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Figure 1. Schematic description of the high-throughput SELEX process. (A) Protein expression. (Top) Proteins are expressed as fusion proteins with SBP-
tagged Gaussia-luciferase. (Bottom) The GATEWAY recombination cloning system is used to transfer DNA sequences encoding DBDs or TFs from donor-
vectors to the pD40htSELEX expression vector. (B) Ligand design that accommodates multiplexing of samples using barcodes. Each DNA ligand contains
a 14-bp randomized region (14N), and a 5-bp barcode (Barcode) that uniquely identifies the individual SELEX sample. To increase specificity, each
barcode differs from all other barcodes by at least 2 bp. These variable sequences are flanked by constant sequences that include an lllumina Genome
Analyzer sequencing primer site (Seq. primer) and bridge amplification primer binding regions (Fw, Rev; arrows), which are extended in their 5’ regions to
accommodate partially nested primers (used in successive SELEX rounds). (C) Basic principle of high-throughput SELEX. A double-stranded DNA mixture
containing all possible 14-bp sequences (from B) is incubated with a DNA-binding protein immobilized into awell of a 96-well plate, resulting in binding of
DNA to the protein. After washing and elution, the resulting population of more specific sequences is amplified by PCR and subjected to high-throughput
single-molecule sequencing. The specificity of the TF can then be constructed by iterating the process and calculating the abundance of distinct sequences
after different numbers of cycles. In each cycle, multiple reactions are mixed into a single sequencing lane, and the TFs are identified using the barcode
sequences.
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Percent of reads containing
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1 GACETLE CACCTLS CTATAMILA PSSR CACCACLEA
> CACRTCE CACCTLY CTATAMTAY ATIMATT CACCACRGA
» CACETGE CACCTCY CTAIAMIAR ATCAMACT CACCACRCA
* CAGETCE CAGETCS ATAAMIAG AMACTCAMACT CACCACRCA -

Figure 2. Enrichment of specific sequences during the SELEX process. (A) Position weight matrices
built around the most enriched sequence for four different TFs (see Methods for details). The height of
the letter at each position is directly proportional to the incidence of the indicated base in sequences
where all other bases exactly match the most enriched sequence. Note that clear enrichment of se-
quences is observed after one or two SELEX rounds, and that two separate experiments for TCF4 resultin
a very similar enrichment pattem. In the first cycle, the algorithm used here detects incorrect binding
profile for PRDM1 (asterisk) due to a low number of the relatively long consensus sequences. The en-
richment of high-affinity sequences can, however, be detected by seeding the algorithm with consensus
from the later cycles (see Supplemental Fig. S4A). (B) The fraction of all fragments containing the most
enriched sequence from the third SELEX cycle plotted as a function of the SELEX cycle.
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A E-Box (CANNTG)
o go@tag CTGOGTGT CACGTG TTT agaga
A2 gocgtDg TAT CACGTG AGCOCETTC gaaga
23 gogtao GGTCAT CAOGTG AGCH Sgaga
A4 toracs ATATAGTAT CACGTGC A cacgco
a5 goegtg TCAT CATGTG ATCOCT sgaga
A TCctoo ACAT TATOTGC ATTATS cacgco
A goarg GTAT CACCTG ACTAGE ggaga
=8 coTos CARCGGAT CACCTG AT cacgco
= cotoo TCGAT CACATG CUAGTA cacgac
=10 gogrts TTCATICAT CACGTG < ggaga
11 toence TOSCARCARET CACGTS A cacgo
212 tcroe TTATAGT CACGTG ACT cacgco
A13 motaec ATCTAGST CACGTS ACA cacgco
Al4a tcoocoe GUCACT CRACCTG ATTIGC cacac
AlS Tobac ACAGACGGET CACGTS A cacogco
ALlS totoco AACACAC CACGTG ACC cacgae
A17 gocgrg GCOGAT CACGTG TATTAR ggoaaa
alsg Ttotoco ACAGATGAT CACGTG A cacgoc
A1l9 gcgtg TTCAT CACCTG AGTCA ggoaga
220 Scocgtg GSCGAT CAGGETG ATECA ggaga
Azl gocgrqa GGT CTCSTOTA ggaga
AZZ tcbcc CAACCGGAT CACGTGE A cacgo
223 rtcrece TGCACACTA CACGTG A cacgac
AZ4 TCctooc TGAT CTACATG CCaATGT cacgco
AZE gogta GGTCAT CACSTG AGCC ggaga
227 gogTgo CAACGGAT CTACCTG AT ggaga
28 tcoec TCTGTTCOAT CACGTG A cacgco
nZS cocrtocce TCARTCCARAT CACGTG AT cacgcs
230 gcgtg TGCACEAT CACGTG AT ggaga
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A
MTAT 5'-AGCACTATAGGGACATGATGTTCCACACGTCACATGGTCGTCC-3"

