4 × 108 cells per biologi-
cal replicate were used after 7 days of blasticidin selection (10 mg ml−1, 
Gibco), which was 9 days postinfection. Citrine positive cells (K562 cells 
with the pEF-citrine reporter, no lentiviral infection with rTetR-FLAG 
constructs) were used to measure the background level of staining in 
cells known to lack the 3XFLAG tag (to help gate for sorting); 4 × 107 of 
these cells were spiked into each replicate. Fix Buffer I (BD Biosciences, 
BDB557870) was preheated to 37 °C for 15 min and Permeabilization 
Buffer III (BD Biosciences, BDB558050) and PBS (GIBCO) with 10% FBS 
(Omega) were chilled on ice. The library of cells expressing domains 
was collected and cell density was counted by flow cytometry (Bio-rad 
ZE5). To fix, cells were resuspended in a volume of Fix Buffer I (BD Bio-
sciences, BDB557870) corresponding to pellet volume, with 20 ml per 
1 million cells, at 37 °C for 10–15 min. Cells were washed with 1 ml of 
cold PBS containing 10% FBS, spun down at 500 × g for 5 min and then 
supernatant was aspirated. Cells were permeabilized for 30 min on ice 
using cold BD Permeabilization Buffer III (BD Biosciences, BDB558050), 
with 20 ml per 1 million cells, which was added slowly and mixed by 
vortexing. Cells were then washed twice in 1 ml of PBS+10% FBS, as 
before, and then supernatant was aspirated. Antibody staining was 
performed for 1 h at room temperature, protected from light, using 5 µl 
per 1 × 106 cells of a-FLAG-Alexa647 (RNDsystems, IC8529R). We then 
washed the cells and resuspended them at a concentration of 3 × 107 
cells per ml in PBS + 10% FBS. Cells were sorted into two bins on the 
basis of the level of APC-A and mCherry fluorescence (Sony SH800S) 

after gating for viable cells (Supplementary Fig. 3). A small number 
of unstained control cells was also analysed on the sorter to confirm 
staining was above background. The spike-in citrine positive cells were 
used to measure the background level of staining in cells known to lack 
the 3XFLAG tag, and the gate for sorting was drawn above that level. 
After sorting, the cellular coverage was roughly 2,000×. The sorted 
cells were spun down at 500 × g for 5 min and then resuspended in PBS. 
Genomic DNA extraction was performed following the manufacturer’s 
instructions (Qiagen Blood Midi kit was used for samples with fewer 
than 1 × 107 cells) with one modification: the Proteinase K+AL buffer 
incubation was performed overnight at 56 °C.

Library preparation and sequencing
Genomic DNA was extracted with the Qiagen Blood Maxi Kit following 
the manufacturer’s instructions with up to 1 × 108 cells per column. DNA 
was eluted in elution buffer and not AE buffer to avoid subsequent PCR 
inhibition. The domain sequences were amplified by PCR with primers 
containing Illumina adapters as extensions. A test PCR was performed 
using 5 µg of genomic DNA in a 50 ml (half-size) reaction to verify if the 
PCR conditions would result in a visible band at the expected size for 
each sample. Then, 3–48× 100 µl reactions were set up on ice (in a clean 
PCR hood to avoid amplifying contaminating DNA), with the number 
of reactions depending on the amount of genomic DNA available in 
each experiment. Next, 10 µg of genomic DNA, 0.5 ml of each 100 mM 
primer and 50 ml of NEBnext Ultra 2× Master Mix (NEB) was used in each 
reaction. The thermocycling protocol was to preheat the thermocycler 
to 98C, then to add the samples for 3 min at 98 °C, then an optimized 
number of cycles of 98 °C for 10 s, 63 °C for 30 s, 72 °C for 30 s and then 
a final step of 72 °C for 2 min. All subsequent steps were performed 
outside the PCR hood. The PCR reactions were pooled and 145 µl were 
run on a 2% TAE gel, the library band around 395 bp was cut out and 
DNA was purified using the QIAquick Gel Extraction kit (Qiagen) with 
a 30 µl elution into non-stick tubes (Ambion). A confirmatory gel was 
run to verify that small products were removed. These libraries were 
then quantified with a Qubit HS kit (ThermoFisher) and sequenced on 
an Illumina HiSeq (2x150).

