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Additional methods

Synthetic library design

Dissection of reported promoters

The full sequences of 11 characterized promoters (A4dML, EFlalpha, UBC, HIV, MMLV LTR,
hFerL, HBV, mPGKI, hPGKI, CMV and SV40) and the reported TSSs were collected from the
literature (Van Beveren et al. 1982; Hansen and Sharp 1983; Adachi et al. 1986; Hennighausen
and Fleckenstein 1986; Adra et al. 1987; Eisenstein and Munro 1990; Moriyama et al. 1994;
Nenoi et al. 1996; Lay et al. 2000; Wang et al. 2008). Detailed information on the sequences,
TSS positions and references appears in Supplemental Table S1. Promoters sequences were
dissected into fragments of 153nt with overlap of 103nt between oligos (i.e., 50nt distance
between the start positions of two sequential oligos).

Pre-initiation complex (PIC) binding sequences

PIC binding sequences were analyzed from ChIP-exo measurements in K562 cells
(Supplemental Tables S1 and S2 from Venters et al. (Venters and Pugh 2013)). Coordinates of
hg18 were converted to hg19 using USCS "Lift Genome Annotations" tool. Binding sequences
were selected to represent different chromatin states (promoters, enhancers and heterochromatin)
and different binding intensities according to ChIP-exo measurements. For each of the 508
binding sequence two oligos were designed from -103 to +50 relative to the binding sequences
midpoint on either the plus or minus strand of the DNA.

Endogenous core promoters from the human genome

We selected 1875 native core promoters from the human genome to represent a wide range of

promoters:

(a) Promoters that span various endogenous expression levels — we analyzed CAGE-seq
measurements from the ENCODE Consortium(The ENCODE Project Consortium 2012) in
K562, the cell line in which we constructed the library, to represent promoters with
expression levels between 0 RPM (no expression in K562 cells) to 10,000 RPM (high
expression levels).

(b) Constitutive and induced promoters — in addition to K562, we also analyzed CAGE-seq
measurements in 11 additional cell lines: A459, HepG2, HeLa S3, MCF-7, HI-hESC,
GM12878, HUVEC, SK-N-SH, BJ, AG04450 and NHEK. We included in the design
promoters that were expressed in at least 10 of the 12 cell lines (“constitutive promoters”)
and promoters that were expressed in less than 6 cell lines (“induced promoters”).

(c) Promoters with long-range physical interactions — we analyzed chromosome conformation
capture carbon copy (5C) measurements in K562 cells(Sanyal et al. 2012) to include TSS for
which interaction with distal DNA was observed.

(d) TATA-containing promoters - our design also includes native promoters with a perfect
match to either ‘TATAAA’ or ‘TATATA’.

Promoters backgrounds

(a) Background sequences for core promoter elements: Five core promoter were selected to
represent human and viral sequences, with and without endogenous TATA box: ACTB,
CMV, HIV, RPLPO and RTRAF. For each promoter a sequence in the length 153nt was
extracted from positions -103 to +50 relative to the TSS and existing core promoter elements




were mutated. A description of the wildtype sequences, the mutated elements and the
resulting backgrounds sequences appears in Supplemental Table S6.

(b) Background sequences for TF binding-sites: Two promoters that contain endogenous TATA
were selected: the human ACTB and the CMV promoters. For each promoter a sequence in
the length 153nt was extracted from positions -148 to +5 relative to the TSS. Existing TF
binding-sites were mutated as detailed in Supplemental Table S6. Core promoter elements
were maintained in the original sequences and served as a “minimal core promoter”.

Core promoter elements

The sequence of the TATA (TATATAAG), Inr (TCAGATC), MTE (CGAGCCGAGC) and
DPE (GGTTGT) were extracted from the rationally designed “super core promoter”, which
yields high expression levels in human cells(Juven-Gershon et al. 2006). The sequences of the
BREu (CGGCGCC) and BREd (GTGTGGG) elements were derived from the reported
consensuses sequences (Lagrange et al. 1998; Deng and Roberts 2005). A detailed description
of the sequences used and references appears in Supplemental Table S5.

TF binding-sites

(a) TFs activity screen: TF bindings-sites were analyzed from a high-throughput SELEX
experiment performed on a large collection of human TFs(Jolma et al. 2013). We extracted
the binding sequences of the TFs that are abundant in the proximal-promoter region SP1,
ETS1, YY1, CREB, USF1, NRF1 and SRF, as well as TFs that were part of the 119 factors
tested during the ENCODE Project(Wang et al. 2012).

