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Abstract: Protein—protein and protein—substrate interactions are critical to function and often depend on factors that are difficult
to disentangle. Herein, a combined biochemical and biophysical approach, based on electrically switchable DNA biochips and single-
molecule mass analysis, was used to characterize the DNA binding and protein oligomerization of the transcription factor, forkhead box
protein P2 (FOXP2). FOXP2 contains domains commonly involved in nucleic-acid binding and protein oligomerization, such as a C,H,-zinc
finger (ZF), and a leucine zipper (LZ), whose roles in FOXP2 remain largely unknown. We found that the LZ mediates FOXP2 dimerization via
coiled-coil formation but also contributes to DNA binding. The ZF contributes to protein dimerization when the LZ coiled-coil is intact, but it is
not involved in DNA binding. The forkhead domain (FHD) is the key driver of DNA binding. Our data contributes to understanding the
mechanisms behind the transcriptional activity of FOXP2.
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Experimental Procedures

Cloning

Short constructs of human FOXP2 have been cloned into a pET28b vector (Tab. S1-S4) using the CPEC cloning technique !". Site-
specific mutations have been introduced using a QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent). Primers (Tab. S5)
were designed using the QuikChange Primer Design Program (www.agilent.com/store/primerDesignProgram.jsp). Successful cloning
of constructs was verified by sequencing (Eurofins Genomics, Ebersberg, Germany). Expression plasmids and selected templates
will be made available at ADDGENE.

Expression and purification

Expression was performed in Rosetta 2(DE3) cells (Novagen, Merck) for 16 hrs overnight at 16°C after induction with 1 mM IPTG.
Supplementing the LB medium with final of 4% EtOH helped to increase the protein expression levels . Medium for expression of
constructs containing a ZF-motif additionally was supplemented with 100 uM ZnSO4. Expression of human FOXP2 constructs was
verified by western blot analysis with a-human FOXP2 antibody (AHP2020 from AbD Serotec) and on campus MALDI analysis.
Expressed proteins contained a N-terminal His6-tag and a C-terminal Strepll-tag. Cells were harvested by centrifugation for 30
minutes at 4000 rcf at 4 °C and snap frozen in liquid nitrogen. Cell pellets were resuspended in lysis buffer and treated with 1 mM
lysozyme followed by mechanical lysis (sonication). Benzonase (Merck) has been added to the cell suspension to remove genomic
DNA. After removing the cell debris by centrifugation NaCl was added to a final of 500 mM to the supernatant to deactivate the
Benzonase. Supernatant was incubated with pre-washed Ni-NTA beads (Qiagen). After washing with buffers W1, W2 and W3
proteins were eluted with buffer EB (buffers see Tab. S6). For the second affinity purification Ni-NTA elution fractions were pooled
and applied to Strep-Tactin gravity flow columns (IBA GmbH, Goéttingen). Strep-tag affinity purification was performed according to
manual with customized buffers (Tab. S7). Strep-Tactin purification was used to concentrate the protein and exchange buffers to
reaction condition. Proteins were frozen in liquid nitrogen and stored at -20°C. Protein concentration was determined from
absorbance spectra recorded at a pathlength of 10 mm using the theoretical extinction coefficient calculated with the amino acid
sequences of each construct with the ProtParam web tool.

a) b)

1.70 [uM] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 8.0
>sp|015409 |FOXP2_HUMAN Forkhead box protein P2 (isoform I) P1 [4 uM]

MMQESATETI SNSSMNQONGM STLSSQLDAG SRDGRSSGDT SSEVSTVELL 50 B2

HLOQQOALQA ARQLLLQOQQOT SGLKSPKSSD KQRPLQVPVS VAMMTPQVIT 100
PQOMQOOQILOQ QVLSPQOLOA LLOQQQAVML QQQQLOEFYK KQQEQLHLOL 150
LO00000000 9000000000 0000000000 0000000000 QHPGKQAKEQ 200
Q00000000L AAQQOLVFQQQ LLOMOOLOQQ QHLLSLORQG LISIPPGQAA 250

P1/P2/P6/P7—>
LPVQSLPOAG LSPAEIQOLW KEVTGVHSME DNGIKHGGLD LTTNNSSSTT 300

P3[4 uM]

SSNTSKASPP ITHHSIVNGQ SSVLSARRDS SSHEETGASH TLYGHGVCKW 350

P3—>
PGCESICEDF GQFLKHLNNE HALDDRSTAQ CRVQMQVVQQ LEIQLSKERE 400 Pa [4 pM]

RLOAMMTHLH MRPSEPKPSP KPLNLVSSVT MSKNMLETSP QSLPQTPTTP 450
P6 —| 1
TAPVTPITQG PSVITPASVP NVGAIRRRHS DKYNIPMSSE IAPNYEFYKN 500 anncy 8 88 8y )

P4/P5 —» A539P
ADVRPPFTYA TLIRQAIMES SDRQLTLNEI YSWFTRTFAY FRRNAATWKN 550

AVRHNLSLHK CFVRVENVKG AVWTIVDEVEY QKRRSQKITG SPTLVKNIPT 600 P4 [4 uM]
4[4

SLGYGAALNA SLQAALAESS LPLLSNPGLI NNASSGLLQA VHEDLNGSLD 650
HIDSNGNSSP GCSPQPHIHS IHVKEEPVIA EDEDCPMSLV TTANHSPELE 700
DDREIEEEPL SEDLE*