Computing enrichments and hits thresholds
Sequencing reads were demultiplexed using bcl2fastq (Illumina). A 
Bowtie reference (v.1.2.3) was generated using the designed library 
sequences with the script ‘makeIndices.py’ (HT-Recruit Analyse pack-
age) and reads were aligned with 0 mismatch allowance using the script 
‘makeCounts.py’. The enrichments for each domain between OFF and 
ON (or FLAGhigh and FLAGlow) samples were computed using the script 
‘makeRhos.py’. Domains with fewer than five reads in both samples for 
a given replicate were dropped from that replicate (assigned 0 counts), 
whereas domains with fewer than five reads in one sample would have 
those reads adjusted to five to avoid the inflation of enrichment values 
from low depth.

For all of the screens, domains with fewer than 20 counts in both 
conditions of a given replicate were filtered out of downstream analy-
ses. Hit thresholds varied across screens, depending on coverage, 
separation purity and bio-replicate reproducibility, and were set based 
on: (1) the scores of negative controls, and (2) the validation curves 
relating screen scores to fractions of cells with the reporter ON or OFF 
as measured by flow cytometry for individual points. These valida-
tion curves are plotted for each screen (Fig. 1g,i for the CRTF tiling 
screens, Extended Data Fig. 3e,f for the hit validations screens and 
Extended Data Fig. 5f and 7d for the mutant screens). We chose the 
threshold to be 1–3 standard deviations away from the mean of poorly 
expressed random controls, with the exact number of standard devia-
tions chosen to maximize the number of true positives and minimize 
the number of false positives across the validations. Noisier screens, 
with lower reproducibility, had higher hit thresholds to avoid false 
positives. For the expression screens, well-expressed tiles were those 

http://addgene.org/12260
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with a log2(FLAGhigh:FLAGlow) one standard deviation above the 
median of the random controls. For the CRTF tiling repressor screens, 
hits were tiles with enrichment scores three standard deviations above 
the mean of the poorly expressed random controls. For the minCMV 
CRTF tiling, pEF bifunctional deletion scan and minCMV bifunctional 
deletion scan screens, hits were proteins with enrichment scores two 
standard deviations above the mean of the poorly expressed random 
controls. For the validation and mutant screens, hits were proteins 
with enrichment scores one standard deviation above the mean of the 
poorly expressed random controls.

Annotation of domains from tiles
Tiles must have been hits in both the CRTF tiling and validation screens 
to have been considered potential EDs. A domain started anywhere 
the previous tile was not a hit. If the previous tile was not a hit because 
it was not expressed, and if the antepenultimate (previous, previous) 
tile was a hit, then that tile was not considered the start and instead it 
was recovered into the middle of the domain. A domain ended any-
where the next successive tile was not a hit. If the next tile was not a 
hit because it was not expressed, and the following tile was a hit, then 
the tile that was not expressed was not considered the end. Domains 
started at the first residue of the first tile and extended until the last 
residue of the last tile within the domain. Single tiles that were hits 
in both the CRTF tiling and validation screens were considered EDs. 
For example, AKAP8’s single activation tile (Supplementary Fig. 2), 
had activity when recruited individually (Supplementary Table 3), 
and its corresponding tile in the Mutant AD screen (Supplementary 
Table 4) contains deletions of unnecessary regions that maintained  
activation.

Individual recruitment assays and flow cytometry measurements
Protein fragments were cloned as a fusion with rTetR upstream of a 
T2A-mCherry-BSD marker, using GoldenGate cloning in the backbone 
pJT126 (Addgene no. 161926). K562 citrine reporter cells were then 
transduced with each lentiviral vector and, 3 days later, selected with 
blasticidin (10 mg ml−1) until more than 80% of the cells were mCherry 
positive (6–9 days). Cells were split into separate wells of a 24-well plate 
and either treated with doxycycline (Fisher Scientific) or left untreated. 
Time points were measured by flow cytometry analysis of more than 
10,000 cells (Bio-rad ZE5, Everest v.2.3-3.0). Doxycycline was assumed 
to be degraded each day, so fresh doxycycline media was added each 
day of the time course.