(b) TF binding-sites multiplicity: We selected four TF binding-site with different representation
in homotypic clusters in the human genome according to bioinformatic analysis
(Supplemental Table S2 from Gotea et al. (Gotea et al. 2010)) — SP1 (CCCCGCCCC), ETS1
(ACCGGAAGT), YY1 (GCCGCCATTTTG) and CREB (TGACGTCA). Each motif was
placed in 1-7 copies in the following predefined positions on the oligo sequence: 15, 30, 45,
60, 75, 90, and 105 on the oligo’s sequence. To control for the effects of position within the
oligo, distance between elements and flanking sequences, for each number of sites oligos
with all possible positions were designed. For example: for two sites oligos were designed
with the motif’s sequences in positions 15,30; 15,45; 15,60; 15,75; 15, 90; 15,105; 30,45;
30,60 etc.

Synthetic library production and amplification

The production and amplification steps were carried out essentially as in (Sharon et al. 2012).
Agilent Oligo Library Synthesis (OLS) technology was used to produce a pool of 55,000
different fully designed single-stranded 200-mers, a subset of 15,753 of which comprised the
synthetic library presented in this study. Each designed oligo contains subset specific priming
sites, leaving 164nt for the variable region. The library was synthesized using Agilent’s on-array
synthesis technology (Cleary et al. 2004; LeProust et al. 2010) and then provided to us as an
oligo pool in a single tube (10pmol). The pool of oligos was dissolved in 200ul TE. 5.5ng of the
library (1:50 dilution) were divided into 16 tubes, and each tube was amplified using PCR. The
primers used for amplification of the library included sites for the restriction enzymes Ascl and
Rsrll, for cloning into the library master plasmid. The oligonucleotides were amplified using
constant primers in the length of 51nt, which are complementary to the subset primer
(underlined) and adds the restriction sites (bold) and a tail of approx. 30nt to allow identification



of products that were not properly cut by restriction enzymes in the next step. Primers sequences:

upstream primer — ' —
TTGTTCCGCCGCTTCGCTGACTGTGGGCGCGCCCGCGTCGCCGTGAGGAGG  -37,
downstream primer 5’ —

TCAGTCGCCGCTGCCAGATCGCGGTCGGTCCGAGCCCCACGGAGGTGCCAC — 3°.
Each PCR reaction contained 24l of water with 0.323ng DNA, 10ul of 5X Herculase II reaction
buffer, Sul 2.5mM dNTPs each, 2.5ul 20uM Fw primer, 2.5ul 20uM Rv primer, and 1pl
Herculase II Fusion DNA Polymerase (Agilent Technologies, Santa Clara, California). The
parameters for PCR were 95°C for 1 min, 14 cycles of 95°C for 20 sec and 68°C for 1 min, each,
and finally one cycle of 68°C for 4 min. The PCR products from all 16 tubes were joined and
concentrated using Amicon Ultra, 0.5ml 30K centrifugal filters (Merck Millipore) for DNA
Purification and Concentration. The concentrated DNA was then purified using a PCR MinElute
purification kit (QIAGEN) according to the manufacturer’s instructions.

Synthetic library cloning into the master plasmid

Library cloning into the master plasmid was adapted from a protocol that was previously
described for a lenti-virus based library(Weingarten-Gabbay et al. 2016). Purified library DNA
(720ng total) was cut with the unique restriction enzymes Ascl and Rsrll (Fermentas FastDigest)
for 2 hours at 37°C in four 40 pl reactions containing 4ul FD buffer, 1ul of Ascl enzyme, 2.5ul
of Rsrll enzyme, 0.8ul DTT, and 18ul DNA, followed by a heat inactivation step of 20 min at
65°C. Digested DNA was separated from smaller fragments and uncut PCR products by
electrophoresis on a 2.5% agarose gel stained with GelStar (Cambrex Bio Science Rockland).
Fragments in the size of 200bp were cut from the gel and eluted using electroelution Midi
GeBAflex tubes (GeBA, Kfar Hanagid, Israel)). Eluted DNA was precipitated using standard
NaAcetate\Isopropanol protocol. The master plasmid was cut with Ascl and Rsrll (Fermentas
FastDigest) for 2.5 hours at 37°C in a reaction mixture containing 9ul FD buffer, 3ul of each
enzyme, 3ul Alkaline Phosphatase (Fermentas), and 4.5ug of the plasmid in a total volume of
90pl, followed by a heat inactivation step of 20 min at 65°C. Digested DNA was purified using
a PCR purification kit (QIAGEN). The digested plasmids and DNA library were ligated for 0.5
hr at room temperature in two 10l reactions, each containing 150ng plasmid and the library in
a molar ratio of 1:1, 1ul CloneDirect 10X Ligation Buffer, and 1pul CloneSmart DNA Ligase
(Lucigen Corporation) followed by a heat inactivation step of 15 min at 70°C. 14ul ligated DNA
was transformed into a tube of E. cloni® 10G CLASSIC Electrocompetent Cells (Lucigen)
divided to 7 aliquots (25ul each) which were then plated on 28 LB agar (200mg/ml amp) 15cm
plates. To ensure that the ligation products only contain a single insert we performed colony PCR
on 93 random colonies. The volume of each PCR reaction was 30ul; each reaction contained a
random colony picked from a LB plate, 3ul of 10X DreamTaq buffer, 3ul 2mM dNTPs mix,
1.2ul 10uM 5’ primer, 1.2ul 10uM 3’ primer, 0.3ul DreamTaq Polymerase (Thermo scientific).
The parameters for PCR were 95°C for 5 min, 30 cycles of 95°C for 30s, 68°C for 30s, and 72°C
for 40s, each, and finally one cycle of 72°C for 5 min. The primers used for colony PCR were
taken from the ACTB promoter (5° — CTCTTCCTCAATCTCGCTCTCGCTC — 3’) and the
chimeric intron (5> — GACCAATAGGTGCCTATCAGAAACGC — 3’). Out of the 93 colonies
evaluated, only 3 had multiple inserts. To ensure that all ~15,000 oligos are represented we
collected over 2-10° colonies sixteen hours after transformation, by scraping the plates into LB
medium. Library pooled plasmids were purified using a NucleoBond Xtra maxi kit (Macherey
Nagel). Following the purification, the library plasmids were extracted from a 0.8% agarose gel,