MT27 5'-GATGTCGCGGGAACACAGTGTTCCGTGTACTGTGCAACTACTT-3"

25 5'-GATCCCCCCGGGCATCACCGTGCAGGGGGGGA GGTACAGAGTGTTCT
GCGAGGATGCG-3" G/C 6oratoe okpyxeHue (28% A/T n.H.)

111 5'-GATCCTGTTACCATAGTGTAACTTCCTATTCA GGTACAATATGTTCT
ATACTTCTATTT-3'  A/T 6oratoe okpyxeHue (72% A/T n.H.)
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Puc. 2. BnusaHue nepBuyHon cTpykTypbl [1IHK B OKpy>XeHun KOHCeHCcyca CanToB CBS3bIBaHUSA
peuenTopa rnroKOKopTUKkonaoB Ha adhheKTUBHOCTbL cBA3biBaHUA JHK ¢ peuentopom.

K - IHK-npo6a B KoMnnekce ¢ peuentopoM rntokokopTukonaos; 0 - ceobogHas HK-npoba; 3-5 n 8-11 -
BbITECHEHNE MeyeHou nNpobbl 13 konnekca ¢ NP pasnnyHbiMn dpparmMeHTamm HemeveHom KoHKypeHTHon [HK:
MTaT - EcoRI-Hindlll doparmeHT pMTaT, MT27 - EcoRI-Hindlll doparmeHT pMT27, 25 - EcoRI-Hindlll dpparmeHT
p25, 111 - EcoRI-Hindlll doparmeHT p111, H - Pvull-EcoRI doparmeHT pUC19 (Hecneunduyeckan OHK).
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UMmMmyHONpeuunutauumsa XxpomMaTmHa in vivo ¢ UCnonb3oBaHUEM
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Scheme of chromatin immunoprecipitation workflow
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Features of p65-binding sites on chromosome 22

(A) p65 binding relative to
Sanger-annotated genes and
hybridizing regions on chromosome
22 is illustrated.

(B) Distribution of NF-B consensus
sequences in p65-binding sites.

The sequences of p65-bound
fragments on the microarray were
searched for NF-B consensus sites
by using both an in-house
chromosome annotation system
and the TFSEARCH database.

www.cbrc.jpresearchdb TFSEARCH.html

R. Martone, G. Euskirchen, P. Bertone, S. Hartman et al. Distribution of NF-B-binding sites across human chromosome 22
PNAS, October 14, 2003, vol. 100 no. 21, 12247-12252
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Weak points of TFBS identification by ChIP-seq technology
€ Indirect TF binding to DNA " %
The cases of direct and indirect L
interaction of TF with DNA are -
indistinguishable

e Insufficient resolution
Typical ChIP-seq peak — 100-500 bp
Typical TF footprint on DNA —5-25 bp

9 TFBS clusters
A group of neighboring TFBSs is usually

processed by peak-callers as one peak _@ _@

0 False positive peaks (antibody cross-specifity, overrepresented seqs)

9 The spectrum of detected binding loci depends on cell type and state



Hcnonwvzyemvle o unmepnpemayuu oaunolx ChlP-seq
OuouHgopmayuontvie Memoowl

MeTtoabl npeackasanma CCTO

De novo metoabl noncka CCTd MeToabl, OCHOBaHHbIE Ha
MCNoSb30BaHMN OBy4alroLLnX BbIOOPOK
CCTo
® MeToAbl noucka Hambonee » KoHceHcyc, BecoBble matpuusl (PWM)
npeacTaBreHHbIX MOTMBOB B .Mp.