DNA label channel 1_70: TGTTTAC

Figure S1. Truncated human FOXP2 protein constructs interacting with DNA. (a) Amino acid sequence of ful-lengths human FOXP2 isoform 1
[uniprot entry 015409-1; HUMAN_FOXP2]. Sequence showing polyglutamine tract (petrol) C2H2 zinc-finger motif (purple), leucine zipper domain (light blue)
and the DNA-binding forkhead domain (navy blue). Black arrows above the respective sequence mark the site of the start of truncated FOXP2 constructs P1-
P7. End of C-terminally truncated construct P6 is indicated by a red sign. Amino acid substitution A539P (pink), mutation R553H (orange) and the three
leucine-to-alanine substitutions in the zipper domain of P2 leucine zipper (green) are depicted. (b) Laser-scanned images of 5% agarose gels on which
FOXP2 constructs P1, P3 and P4 incubated with increasing concentrations of Cy5-labeled DNA (1_70) containing the consensus binding site TGTTTAC
were electrophoresed. Area within dashed line was contrast enhanced. F = free DNA, B1, B2 = bands attributed to protein-DNA complexes.
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DNA protein interaction analysis using EMSA

For the EMSA analysis a 5% agarose gel (UltraPure agarose, Invitrogen) was prepared using 1x TA (40 mM Tris pH 8.0, 20 mM
acetic acid) buffer. Before the actual electrophoresis experiment gel was pre-equilibrated (30min at 100 V) with 1x TA running buffer.
Samples of protein-DNA mixtures have been incubated for 30 min, prior to loading onto the gel. Electrophoresis was performed for 45
min at 150 V, constantly cooled by an ice bath. Gels were scanned with a Typhoon laser scanner (Typhoon FLA 9500, GE
Healthcare) in the Cy5 or Cy3 channel at a resolution of 25 ym. Gel images scanned in different channels were superimposed using
ImageJ P,

a) b)

auto sampler
sesese
ssssse

(7 c 6
=Y
9

2) 9
s \\
Hybridizati & Pk N
/ydgl)iilom \\—/‘ %f,?mm 20 raw data

cNL-B48 )

14 Regenerations

¥
target DNA 'y 150

auto sampler
s382s2 /
it

Association
protein

100+

Fluorescence [kcps]

T T T T
150 200 250 300 350

o
a
3
°
3

Time [s]

N7

\ Dissociation x5
Regeneration 7 £ £ i\ protein “:N;?
¢

buffer pH>10

Figure S2. Experimental measurement cycle on a switchSENSE biochip. (a) Schematic of the experimental procedure: (1) Single-stranded
anchor sequence (NL-B48) modified with fluorescent dye is immobilized on the gold surface of the biochip. Single-stranded DNA, complementary to the
anchor DNA (cNL-B48), and double-stranded DNA extensions (target DNA) are hybridized for functionalizing the biochip surface. (2) After hybridization is
completed, free excess DNA is washed off with buffer and the association of the protein (FOXP2, 2a07.pdb) can be performed (3). Measuring dissociation is
initiated by rinsing running buffer into the chip chamber (4). When the association and dissociation measurements are finished, the chip is regenerated with a
buffer at pH>10. Regenerated biochips are still functionalized with the single-stranded anchor sequence (NL-B48). Hence, the same electrode can be used
again for measurements. (b) Fluorescence signal of hybridization and regeneration cycles. Diagram shows 14 hybridization curves (pink: target DNA, blue:
control DNA) following regenerations on the chip surface (raw data). Fluorescence increase during hybridization is given in kilo counts per second (kcps).

switchSENSE interaction — experimental procedure

DNA biochip-based interaction analysis was performed at Dynamic Biosensors GmbH (Martinsried) with a DRX analyzer using a
standard multi-purpose-biochip (MPC-48-1-Y1). Single-stranded anchor DNA (NL-B48) carrying a fluorescent dye (Y1) was optimized
by DBS for thermal stability, absence of secondary structures, hybridization efficiency and minimal interference with FOXP2 binding
experiments. Anchor DNA was hybridized with complementary DNA (cNL-B48) and an additional DNA extension with FOXP2 target
or control sequence (Tab. S9). During measurements the auto sampler containing the protein samples was set to 20°C. The
experiment temperature on the biochip was set to 25°C. Protein samples were diluted and measured in FOXP2 reaction buffer (10
mM HEPES pH7.4, 140 mM NaCl, 1 mM MgCI2, 0.5 yM ZnS0O4, 10% Glycerol, 0.5 mM TCEP). Flow rates for association and
dissociation reactions were at 50 pl/min and 200 pl/min, respectively. The biochip was regenerated after each completed
association/dissociation run. Washing with regeneration solution containing 100 mM NaOH (pH13) removed dsDNA complementary
DNA (with extension) and residual proteins, leaving the anchor DNA intact for a new hybridization and measurement (Figure S2).
Data analysis was performed with the switchANALYSIS software from Dynamic Biosensors. The association and dissociation rate
constants (kon and koff) and the respective error values were derived from a global single exponential fit model. The shown error
reflects the overall error of the global fit for three concentration measurements.