Flow cytometry analysis
Data were analysed using Cytoflow (v.1.1, https://github.com/bpteague/
cytoflow) and custom Python scripts. Events were gated for viability 
and mCherry as a delivery marker. To compute a fraction of ON cells 
during doxycycline treatment, we fit a Gaussian model to the untreated 
rTetR-only negative control cells that fits the OFF peak and then set 
a threshold that was two standard deviations above the mean of the 
OFF peak to label cells that have activated as ON. We do the same for 
computing the fraction of OFF cells in repressor validations but fit a 
two component Gaussian and set a threshold that was two standard 
deviations below the mean of the ON peak. A logistic model, includ-
ing a scale parameter, was fit to the validation and screen data using 
SciPy’s curve fit function.

Western blots
Twenty million cells were pelleted and washed once with 5 ml of PBS. 
Pelleted cells were resuspended in 500 μl of ice cold lysis buffer (1× RIPA 
(EMD Millipore 20-188), 1% Triton X-100, 0.1% SDS, Roche cOmplete pro-
tease inhibitor cocktail mini tablet) and were put on a rotator at 4 °C for 
30 min. Next, the lysates were sonicated with a COVARIS ultra-sonicator 
for 15 min (peak power of 140–175, duty factor of 10, cycles per burst 
200). Lysates were spun down at 20,000 × g for 5 min. Protein amounts 

were quantified using the Qubit protein broad range assay kit (Thermo 
Scientific, no. A50668) and 30 µg were denatured in 1× laemmli sample 
buffer (Bio-rad no. 1610747) + 10% 2-mercaptoethanol for 10 min at 
70 °C and subsequently loaded onto a gel and transferred to a polyvinyl 
difluoride membrane. Membrane was first blocked with 7% nonfat dry 
milk (Bio-rad no. 1706404) for 1 h at room temperature, then probed 
using FLAG M2 monoclonal antibody (1:1,000, mouse, Sigma-Aldrich, 
F1804) and Histone 3 antibody (1:2,000, rabbit, Abcam, AB1791) as 
primary antibodies overnight. Next, the membrane was washed with 
TBS-T 3×, 5 min each before being blotted again with goat anti-mouse 
IRDye 680 RD (1:20,000) and goat anti-rabbit IRDye 800CW (1:40,000, 
LICOR Biosciences, catalogue nos. 926-68070 and 926-32211, respec-
tively) secondary antibodies for 1 h at room temperature. Blots were 
imaged on a Licor Odyssey CLx imager. Band intensities were quanti-
fied using ImageJ’s gel analysis routine (see Supplementary Fig. 1 for 
regions of interest used).

Data analysis and statistics
All statistical analyses and graphical displays were performed in 
Python58 (v.3.8.5). Enrichment scores shown in all figures (apart from 
replicate plots) are the average across two separately transduced bio-
logical replicates. The P values, statistical tests used and n are indicated 
in the figure legends.

Protein sequence analysis
Compositional bias was defined as an aa that appeared at least 12 times 
in 80 aa (that is, 15% of the sequence). In Fig. 2b, for each aa, a ratio 
was computed by counting the abundance of each aa in the tile and 
normalizing by the length and total number of sequences. Randomly 
sampled 10,000 non-hit 80 aa sequences were similarly calculated and 
the enrichment ratio was calculated by dividing the hits by non-hits. 
For the few activation tiles that contained glycine- and glutamine-rich 
sequences, there were fewer than five mutants that expressed well as 
measured by FLAG (Supplementary Table 4), so we excluded these 
from further statistical analyses.

Biological materials availability
Oligonucleotide libraries are available upon request.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The Illumina sequencing datasets generated in this study are available 
from the Sequencing Read Archive (BioProject PRJNA916593).