in order to clean them from free library DNA that presented a toxic effect on library nucleofected
cells.

in-vitro transcription of ZFN mRNA

ZFN mRNA was in-vitro transcribed from pZFN1 and pZFN2 plasmids (Sigma) according to
the manufacturer’s protocol, using MessageMAX T7 ARCA-Capped Message Transcription Kit
and Poly(A) Polymerase Tailing Kit (CellScript). The RNA was then purified using MEGAclear
kit (Ambion), the concentration was measured and integrity and polyadenylation were verified
by high-sensitivity RNA TapeStation (Agilent). Small aliquots (5-10ul) containing 600ng/ul of
each of the two ZFN mRNAs were stored in -80°C.

Preparing samples for sequencing

In order to maintain the complexity of the library amplified from gDNA, PCR reactions were
carried out on gDNA amount calculated to contain an average of 200 copies of each oligo
included in the sample. For each of the 16 bins, 20pg of gDNA were used as template in a two-
step nested PCR in two tubes (to include the required amount of gDNA), each containing 100ul
(in both steps); In the 1% step each reaction contained 10pg gDNA, 50ul of Kapa Hifi ready mix
X2 (KAPA biosystems), Spul 10uM 5 primer, and Sul 10uM 3’ primer. The parameters for the
first PCR were 95°C for 5 min, 18 cycles of 94°C for 30s, 65°C for 30s, and 72°C for 40s, each,
and finally one cycle of 72°C for 5 min. Primers used for the first reaction were from the ACTB
promoter (5’-CTCTTCCTCAATCTCGCTCTCGCTC-3’) and the chimeric intron (5°-
GACCAATAGGTGCCTATCAGAAACGC-3”). In the 2™ PCR step each reaction contained
5ul of the first PCR product (uncleaned), 50ul of Kapa Hifi ready mix X2 (KAPA biosystems),
Sul 10uM 5’ primer, and Sul 10uM 3’ primer. The PCR program was similar to the first step,
using 24 cycles. For the second reaction the 5’ primer was comprised of a random 5nt sequence
to increase complexity, followed by an 8nt barcode (one of three for each bin, underlined) and a
library specific sequence (5’-HNHNHXXXXXXXXCGCGTCGCCGTGAGGAGG -3°). The
common 3’ primer was (5’- HNHNHNHNGCCCCACGGAGGTGCCAC -3°. In both, the N's
represent random nucleotides, and ‘H’ is A,C or T, in order to avoid synthesis of stretches of G
that can affect initial clusters definition in NextSeq runs. The concentration of the PCR samples
was measured using Quant-iT dsDNA assay kit (ThermoFisher) in a monochromator (Tecan i-
control), and the samples were mixed in ratios corresponding to their ratio in the population. The
library was separated from unspecific fragments by electrophoresis on a 2% agarose gel stained
by EtBr, cut from the gel, and cleaned in 2 steps: gel extraction kit (QIAGEN), and SPRI beads
(Agencourt AMPure XP). The sample was assessed for size and purity at the TapeStation, using
high sensitivity D1K screenTape (Agilent Technologies, Santa Clara, California). 10ng library
DNA were used for library preparation for NGS; specific Illumina adaptors were added, and
DNA was amplified using 14 amplification cycles, protocol adapted from Blecher-Gonen et
al(Blecher-Gonen et al. 2013). The sample was reanalyzed using TapeStation.