WILEY-VCH

FPS mode - switchSENSE interaction analysis

Interaction analysis was performed in fluorescence proximity sensing (FPS) mode with a constant voltage of -0.1 V-0.4 V applied,
which forces the surface-tethered DNA into a fixed angle. When the protein analyte binds to the DNA target, it affects the average
distance of the fluorescent label from the fluorescence-quenching gold surface . Besides the change in DNA orientation, a change
in close proximity to the fluorescent dye or direct interaction of the protein with the fluorescent dye lead to measurable changes in the
fluorescence intensity . In the FPS measurements, FOXP2 protein variants were being flushed at specified concentrations over the
gold electrode using microfluidic channels (experimental setup see Figure S2). In the FPS setup going from pure buffer to a specified
protein concentration had a deadtime on the order of miliseconds. When the protein was flushed in, we observed fluorescence signal
increases on the timescale of seconds. Hence, the concentration jump itself may be considered instantaneous, and the time
dependence of the fluorescence signal directly reflects the kinetics of protein binding to the surface DNA. After the sudden increase
of the protein concentration, both association and dissociation processes can take place. After flushing out the protein and replacing
the bulk solution with pure buffer, only dissociation can take place. Furthermore, the microfluidic mass transport was such that the
protein concentration in the bulk was not affected by the binding of protein to the surface. Hence, the bulk concentration may be
considered constant and used as an input parameter to extract the rate constants for protein-DNA association and dissociation from
the time dependence of the fluorescence signals by fitting a bimolecular reaction model to the data.
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Figure S3. Concentration-dependent DNA binding kinetics of FOXP2 constructs P4 and P5. Thin solid lines: normalized fluorescence intensity
over time measured during association and dissociation of protein constructs P4 (left) and P5 (right) with target DNA (see Figure 2b) attached to chip surface.

Numbers give the protein concentrations. Thick solid lines: global fits to the data based on a bimolecular reaction model (see methods).

Interferometric scattering mass photometry

Microscope coverslips (#1.5, 24x50 mm and (#1.5, 24x24 mm, Thermo Scientific Menzel) were cleaned and assembled into flow
chambers as previously described . Landing assays, data acquisition and image processing were performed as previously
described . Buffers were filtered through a 0.2 pm pore size syringe filter. For calibration standard proteins bovine serum albumin
(BSA), alcohol dehydrogenase (ADH) and BR-amylase (all purchased from Sigma-Aldrich) were diluted to 10 nM in FOXP2 reaction
buffer (10 mM HEPES pH7.4, 140 mM NaCl, 1 mM MgCI2, 0.5 pM ZnS0O4, 10% Glycerol, 0.5 mM TCEP). For each movie of a
standard protein measured, a histogram was made and fitted with Gaussians according to how many peaks are resolved (Fig. S4a).
Fitted centers of these Gaussians and the corresponding masses that they are assigned to were plotted and fitted to a straight line.
Resulting parameters were used as conversion between mass and measured contrast of FOXP2 constructs (Fig. S4b). FOXP2
constructs P1-P3 (green laser setup) and P4- P5 (blue laser setup) were measured at a concentration of 100 nM in FOXP2 reaction
buffer.
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Figure S4. Mass photometry calibration measurements. Contrast of standard proteins bovine serum albumin (BSA), alcohol dehydrogenase (ADH) and R-

Amylase used for calibration. For each movie of a standard protein measured, a histogram was made and fitted with Gaussians according to how many
peaks are resolved. (a) Example histogram of a BSA measurement fitted with two Gaussians according to monomer and dimer distribution. (b) Fitted centers

of these Gaussians and the corresponding masses that they are assigned to were plotted and fitted to a straight line. Points used: BSA monomer and dimer
(66.4 kDa and 132.8 kDa), ADH monomer, dimer and tetramer (36.8 kDA, 73.5 kDa and 147 kDa) and R-Amylase dimer and tetramer (112 kDa and 224

kDa).
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Figure S5. Strep-Tactin purification of constructs P1 and P2. Laser-scanned image (Cy5 channel) of a 4-20% gradient SDS PAGE gel stained
with RotiBlue quick solution. Purifications of constructs P1 and P2, SDS PAGE preparation and digitalization in the Tyhoon scanner have been

simultaneously performed. Direct comparison reveals a higher grade of low molecular impurities for construct P1 than P2 after the second affinity purification.
M: Marker; NN: pooled Ni-NTA fractions loaded on Strep Tactin column; W1: wash step 1; E1-E3: elution fractions.
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constants as obtained from analyzing on- und off rates of the protein constructs via FPS and from analyzing monomer-dimer distributions as seen in mass
photometry measurements. N.d. = not determined. Diamonds indicate attractive interactions. b) Free energies as computed from the dissociation constants.
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Table S1. Sequence of the expression plasmid pET28b with protein construct P1 (ZF-LZ-FHD). Upper case indicates coding sequence with N-
terminal His6-tag and C-terminal Strepll-tag.