Code availability
The HT-recruit Analyze software for processing high-throughput 
recruitment assay and high-throughput protein expression assays are 
available on GitHub (https://github.com/bintulab/HT-recruit-Analyze). 
All custom codes used for data processing and computational analyses 
are available from the authors upon request.
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Extended Data Fig. 1 | CRTF tiling screens’ separation purity, reproducibility, 
and validation. a, Comparison between the set of proteins tiled in Tycko et al., 
2020 and this study. b, Flow cytometry data showing citrine reporter distributions 
for the minCMV promoter screen on the day we induced localization with dox 
(Pre-induction), on the day of magnetic separation (Pre-separation), and after 
separation (Bound). Overlapping histograms are shown for 2 separately 
transduced biological replicates. The average percentage of cells ON is shown 
to the right of the vertical line showing the citrine level gate. c, Citrine reporter 
distributions for the pEF promoter screen (n = 2). d-e, Biological replicate 
screen reproducibility (for hits above the threshold: pearson r2 = 0.78 for 

minCMV and r2 = 0.19 for pEF; for all data, including noise under the hit 
threshold: pearson r2 = 0.66 for minCMV and r2 = 0.16 for pEF). f, Comparison 
between average repression enrichment scores of tiles that were screened in 
the CRTF tiling pEF screen (x-axis) and previous Silencer tiling screen (y-axis)4. 
Dashed lines are the hits thresholds for each screen. Tiles were identical with a 1 
aa register shift (as Silencer library tiles included an initial methionine absent 
from the CRTF tiling library). Pink dots are tiles that were individually validated 
in g. g, Citrine reporter distributions of individually validated CRTF tiling pEF 
screen hits that were not identified within the Silencer tiling screen (n = 2).



Extended Data Fig. 2 | CRTF tiling FLAG protein expression screen 
separation purity, reproducibility, validation, and example of how the 
data were used. a, Alexa Fluor 647 distributions from anti-FLAG staining of the 
CRTF tiling library in minCMV promoter reporter cells (n = 2). b, Biological 
replicate screen reproducibility (pearson r2 = 0.49). c, Validations of FLAG 
protein expression screen. Expression levels were measured by Western blot 
with an anti-FLAG antibody. Anti-histone H3 was used as a loading control for 
normalization (see Supplementary Fig. 1 for regions of interest that were 
selected for quantification using ImageJ’s gel analysis routine). Lane 1: rTetR-
3xFLAG (no tile) theoretical molecular weight of 29 kDa; lanes 2-6: rTetR-
3xFLAG-screened P53 deletions, theoretical molecular weight of 39 kDa; lanes 

7-9: rTetR-3xFLAG-P53’s AD loaded at increasing amounts; lanes 10-14: rTetR-
3xFLAG-screened random control (see Supplementary Table 3 for protein 
sequences). Shift from expected molecular weight of the expressed P53 
proteins is likely due to post-translational modifications P53’s AD undergoes28. 
Comparison between high-throughput measurements of expression and 
Western blot protein levels (r2 = 0.87, n = 10 proteins, n = 2 blot replicates, dots 
are the mean, bars the range). d, Tiling plot for BCL11A (n = 2, dots are the mean, 
bars the range). Example of a domain that was annotated at position 571-710. 
This domain had a low expression tile in the middle but the domain was left 
unsegmented. See more about how domains were called in Methods.
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Extended Data Fig. 3 | CRTF tile hits validation screens’ separation purity, 
reproducibility, and validation. a, Flow cytometry data showing citrine 
reporter distributions for the minCMV promoter screen on the day we induced 
localization with dox (Pre-induction), on the day of magnetic separation 
(Pre-separation), and after separation (Bound). Overlapping histograms are 
shown for 2 biological replicates. The average percentage of cells ON is shown 
to the right of the vertical line showing the citrine level gate. b, Citrine reporter 
distributions for the pEF promoter validation screen (n = 2). c-d, Biological 

replicate screen reproducibility. e, Comparison between individually recruited 
measurements and minCMV promoter validation screen measurements (n = 2, 
dots are the mean, bars the range) with logistic model fit plotted as solid line 
(r2 = 0.91, n = 20). Dashed line is the hits threshold. Note, both screen thresholds 
are below 0, with several validated screen measurements below 0 (Methods).  
f, Comparison between individually recruited measurements and pEF promoter 
validation screen measurements (n = 2, dots are the mean, bars the range) with 
logistic model fit plotted as solid line (r2 = 0.94, n = 19).