yyacTKax cBsisbiBaHus Td ¢
xpomaTtuHom (nukax ChiP-seq).
(6e3 npeaBapuUTenbHON MHGOPMaLINK

&CCTCD)

monoCHiPMunk FoxA oPWM
Kulakovskiy 1.V, et al., SiteGA
Bioinformatics 2010, 26(20):2622-3 1 evitsky V.G., et al., BMC Bioinformatics 2007, 8:481]

diCHiPMunk [Levitsky V.G., et al., Dokl Biochem Biophys. 2011, 436:12-5]



Ob6vekm uccied08anus: catimol C8A3bl8AHUSL MPAHCKPUNYUOHHBLX
¢paxkmopos FoxA

TdD FoxA : FoxAl, FoxA2, FoxA3
0 FoxAs uMeroT BeicOkOKOHcepBaTuBHBIN J[CJ] Tna
winged-helix (FKH).

0 FoxA obnagaroT CrioCOOHOCTHIO BBITECHATH JIMHKEPHBIC
TUCTOHBI M OTKPBIBATh KOMITAKTU30BaHHBIA XPOMAaTHH, T.€.
MOTYT CIIy’KHWTh KaK pioneer transcription factors.

[0 FoxAs urparoT BaXHYIO POJib B paHHEM 3MOpHOTeHE3e,
OpPraHOTEHE3€ U MOAJIEPHKAHUNA META0OINIECKOTO TOMEOCTa3a
OpraHusma.

KoHceHcyc FoxA :
B3pPOCJIOTO, UTPasi AKTUBHYIO POJIb B PETYIISIIIUU METa00IM3Ma 5'-RYMAAYA-3'
[Overdier et al., 1994; Roux et al., 1995]

0 Bce tpu TO FoxA ocTaroTcs akTHBHBIMH B TICUCHU

FoxA2 ChlIP-seq B neveHun mbiwn [Wederell et al., 2008]

Yumucno nukos— 11 475
CpegHss BbicoTa nmka— 16
CpegHas onuHa nuka— 727 bp

*Wederell E.D. et al. Nucleic Acids Res. 2008 36: 4549-4564




PWM un SiteGA

AOna co3pgaHna obyyarowen BbI6opkn ns 81 nasectHoix CCT® FoxA
ucnonb3oBanu aaHHble U3 6a3bl TRRD U nutepatypHbIX UCTOYHUKOB.

Kputepuem ansa otbopa cauToB CIy>XUIO HanM4iue aoKa3aTenbCTB
B3aumopencteua FoxA ¢ coorBetcTByrowmmMm panoHom [HK, nony4yeHHbIX
OA4HMM U3 crneayrLMX MeToAO0B:

- yTnpuHTUHr JHKason | ¢ ncnonb3oBaHmem o4nNLLEHHOro Gerka;

- EMSA c ucnonb3oBaHnemM OYMULLEHHOro benka;
- EMSA c ncnonb3oBaHUeM S4epPHOro 3KCTpakTa 6enkoB u

cneuncpunyeckux aHtuten (EMSA supershift).

BbipaBHMBaHMe nocnefoBaTtenbHOCTEN NPOBOAUIIOCH OTHOCUTENBHO
Haubornee npeacraBneHHoro motusa (B kogupoBke IUPAC) [Levitsky et al.,
2011]. B utore, ansa noctpoeHus merogos PWM u SiteGA ncnonb3oBanocb
BbipaBHMBaHUe 53 nocnepgoBaTtesnibHocTen, cogepxawmx motue TRTTTRYH

(R=A/G, Y=C/T, H=A/C/G).