g tgagttggctge aactagcat t tc gttttttge at
t gattg g g tg gtgtggtgg g t tcecttt tcett
t t g \.aaatcgggggctccctttugggt tagtgc tgattagggtgatggttcacgtagtgggccat
cgccct:gatagacggttt:ttcgccctttgacgttggagtccacgttctttaatagtggactc\..g.. t tatctcggtctattcet tttgceg
gg ttggt tgagctgat ttt tttt attaacgtttacaattt“gg gg g tatttgtttatt
tttctaaatacattcaaatatgta t taattctta tcat g tttattcat tatc tatt tttctgt
aatgaag gcagt gatg: tggtatcggtc tcg ca attaattt g t t tga
gaaat g t t tttat tcttt tgt: gctcg tcact t ttattca
ttcgtgat tcgetg g tattttcacctgaatcaggatat
tcttctaatacctg tgctgtt g tggtgagtaaccatgcatcat g gatgg g g gtttagtctgaccat
ctcatctgtaacat t ggcg ttcccatacaatcgatagattg ttg ttat tatacc
catat. t “-‘aa+ t tgtattactgtttatg‘- ttttattgt t aat
cccttaacgtgagttttegt gagcg tcttet tttttttctgcgegtaatctgetg tgg
tttg agct tett gg tactgtccttctagtgtageccgtagtt t tctgt
g tgctaatcctgttaccagtggctgcetg g aagtcgtgtc: gggttgg agtt g gtcggg ggttc
gt g ta ct ctacagcgtgag t g
g g ggtatctttatagtcctgtcgggtttcg g tgagcgtcgatttttgtgatg g ggg
tttttacggttcctg ttgctggecttttge ttett t tg tatt ttgag gat
g tcag tattttctcectt tctgtgcggtatt Lm.atggtgcactctcagtacaatctgctc
g tatacact tcgctacgtgactgggtcatgge t tacag
gtgaccgtc gcatgtgtcagaggttttcaccgtcat gcgg g tggtcg gcctgttcat
ccgegtecagetegttgagtttet ttaatgtct tctga tg ttttttcctgtttggte tg tctgttcatgggg
gt ttactga t ttgtgaggg ggcggtatggatgeggegg
tcagggtcaatgccagcgettegttaatacagatgtaggtgt: tcctgega taatggt g tcecgegtt t
ttcatgttgttgctcaggtcg ttt tcgcttcacgttcegectecgegtatcggtgattcattcetg gg g gccgg
gtcct ggcctget tttgg tt gc ttce
gaat tcatcg tcctcg g gagttgca cat.
cgatagtcat gact ct t ccggtgect tgagctaac gcgt cact ttte
cagtcgg gtcg gcattaatgaat gcg gcggtttgcgtattggg gtggtt tgattgcccttca
t tggtt tcetg tggt: t gtcttcggtategtegt tacc
gagat.: ggtaatg g tgatcg gcagtg g gcatttgcatggtttgttgaaa
accggacatggcactccagtcgccttcccgttccgctatcggctgaat tt attta ttaa:
gctgg g g gtcgcgtaccgtcttcatgg taatactgttgatgggtgtctgg tag
gct t tcat tagttaatga t tg tegt
ttga: g tt g gtgcagg ggaggtg t tgtt: ttgttg
ggttgggaatgtaattcagc tccactttt ttt tggt t act cg
tataacgttactggtt tgaattgactctc gggcg gttt t tg ttatgcgactcct
gcatt tagtaggt t gg at t a
gcgctcatgag tc gtgatgtcg at g gtgg tc
gatcccgcgaaattaatacgactcactat aa ccctet taattttg ttt t AGCAGCCATCATCATCATCATCACA
GCAGCGGCCTGGTGCCGCGCGGCAGCC. AAGAAGTGAC AC; AGACAATGGCATTAAAC 'TAGACCTCACTACTAACAATTCCTCCTCGACTACCTCCTCCAAC
ACTTCCAAAGCATCACCACCAATAACTCATCATTCCATAGTGAATGGACAGTCTTCAGTTCTAAGTGCAAGACGAGACAGCTCGTCAC. TGGGGCCTCTCACACTCTCTATGGCC
TTGCAAATGGCCAGGC AAGC. AAGCACCTTAACAATGAACACGC 'CGAAGCACTGCTCAGTGTCGAGTGCAAATGC: AACAGT

TAGAAATACAGCTTTCTAAAGAACGCGAACGTCTTCAAGCAATGATGACCCACTTGCACATGCGACCCTCAGAGCCCAAACCATCTCCCAAACCTCTAAATCTGGTGTCTAGTGTCACCATGTCGAAGAAT
ATGTTGGAGACATCCCCACAGAGCTTACCTCAAACCCCTACCACACCAACGGCCCCAGTCACCCCGATTACCCAGGGACCCTCAGTAATCACCCCAGCCAGTGTGCCCAATGTGGGAGCCATACGAAGGCG
ACATTCAGACAAATACAACATTCCCATGTCATCAGAAATTGCCCCAAACTATGAATTTTATAAAAATGCAGATGTCAGACCTCCATTTACTTATGCAACTCTCATAAGGCAGGCTATCATGGAGTCATCTG
ACAGGCAGTTAACACTTAATGAAATTTACAGCTGGTTTACACGGACATTTGCTTACTTCAGGCGTAATGCAGCAACTTGGAAGAATGCAGTACGTCATAATCTTAGCCTGCACAAGTGTTTTGTTCGAGTA
GAAAATGTTAAAGGAGCAGTATGGACTGTGGATGAAGTAGAATACCAGAAGCGAAGGTCACAAAAGATAACAGGAAGTCCAACCTTAGTAAAAAATATACCTACCAGTTTAGGCTATGGAGCAGCTCTTAA
TGCCAGTTTGCAGGCTGCCTTGGCAGAGAGCAGTTTACCTTTGCTAAGTAATCCTGGACTGATAAATAATGCATCCAGTGGCCTACTGCAGGCCGTCCACGAAGACCTCAATGGTTCTCTGGATCACATTG
ACAGCAATGGAAACAGTAGTCCGGGCTGCTCACCTCAGCCGCACATACATTCAATCCACGTCAAGGAAGAGCCAGTGAT! AGACTGCCCAATGTCCTTAGTGACAACAGCTAATCACAGT
CCAGAATTAGAAGACGACAGAGAGATTGAAGAAGAGCCTTTATCTGAAGA! AAGCGC GCCACCCGCAGTTCGAAAAATAA