Extended Data Fig. 4 | Validations of CR & TF EDs. a, Comparison between set 
of proteins screened in Alerasool et al., 2022’s tAD-seq and CRTF tiles (this 
study). b, Net charge per residue distributions (calculated by CIDER59) of 
activation domains identified by HT-recruit compared to their PADDLE- 
predicted function12 (Mann-Whitney p-value = 1.4e-15, boxes: median and 
interquartile range (IQR); whiskers: Q1- 1.5*IQR and + Q3). c, CRTF tiling library 
screened at three different promoters with distinct expression levels. minCMV 
is a minimal promoter with all cells off. PGK is a low expression, medium 
strength promoter, and pEF is a high expression, strong promoter. d, Flow 
cytometry data showing citrine reporter distributions for the PGK promoter 
screen on the day we induced localization with dox (Pre-induction), 5 days later 
on the day of magnetic separation (Pre-separation), and after separation 
(Bound). Overlapping histograms are shown for 2 biological replicates. The 

average percentage of cells ON is shown to the right of the vertical line showing 
the citrine level gate. e, Biological replicate PGK promoter screen reproducibility 
(for hits above the threshold: pearson r2 = 0.27 for repression hits; for all data, 
including noise under the hit threshold: pearson r2 = 0.11 for all data). Although 
it is possible to detect activators at the PGK promoter, the dynamic range is 
very small (ten of the strongest activating tiles at the minCMV promoter (black 
dots) are very close to the random controls (grey dots)). f, Validation screen 
biological replicate reproducibility of tiles that were hits in both the PGK and 
pEF promoter screens. g, Tiling plots for MEF2C and KLF11 (n = 2, dots are the 
mean, bars the range). PGK repression domains annotated in teal. h, Comparison 
of each repression domain’s max tile average repression scores in PGK (x-axis) 
and pEF promoter screen (y-axis). Dashed lines are the hits thresholds for each 
screen.
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Extended Data Fig. 5 | Mutant AD screen’s separation purity, reproducibility, 
and validation. a, Citrine distributions after 2 days recruitment to minCMV of 
UniProt-annotated Q-rich ADs with or without an 11 aa acidic sequence from 
VP64 (n = 2). b, Deletion scan across P53’s AD: Deletions that caused a complete 
loss of activation, meaning they are below the experimentally validated 
activation threshold (dotted line, determined in Fig. 1g for the screen that 
included these constructs), are coloured in gray, and deletions that retained 
some activation are colored in yellow (n = 2, dots are the mean, bars the range). 
c, Individual validations of tiles including 15 aa deletions (deleted sequences 
shown above each panel). Untreated cells (gray) and dox-treated cells (colors) 
shown with two biological replicates in each condition. Vertical line is the 
citrine gate used to determine the fraction of cells ON (written above each 

distribution). d, Flow cytometry data showing citrine reporter distributions  
for the Mutant AD transcriptional activity screen on the day we induced 
localization with dox (Pre-induction), on the day of magnetic separation 
(Pre-separation), and after separation (Bound). Overlapping histograms are 
shown for 2 separately transduced biological replicates. The average 
percentage of cells ON is shown to the right of the vertical line showing the 
citrine level gate. e, Biological replicate Mutant AD transcriptional activity 
screen reproducibility. f, Comparison between individually recruited 
measurements and Mutant AD screen measurements (n = 2, dots are the mean, 
bars the range) with logistic model fit plotted as solid line (r2 = 0.95, n = 23).  
g, Alexa Fluor 647 distributions from anti-FLAG staining. h, Biological replicate 
Mutant AD protein expression screen reproducibility.