Isolated clones measurements

Thirty isolated clones, at least one from each of the 16 expression bins were grown from single
cells that were sorted into 96-wells plate. The clones were chosen based on their verified
emergence from a single cell. After 28 days cell populations were analyzed in Flow Cytometry
for eGFP expression and genomic DNA (gDNA) was purified. DreamTaq DNA polymerase
(Thermo scientific) was used to amplify the library from 200ng gDNA, with same conditions



and primers as in the library colony PCR. The PCR product was Sanger sequenced from the PCR
Fw primer.

Retroviruses production and infection

Phoenix virus packaging cells were used for retroviruses production as described before(Sigal et
al. 2007). 5x10° cells were plated on 6cm plates 24hr prior to transfection. Cells were
transfected with pPRIGp mChHA, a Moloney Murine Leukemia Virus (MMLYV) retroviral
plasmid expressing a bicistronic transcript encoding mCherry and eGFP separated by the EMCV
Internal Ribosome Entry Site (IRES)(Albagli-Curiel et al. 2007). Each transfection included:
100l DMEM with no serum or antibiotics, 12l of FuGENE 6 transfection reagent (Promega)
and 4pg of the retroviral plasmid. Transfection was performed according to the manufacturer’s
instructions. After 24hr medium was replaced with fresh DMEM and H1299-EcoR cells were
plated on 10cm plates for infection. After additional 24hr (48hr past transfection) 4ml of viruses-
containing media were collected from Phoenix cells and centrifuged for 5 minutes in 1,500rpm.
3.5ml of viruses-containing media were added to 1.5ml RPMI media in each H1299 plate (total
volume of 5ml) in addition to 5ul of Polybrene (AL-118, Sigma). After 24hr cells were washed
3 times with PBS, and fresh RPMI complete medium was added.

Computing promoter activity threshold using empty vector measurements

In order to determine the activity threshold of core promoters we constructed and measured K562
cells for which we integrated an “empty vector” plasmids containing a linker sequence of 25bp
between the Ascl and Rsrll restriction sites. We then measured the fluorophore levels of cells
expressing the empty vector in flow cytometry using the same lasers intensities and settings as
in the library sorting. We computed the normal distribution of the GFP/mCherry and extracted
the mean and standard deviation (std). We set a threshold of 2 stds from the mean. Oligos with
expression levels above this threshold (>=1.58) were considered as positive core promoters.

Statistical analyses

To assess the difference between expression levels of two groups that are distributed normally
(e.g., native core promoters with and without TATA elements) we used a two-sample #-test.
When expression levels were not distributed normally, such as in the case of the pre-initiation
complex (PIC) binding sequences, we performed non-parametric Wilcoxon rank-sum test (for
two samples) or Kruskal-Wallis test (for >2 samples). To compare the expression of pairs of
sequences (e.g., adding a poly(dA:dT) tract to a sequence with two TF binding-sites) we
performed Wilcoxon signed rank test. To evaluate differences in the variance resulting from the
ZFN and retroviruses systems two-sample F-test for equal variances was performed. To examine
significant differences between the proportions of positive core promoters in two groups (e.g.,
promoters and enhancers regions) we performed a two-proportion z-test. All correlations
reported in the manuscript and the corresponding p-values were computed using Pearson
correlation.

Intersecting PIC binding-regions from ChIP-exo measurements with TSSs from GRO-cap
measurements

We used BEDTools(Quinlan and Hall 2010; Dale et al. 2011) to intersect the genomic
coordinates of the 508 PIC binding-regions that were derived from the ChIP-exo data from
Venters et al. (Venters and Pugh 2013) (defined as -100 to +100 relative to the reported TFIIB



midpoint) with the 128,471 TSSs identified by GRO-cap measurements in K562 cells by Core
et al.(Core et al. 2014), (Supplementary Data, file name: “tss_all k562.bed”). To evaluate the
probability of observing 160 mutual sites by chance we computed the hypergeometric
distribution of genomic sites that are captured by the two assays with total sample size of
15,000,000 possible genomic regions (3x10° divided by 200bp). To test the robustness of our
results we reduced the overall population size to 5% of the human genome (20-fold reduction).

Fitting a logistic function

To examine the relationship between the number of binding-sites and promoter activity we fitted
a logistic function with three parameters: maximal expression levels (L), the steepness of the
curve (k), and the number of binding-sites at the sigmoid’s midpoint (X)).

L
0 = e
Oligos with expression levels below the activity threshold were filtered out. To test the
agreement between the data and the fitted function we computed for each binding-site in each
background the correlation and p-value between the measured expression levels and the fitted
values.
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