Table S2. Sequence of the expression plasmid pET28b with protein construct P3 (LZ-FHD). Upper case indicates coding sequence with N-
terminal His6-tag and C-terminal Strepll-tag.

t g tgagttggctgce taactagcat. t t tet ttttttge tat
a g gacgcg tgtagcg gcgcggegggtgtggtgg gcagcgtg g tcctttegettte
te cgtt taaat tccettt t tagtgett tgattagggtgatggttcacgtagtgggccat
g gtttttcg tgacgttggag gttctttaatagtggactcttg tatctcggtctattcttttgatt: t gccg
attt ttgg: tgagctga ttt atttt =f=ttaacgtttacaatttcaggtggcactu_ tatttgtttatt
tttctaaatacattcaaatatgtat taattct g tttat at tatcaataccatatttttgaaaaagccgtttctgt
aa t ccat tggtatcggtce tcg caat tattaatttcccctegtcaaaaataaggttatcaagtga
gaaat gag gaatccgg tttatgcatttctt tg tcg ttattca
ttcgtga at tcgetg att tcgaa tatttt tat
tcttctaat gaatgctgt: ggg gcagtggtgag: tgca tacggataaaatg gatgg aaattccgtcag gtttagtc t
ctcatctgt c t ttcccatacaatcgatagaug tgat tttatacc
catataaat ggaatttaa: gg ttgaatatggct gtattactgtttatg ttttattgt t
cccttaacgtgagttttcgfh‘r cgt tcttet tttttttetgegegtaatetgetg tgg
tttgtttgececgg t. gg g tactgtccttctagtgtagccgtagtt tctgtag
cctacatacctcgetctgetaatcctgtt: gg aagtcgtgtc: tagtt ggg tte
g g gatacct g tatccgg gcgg ggtcggaa
gg -,atctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcg
g g ggcctttttacgg tttgctggecttttg ttctt tgcgtta tgattctgtggataaccgtattaccgectttgagtgagectgataccgetcegecg
tcag tattttctectt tctgtgcggtatt atatggtgcactctcagtacaatctgctce
tgatgccgcatagtt at gcta tacgtgactgggtcatggctg gctg g g ttgtctgcet gg
gtgaccgtc tgtgt ttttcaccgtcat gcgg gctcat tggtcg tctgectgttcat
ccgeg tcgttgagtttce ttaatg gcttctgat g tg ttttttccoctgtttgg tgat tcegtgt ttctgt gg'
gtaatgat ttactga ga t ttgtgaggg ggcggtatgga tcac
tcagggtcaatgccagcgettcgttaat taggtgt g taat g g ttccgegtt ttt
ttcatgttgttgctcagg ttt tcgcttcacgttcgectegegtategg cattctg t
gtcct g gat g g ggcctgettcet tttgg gt t g gattcc
gaat tcg tccteg g gagttg tcataagtgcggcga
cgatagt gt tcggt g ggtgcc tgagctaactt gttgcgctcactgecccgettte
cagtcg gtcg gcattaatgaat gcg ggtttgcgtattggg tggtttttettt gattg tca
g g t tggt: tcctgtttgatggtggt t tcttcggtatcgtcegtatecccactace
gagat. ggta ttgcg tgatcg gcagtgg tgcatggtttgttgaaa
tccagt ttccgctatcggetgaatttga attt ttaatgg g g
gctgg g tcgcgtaccgtcttcatgggagaaaataatactgttgatgggtgtetggt t g ttag
gctt ctggtcat agttaatga t tg g tte t
g ttgatcg tt g gtgcagg ggaggtgg tgtt ttgttg
ggt tgtaatt t ttccacttt ttt ggct tggt cca tctgat tactct cg
tataacgttactggtttcacattcaccaccctgaattgactctcttcecgggeg gttttgcg ttcgatggtg gacg tatgcg
gcatt tagtaggt gg at t
gcgcet gtgatgtcg at g tgcg ggcg tcte
ga ttaat t ccctet ttttgtttaactttaagaaggagatataccATGGGCAGCAGCCATCATCATCATCATCACA
GCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCTTAACAATGAACACGCATTGGATGACCGAAGCACTGCTCAGTGTCGAGTGCAAATGC: AAC. AATACAGCTTTCTAAAGAACGC
GAACGTCTTCAAGCAATGATGACCCACTTGCACATGCGACCCTCAGAGCCCAAACCATCTCCCAAACCTCTAAATC CACCATGTCGAAGA CATCCCCACAGAGCTT
ACCTCAAACCCCTACCACACCAACGGCCCCAGTCACCCCGATTACCCAGGGACCCTCAGTAATCACCCCAGCCAGTGTGCCCAATGTGGGAGCCATACGAAGGCGACATTCAGACAAATACAACATTCCCA
TGTCATCAGAA CCCAAACTATGAATTT AAAATGCAGATGTCAGACCTCCATTTACTTATGCAACTCTCATAAGGCAGGCTATCATGGAGTCATCTGACAGGCAGTTAACACTTAATGAAATT
TACAGCTGGTTTACACGGACATTTGCTTACTTCAGGCGTAATGCAGCAACTTGGAAGAATGCAGTACGTCATAATCTTAGCCTGCACA AAATGTTAAAGGAGC,
TGTGGATGAAGTAGAATACCAGAAGCGAAGGTCACAAAAGATAACAGGAAGTCCAACCTTAGTAAAAAATATACCTACCAGTT! CAGCTCTTAATGCC: AGGCTGCCTTGGCAG
AGAGC. 'CTTTGCTAAGTAATCCTGGACTGATAAATAATGCATCCAGTGGCCTACTGCAGGCCGTCCACGAAGACCTCAATGGTTCTCTGGATCACATTGACAGCAATGGARACAGTAGTCCGGGC
TGCTCACCTCAGCCGCACATACATTCAATCCACGTCAAGGAAGAGCCAGTGATTGCAGAGGATGAAGACTGCCCAATGTCCTTAGTGACAACAGCTAATCACAGTCCAGAATTAGAAGACGACAGAGAGAT
TGAAGAAGAGCCTTTATC! A AAGCGC! 'CACCCGCAGTTCGAAAAATAA
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Table S3. Sequence of the expression plasmid pET28b with protein construct P4 (FHD only). Upper case indicates coding sequence with N-