Extended Data Fig. 6 | Mutant AD screen follow-up. a, Deletion scan across 
SMARCA4’s AD (n = 2, dots are the mean, bars the range). Predicted secondary 
structure (prediction from whole protein sequence using AlphaFold)60 shown 
below, where green regions are alpha helices. Deletions that are significantly 
different from WT are colored in gray (p < 0.05, one-tailed z test). b, Enrichment 
scores comparing WT versus the W, F, Y, L mutant of DUX4 tile 35 (p-value = 3.3e-13, 
one-tailed z-test, n = 2, dots are the mean, bars the range). c, Violin plots of 
average FLAG enrichment scores from 2 biological replicates binned by each 
sublibrary. Dashed line represents the hit threshold for this screen. P-values 
computed from Mann-Whitney one-sided U tests. Boxes: median and 

interquartile range (IQR); whiskers: Q1- 1.5*IQR and + Q3. d, Correlations 
between each tile’s activation strength in the minCMV validation screen and 
the count of indicated aa. e, Boxplot of acidic count for each mutant’s 
activation category (Decrease n = 33, No change n = 18). Mann-Whitney 
one-sided U test, p-value = 2.25e-3. Boxes: median and interquartile range 
(IQR); whiskers: Q1- 1.5*IQR and + Q3. f, Boxplot of average activation 
enrichment scores with interquartile range shown for tiles that contain a single 
necessary sequence across each category (Acidic n = 9 S, P, Q n = 9, Mixed 
n = 64). P-values computed from Mann-Whitney one-sided U tests. Boxes: 
median and interquartile range (IQR); whiskers: Q1- 1.5*IQR and + Q3.
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Extended Data Fig. 7 | Distribution of tile’s predicted secondary structure, 
mutant RD screen’s separation purity and reproducibility, and HES family 
tiling plot examples. a, Distributions of activating and repressing tile’s 
fraction of the sequence predicted to be structured from AlphaFold’s60 
predictions on the full length protein sequence. p-value = 4.1e-8 (Mann 
Whitney U test, one-sided, boxes: median and interquartile range (IQR); 
whiskers: Q1- 1.5*IQR and + Q3). b, Flow cytometry data showing citrine 
reporter distributions for the Mutant RD transcriptional activity screen on the 
day we induced localization with dox (Pre-induction), on the day of magnetic 
separation (Pre-separation), and after separation (Bound). Overlapping 
histograms are shown for 2 separately transduced biological replicates. The 
average percentage of cells ON is shown to the right of the vertical line showing 

the citrine level gate. c, Biological replicate Mutant RD transcriptional activity 
screen reproducibility. d, Comparison between individually recruited 
measurements and Mutant RD screen measurements (n = 2, dots are the mean, 
bars the range) with logistic model fit plotted as solid line (r2 = 0.91, n = 9). 
There are significantly fewer points for this plot compared to others because 
unlike the Mutant AD screen which included all hits that contained a W, F, Y or L, 
the Mutant RD screen had much fewer hits that overlapped our set of validations 
since only the strongest tiles within domains or hits that contained co-repressor 
binding motifs were included in the library design e, Alexa Fluor 647 staining 
distributions for the Mutant RD FLAG protein expression screen. f, Biological 
replicate Mutant RD protein expression screen reproducibility. g, Tiling plots 
for all 7 HES family members (n = 2, dots are the mean, bars the range).



Extended Data Fig. 8 | Mutant RD screen follow-up. a, Repression 
enrichment scores for a subset of repressing tiles (n indicated in figure) that 
contain a relatively more flexible CtBP-binding motif (regex shown above), 
excluding the more refined CtBP-binding motif (regex shown on second line). 
Mutants have their binding motifs replaced with alanines (p-values computed 
from one-tailed z-test). b, Repression enrichment scores for repressing tiles 
that contain a flexible SUMO-binding motif (fraction of non-hit sequences 
containing motif = 0.155). (n = 2, dots are the mean, bars the range, p-values 
computed from one-tailed z-test). c, Fraction of AD deletion sequences 
containing a SUMOylation motif binned according to their effect on activity 
(yellow=no change on activation relative to WT, gray=decreased activation).  
11 total ADs. d, Deletion scan across TCF15’s RD (n = 2, dots are the mean, bars the 
range). Deletions are colored by whether they were above (blue) or below (gray) 
the experimentally validated detection threshold for repression (dotted line). 