CHiPMunk

Ana oby4yeHnsa CHiPMunk 6b1nm ncnonb3oBanbl 4455 nokyca cBsfi3biBaHUA
FoxA2 (CHiP-seq; BbicoTa nuka >15). QnunHbl motnBa gna mono- & di-
Bepcumn Chipmunk yctaHoBeHbl Kak 20 HT 1 28 HT, COOTBETBEHHO.
BbisiBfieHHbIe MOTUBbI UMEKT BbICOKMM YPOBEHb CXOACTBA Kak C MOTUBOM
TRTTTRYH, nony4yeHHbIM Ha BbIoopKke 81 CC FoxA, Tak U € U3BECTHbIM
KoHceHcycoMm canToB FoxA2 [Overdier et al., 1994; Roux et al., 1995].

monoCHiPMunk TATTﬁ_'_ o
R G T

diCHiPMunk

Jloro Hanbonee npeacTtaBneHHbIX MOTUBOB, MNOMTYYeHHbIX C MOMOLUbLHO
mono- and diChipmunk gna CHiP-seq FoxA2
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Ikcnepumenmanvuas eepuguxayus 64 npeockazannvix CCTD FoxA
memooom 3aoepoicku 8 eene (EMSA), konkypenmublil ananus

" [*?P]-TTR: meyeHsili ofiu2oHykneomud, coomeememeayrowuti catimy
ces3bleaHusi FOxA u3 npomomopa 2eHa ttr mbiwiu

GST-DBD-FoxA2: 3adepxka e cene GST-criumbim 6esikom, coomeemcmayouum
LHK-ces3biearowemy domeHy T® FoxA2

HEeMeYeHbIN KOHKYPeHT: X2, x5 unu %20 mMonsipHbIt u3bbimok
KOHKYPEHMHO20 Orlu20oHyKrneomuda

R oL Y oD oA 0® 06 AR
> e N g g N Vg Vg g

pedepenc monoxutr. (0.78 | 0.15) (0.81]0.70) (0.79 | 0.92) (0.74 | 0.44) (0.77]0.26) (0.79]0.13) oTpuuar.
KOHTPOJIEL 0.31 0.83 0.83 0.0 0.0 0.0 _ KOHTpOJIb

----------------------------------------------------------------------------

____________________________________________

(ckop CHiPMunk | ckop SiteGA)
ckop EMSA



Ikcnepumenmanvuas eepuguxayus 64 npeockazannvix CCTD FoxA
memooom 3aoepoicku 8 eene (EMSA), konkypenmublil ananus

Ckop EMSA pacunTtbiBarnca Kak oTHOLWEHME yrina HakfloHa fIMHeuHon perpeccum log-kpuson
3aBUCUMOCTU OT KOHLEHTpaLUn TeCTUPYEeMOro OfIuroHyKneoTnaa K nonoxXutenbHoMy
KoHTponto (TTR) n ncnonb3oBarnca B KayecTBe OL,eHKM OTHOCUTeNbHON addPUHHOCTU 3TOro
onuroHykneotunaa. NockonbKy ckop EMSA pacnpegeneH ooctaTo4yHO paBHOMEpPHO, nopor
OTCeYeHUs1 HenoaTBepPXAEHHbIX CauToB ObiN BblIOpaH Bpy4Hyto (0.25).

175
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noaTrBepXxaeHHble CanTbl
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FN-based thresholds FP-based thresholds
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Figure 7. Context patterns of the SF-1 BSs recognized by sequence analysis of the top-scoring
ChIP-seq peaks (peak height of 15 or higher). The frequency matrices were visualized by the
WebLogo tool (Crooks et al., 2004) for the samples of sites predicted by oPWM, Sitecon, and

SiteGA. The X axis shows nucleotide positions and Y axis, bits.



TATA box

SV40
GBS

Fold activation dex/etoh

Sequence

Kn (M)

0.89+0.20

Gilz AGAACAttgGGTTCC 23+0.4

AGAACAtttTGTCCG 5.4+0.8 0.15+0.03

AGAACAtttTGTACG 8.2+1.0 0.24+0.09

FKBP5  AGAACAggGTGTTCT 5.9+0.4 0.44+0.12
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