terminal His6-tag and C-terminal Strepll-tag.

g tgagttggctg aactagcat ttggg t ggtcttgaggggttt g at
at g a gggtgtggtggt tacacttg tcctttegettte cttcctt
tct t g g taaatcggggg ttagggt ttagtgcet gg tgattagggtgatggttcacgtagtgggccat
cgcee tttt ttggagtccacgttctttaatagtg tcttgtt 't t tctcggtctattcttttgatttataagggattttgeeg

attt tattgg t tgat t tttt atattaacgttt. tttcagg ttt tatttgtttatt
tttctaaatacattcaaatatgtm.ccgc taa t g g tttattcat ttatcaataccatatttttgaaaaagccgtttctgt
aat ttcca tcctggtatcggte tacaacctattaatttcccctecgtcaaaaataaggttatcaagtga
gaaa tgag t ttctt ttgt t g gtcat tcgca ttattca
ttcgtgattg t ctgttaa ttt at
tcttctaatacctggaatgetgttttcccggggatecgecagtggtgagta cat aaaatgcttgatgg aaattccg g gtttagtc
ctcatctgtaacatcattgg t ttgccatg t tcgatagattg tgat: ttatcgcg tttatacc
catataaat tccatg tttaa tttcccgttgaatatggctcataacaccccttgtattactgtttatg*a ttttattgttcat t
cccttaacgtgagttttceg tgagcg tctte tttttttctgcgegtaa: g tgg
tttgt tctttttccgaaggtaactgget: tactgtccttctagtgtagccgtaQH' actctgt
cctacat g g tgttaccagtggctgcetg aagtcgtg ttgg g9 gggctgaacggggggttc
gtgca t acct gtgagc g g
ggtatctttatagtcctgtcgggttt tgagcgtcgatttttg cgt ta:
tttttacggttcctg ttgctgg tttg tgttett gcgtta ttctg aaccgtattaccgcctttgagtgagctgataccgectcegecg
tcag tattttctccttacgcatctgtgeggtatttcacaccgecatatatggtgecactetcagtacaatetgete
tag g gtatacac g tcgctacgtg gggtcatggc gacggg g g tacag
tgaccg tgcatgtg tt tcat g tggtcgt tctgcctgtteat
ccgeg tcgttgag ttaatgtctggcttctga t ttttttectgtttgg tccgtgtaagggggatttctgttcatgggg
gtaatg t g g tgatgat tactggaacgttgtgaggg tggcggtatggatgegg
ca ttcgtta taggtgt cc taatgg gacttccgeg tttacgaaa
tcatgttgttg gg gt tcgcttcacgttcgetegegtatcggtgattcattetg t
gtcc gatca ggcctgettet tttgg ttcc
ga catcgt gtccteg g gtcctacgagttg tcataag
gtcat ggttgaag tcgg tgcct gag ttacattaattgcg gctcactg ttte
cagtc: ctgtcg aatgaat tttgcgtat: tggtttttcttt t tgcccttca
ccgee g g tgg tgtttgatggtggt ggcgggatat. t gtcttcggtatcgtegtatcccactace
gagatat ggta tgatcg tcgcag tcat t tttgttgaaa
g gtcg tcceg gctatcggctgaatttgattgcgagtgagatatttatg ttaatg gcgeg
tttgctgg t t tcgegtaccgtecttcatgggagaaaataatactg tgtctggt t attag
gctt tcctggtca agttaatgat t ttg t gg tcgttctaccat
cacgc ttgatcgg g ttaa t g gagg tgt ttgttgtg
ggttgggaatgtaatt t t tt t tggce t g cg
tataacgttactggt gaat tet gggcg cca’ g gttt tcgatggtg ttatgcgactcct
gcatt tagtagg tggtgca ccat
gcg gag ggcgag ctt gtgatg ggcg at gtgg tgatg g tc
gat aat tcactat tg taattttgt ttt =taccATGGGCAGCAGCCATCATCATCATCATCACA

GCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGTCAGACCTCCATTTACTTATGCMCTCTCATAAGGCAGGCTATCATGGAGTCATCTGACAGGCAGTTAACACTTAATGAAATTTACAGCTGGTTTACA
CGGACATTTGCTTACTTCAGGCGTAATGCAGCAACTTGGAAGAATGCAGTACGTCATAATCTTAGCCTGCACA AA.
ATACCAGAAGCGAAGGTCACAAAAGATAACAGGAAGTCCAACCTTAGTAAAAAATATACCTACCAGTTTAGGCTATGGAGCAGCTCTTAATGCCAGTTTGCAGGCTGCCTTGGCAGAGAGCAGTTTACCTT
TGCTAAGTAATCCTGGACTGATAAATAATGCATCCAGTGGCCTACTGCAGGCCGTCCACGAAGACCTCAATGGTTCTCTGGATCACATTGACAGCAATGGAAACAGTAGTCCGGGCTGCTCACCTCAGCCG