AlphaFold’s60 predicted secondary structure (prediction from whole protein 
sequence) shown below where green regions are alpha helices. Annotations 
shown from protein accession NP_004600.3 e, Distribution of bHLH 
classifications of RDs overlapping bHLH UniProt annotations. Classifications 
taken from ref. 34. f, Deletion scan across REST’s RD (n = 2, dots are the mean, 
bars the range). Deletions are colored by whether they were above (pink) or 
below (gray) the validated threshold. AlphaFold’s60 predicted secondary 
structure (prediction from whole protein sequence) shown below where green 
regions are alpha helices and orange arrows are beta sheets. g, Tiling plots for 
IKZF family members (n = 2, dots are the mean, bars the range. h, Deletion scan 
across IKZF1, 2 and 4’s RDs (n = 2, dots are the mean, bars the range). Deletions 
are colored by whether they were above (pink) or below (gray) the validated 
threshold. i, Cartoon model of potential mechanisms corresponding to the RD 
categories in Fig. 3f.
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Extended Data Fig. 9 | Bifunctional domain deletion scan screen’s 
separation purity, reproducibility, and examples. a, Counts of bifunctional 
domains from proteins that contain the indicated DNA binding domains. 
Homeodomains are enriched among TFs containing bifunctional domains 
compared to the frequency of homeodomains among all TFs (p = 2.5e-4, 
Fisher’s exact test, two-sided). b, Tiling plot for NANOG (n = 2, dots are the 
mean, bars the range). c, Flow cytometry data showing citrine reporter 
distributions for the bifunctional deletion scan minCMV promoter screen on 
the day we induced localization with dox (Pre-induction), on the day of 
magnetic separation (Pre-separation), and after separation marker (Bound). 

Overlapping histograms are shown for 2 separately transduced biological 
replicates. The average percentage of cells ON is shown to the right of the 
vertical line showing the citrine level gate. d, Biological replicate bifunctional 
deletion scan minCMV promoter screen reproducibility. e, Citrine reporter 
distributions for the bifunctional deletion scan pEF promoter screen (n = 2).  
f, Biological replicate bifunctional deletion scan pEF promoter screen 
reproducibility. g, Example of a bifunctional domain from NANOG with 
independent activating and repressing regions (n = 2, dots are the mean, bars 
the range). Note, deletion of the necessary sequence for activation, caused an 
increase in repression, and vice-versa.



Extended Data Fig. 10 | Examples of bifunctional domain sequences at 
three different promoters. a, Tiling plot for LEUTX (n = 2, dots are the mean, 
bars the range). b, Deletion scan across one of LEUTX’s bifunctional tiles (n = 2, 
dots are the mean, bars the range). Deletions were binned by their statistical 
significance into those that decreased activity (gray lines) compared to the WT 
tile and those that did not (one-tailed z-test). The necessary sequence for 
another gene family member, ARGFX, is highlighted in teal. c, Bifunctional 
domain necessary region location categories. Overlapping regions were 
defined as any tile that contained a deletion that was both necessary (below 
activity threshold) for activation and necessary for repression. d, Citrine 

distributions of ARGFX-161:240 recruited to minCMV (n = 2, left), and recruited 
to pEF (n = 2, right). e, Citrine distributions of bifunctional tiles identified from 
minCMV and pEF CRTF tiling screens recruited to PGK promoter (n = 2). 
Asterisks denote p-values < 0.05 for the percentage of cells on (right) and off 
(left) in the dox population (one-sided Welch’s t-test, unequal variance). 
ARGFX-191:270 off p = 0.0003, on p = 0.02; FOXO1-561:640 off p = 0.017, on 
p = 2.44e-5; NANOG 191:270 off p = 2.12e-5, on p = 0.0002; NANOG 225:304 off 
p = 0.202, on p = 0.0004; KLF7 1:80 off p = 0.99, on p = 0.0005. f, Comparison 
between set of proteins screened in Alerasool et al., 2022’s ORFeome and this 
study.
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