AAGGAGC AGTAGA

TTTGT

CACATACATTCAATCCACGTCAAGGAAGAGCCAGTGATTG AGACTGCCCAATGTCC

CAACAGCTAATCACAGTCCAGAATTAGAAGACGAC;

AGAAGA

CTTT

ATCTGAAGATCT! AAGCGC! 'CACCCGCAGTTCGAAAAATAA

Table S4. Sequence of the expression plasmid pET28b with protein construct P6 (ZF-LZ). Upper case indicates coding sequence with N-terminal

His6-tag and C-terminal Strepll-tag.

tgagatccggcetgcetaaca tgag t taactagcat t tctaaac tet ttttt g tat
gtagcg tgtggtgg gtgaccgctacacttg gcg g gctttcttcecttectt
tct tceeceg tctaaat tcce t gtgc gatggttcacgtagtgggccat
cgccctgatagacggtttttcgccctttgacgttggaqtccacgttctttaataqtggactct tg tctcggtctattcttttgatttataagggattttgecg
a tattggt ttt atttt atattaacg tttcaggt t tg ctatttgtttatt
tttctaaatacattcaaatatgtatccgctcatgaattaattctt tcat g tttattcat ttatcaat tatttt tttctgt
aat t ggtatcggtce tcg caat tattaatttcccctecgtcaaaaataaggttatcaagtga
gaaa g gg’ g tttatgcatttctt tg g g ttattca
ttcgtgattgeg tgt att tcgaa tattttcacc t
tcttctaat tg cagtggtgag tgca tacggataa: g gatgg taaattccgtcagccagtttagtctgaccat
ctcatctgtaacatcat tacc tgtt t t ataca tg tgat: tta tatacc
catataaatcagcatccatgttggaatttaatcgcggece ttgaatatggctcat gtattactgtttatgt ttttattgt
cccttaacgtgagtttteg gagcg tcttet i:t:(:t:i:t:(:c:{:gcqo:g(:aaL tgctge aac tgg
tttgt tttt taactggcet g tg tagtgtagccgtag tctgt
cctacatacctcgetetgetaatcectg tggctgcetg g agtcgtgte tca tagtt ttc
g acct gg ggcagg a
t tggta uctttatagtcctgtcgggtt t gagcg tttgtgatgeteg
tttacggt gg tttgc ttg ttc gtta ttctgtg ta: gcctttgag gctgataccgctcgecg
tcag tattttetectt tgtgcggtatt: atatggtgcactctcagtacaatectgete
tga tagtt gctatcgctacg ggtcatggctg g g tgtctg g gcttacag
tgtgaccgte tgtg ttttcaccg taaagctcatcagegtggteg t tg g gttcat
ccgegtccagetcegttgagtttecteccagaagegttaatgtetggettetgat gcggttttttcectgtttgg tgcctecgtg gggggatttctgttcatgggg
gtaatgat: tacgggttactga ttactggaacgttgtgaggg tcac
gggtcaat g gttaat gtaggtgtt taatgg gcgt
ttgttgctcaggt tt u.gu.-.cacgttcgctcgcgtatcggtgattcat* tgct
gtcct t g gtgggg ggcctgettet tttgg g gagcgaggg ttcc
gaat gcg tc tg t
g gtcatg gctg t tcggt g tgcctaatgagtgagctaacttacattaattgeg g te
cagtc tgtcg gcattaatgaa ggtttgcgtat tggtttttettt tgattgceccttca
ccgectg gag tggttt tcctgtttgatggtggt t t gtatcgtcgtat t
gagatat tcggtaatggcgegeat tgatcg catt tt tttgttgaaa
ac gg tccagt tccegttecgetateggetgaatttga: g attt aactt g g
tttgctgg tcgegtaccgtce taatactgttgatgggtgtctgg t tag
catcctggtca g agtt ttg tg ttcgttet t
cacgc t aat gtg gg ggagg gttgttg
g9 taatt g ttttt gcgtttteg t g tctgat ctetg: atcg
tat gg t gggcg t gt tcgatggtg gggatc tcccttatgeg t
gcatt tagtaggtt g g g9 gatgg t g
gcg gtgatg at tgatgccg tgcg ctc
gatcccgcgaaattaatacgactcact ccetet t ttttgt‘-‘ ataccATGGGCAGCAGCCATCATCATCATCATCACA

GCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAAAGAAGTGACTGGAGTTC}\CAGTATGGAAGACAATGGCATTAAACATGGAGGGCTAGACCTCACTACTMCMTTCCTCCTCGACTACCTCCTCCAAC
ACTTCCAAAGCATCACCACCAATAACTCATCATTCCATAGTGAATGGACAGTCTTCAGTTCTAAGTGCAAGACGAGACAGCTCGTCACATGAGGAGACTGGGGCCTCTCACACTCTCTATGGCCATGGAGT

TTGCAAATGGCCAGGCTGTGAAAGC.

AAGCACCTTAACAATGAACACGCATTGGATGACCGAAGCACTGCTCAGTGTCGAGTGCAAATGCAGGTGGTGCAACAGT
TAGAAATACAGCTTTCTAAAGAACGCGAACGTCTTCAAGCAATGATGACCCACTTGCACATGCGACCCTCAGAGCCCAAACCATCTCCCAAACCTCTAAATC
ATGTTGGAGACATCCCCACAGAGCTTACCTCAAACCCCTACCACACCAACGGCCCCAGTCACCCCGATTACCCAGGGACCCTCAGTAATCACCCCAGCC:

ACCATGTC
CATACGAAGGCG

AGAAT

'CCA

ACATTCAGACAAATACAACATTCCCATGTCATCAGAAATTGCCCCAAACTATGA AAAATAGCGC!

'CCACCCGCAGTTCGAAAAATAA
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Table S5. Mutagenesis primer for generation of constructs P2, P5 and P7. Fw primer with mutation site depicted in bold letters.

Name Sequence Construct
L395A GTGCAACAGTTAGAAATACAGGCTTCTAAAGAACGCGAACGT P2
L402A CTTCTAAAGAACGCGAACGTGCTCAAGCAATGATGACCCA P2
L409A AAGCAATGATGACCCACGCGCACATGCGACCCTCAG P2
A539P CAGCTGGTTTACACGGACATTTCCTTACTTCAGGCG P5
R533H ACTTGGAAGAATGCAGTACATCATAATCTTAGCCTGCAC P7

Table S6. Buffers Ni-NTA purification. Composition of buffers used in Ni-NTA purification.

Name Composition
Lysis buffer 25 mM HEPES pH 8.0 (adjusted with KOH)
100 mM NaCl

10% glycerol
0.1% Triton X-100
1 mM MgClI2
20 uM ZnSO4
10 mM Imidazol
5 mM TCEP (freshly added)

Binding buffer 25 mM HEPES pH 8.0 (adjusted with KOH)
500 mM NaCl
10% glycerol
1 mM MgCI2
20 uM ZnSO4
10 mM Imidazol
0.5 mM TCEP (freshly added)

W1 (High salt buffer) 25 mM HEPES pH 8.0 (adjusted with KOH)
1M NaCl
10% glycerol
0.5 mM TCEP (freshly added)

W2 (Urea buffer) 25 mM HEPES pH 8.0 (adjusted with KOH)
100 mM NaCl
500 mM Urea
10% glycerol
20 mM Imidazol
0.5 mM TCEP (freshly added)

W3 (Low salt buffer) 25 mM HEPES pH 8.0 (adjusted with KOH)
100 mM NaCl
10% glycerol
30 mM Imidazol
0.5 mM TCEP (freshly added)
10 yM ZnSO4 (optionally)

EB (Elution buffer) 25 mM HEPES pH 8.0 (adjusted with KOH)
300 mM NaCl
1 mM MgCI2
10% glycerol
500 mM Imidazol
0.5 mM TCEP (freshly added)
10 yM ZnSO4 (optionally)
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Table S7. Buffers Strep-Tactin purification. Composition of buffers used in Strep-tag purification.
Name Composition
Washing buffer 25 mM HEPES pH 7.6 (adjusted with KOH)
150 mM NaCl
1 mM MgCI2

10% glycerol
0.5 mM TCEP (freshly added)
1 UM ZnSO4 (optionally)

ES (Elution/ storage 25 mM HEPES pH 7.6 (adjusted with KOH)

buffer) 150 mM NaCl
1 mM MgCI2
10% glycerol
10 mM D-Desthiobiotin
0.5 mM TCEP (freshly added)
1 UM ZnS0O4 (optionally)
Table S8. DNA sequences used as substrates in EMSA experiments depicted in Figure 1 and Figure 1S. Bold letters give consensus DNA binding motifs for
the FHD.
Name Sequence Source
1.70 CGCCTGTTACGGCATCAGGGCTTTGGTTTGGGCGGGCTGCTTGTTTACCAATTGTCTCCGGCGGTAT — Sequence from
2_32 GGCGGGCTGCTTGTTTACCAATTGTCTCCGGC shortened 1_70
3_32 AGTCTCGTGAACCGACAACTCTTGACTCACTG lab
429 TTGCCCCCTTAAATATTTGCCTAAGCCTC Sequence from
Table S9. DNA sequences used in switthSENSE experiments. Bold letters give consensus DNA binding motif for the FOXP2-FHD. Target and control

sequence are taken from " There referred to as binder (seq_172) and no binder (seq_53) sequence.

Name Sequence Description
NL-B48 AU-TAGTCGTAAGCTGATATGGCTGATTAGTCGGAAGCATCGAACGCTGAT[Y 1] Anchor DNA
cNL-B48 ATCAGCGTTCGATGCTTCCGACTAATCAGCCATATCAGCTTACGACTA complement anchor
cN52 ACAATTGGTAAACAAGCAGCCCGCCCAAACCAAAGCCCTGATGCCGTAACAG target sequence
cNL-B48 + N52 CTGTTACGGCATCAGGGCTTTGGTTTGGGCGGGCTGCTTGTTTACCAATTGTATCAGCGTTCGATG target extension

cNB52

cNL-B48

CTTCCGACTAATCAGCCATATCAGCTTACGACTA
TTGTTTCTCTAGTCGGATGAAGTCGCTAAGGCCTTAAGGCGGCTCCACGGAT control sequence

+NB52 ATCCGTGGAGCCGCCTTAAGGCCTTAGCGACTTCATCCGACTAGAGAAACAAATCAGCGTTCGATGC  extension control
TTCCGACTAATCAGCCATATCAGCTTACGACTA
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