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SI Discussion
Based on our results (summarized in Table S2), the role of each
residue used in this study is classified as follows.
K137, T141, N145, and R147 on NANOG are critical for DNA

binding and mESC self-renewal. K137 and R147 are also im-
portant in maintaining protein lifetime in mESCs. These critical
residues are located on the reading helix H3, and form specific
contacts with DNA (Fig. 1D). Although N145 and R147 are
highly conserved in various HDs and support the general DNA
recognition of HD to the canonical consensus TAAT sequence
(1), K137 and T141 are highly specific to mammalian NANOG
HD and could support the recognition of specific DNA by
NANOG HD (2). Together, these residues may have a funda-
mental role in DNA recognition of NANOG HD.
T100, Y119, and Q138 could not be analyzed as purified

protein:DNA complexes, but were shown to be important for
mESC self-renewal. Y119 was also important in maintaining
protein lifetime in mESCs. These residues are highly conserved
among various HD. T100 is situated in the N-terminal arm of the
HD, which has nonbonded contacts to the target DNA in the
minor groove (3) (Fig. S1D). Y119 is situated near the start of Η2
helix and contacts phosphates in the DNA backbone (Fig. S1C).
This interaction is conserved in various HD structures (3), and is
observed in the hNANOG HD complex. Q138 supports Η3 helix
interaction with the major groove of DNA through phosphate
contacts (3). Together, these residues may be critical in main-
taining the integrity of NANOG HD–DNA complex and pre-
venting degradation.
F102 is important in maintaining protein lifetime inmESCs and

mESC self-renewal, although substitution of this residue for an
alanine did not significantly affect DNA-binding affinity. This
residue is conserved in other HD proteins. The aromatic F102
makes nonbonded backbone contacts with phosphates in the
DNA in the hNANOG HD-DNA complex structure, and also
contributes to the hydrophobic core of the protein that involves
packing of the three helices, consistent with that described for
other HDs (4, 5) (Fig. S1D).
Q124, M125, Y136, K140, and K151 alanine substitutions

weaken hNANOGDNA-binding activity. In addition, Y136, K140,
and K151 were weaker in maintaining protein lifetime in mESCs.
Residues K140 and K151 are highly conserved among various HD
proteins and form hydrogen bonds with phosphates in the DNA in
hNANOG HD–DNA complex. In addition, K140 was mediates
the interaction with a specific DNA in PDX1 HD (6). All of the
other residues described (Q124, M125, and Y136) are not con-
served in the HD family, and thus are specific to NANOG (2)
(Fig. S1C). Interestingly, M125 and Y136 constitute one of the
most frequently occurring covarying pairs among various HDs and
contact the same phosphate (7). Thus, there might be functional
redundancy in these residues, which would not be evident in single
mutation to alanine.
Alanine mutants of Q144 and M148 showed no or little effects

in our experiments. These results were unexpected because these
residues are conserved among many HDs (1) and were shown to
be important in DNA recognition and specificity in Drosophila
Ftz and Antp proteins (3). However, our results are consistent
with previous reports, where alanine substitution of these resi-
dues maintained DNA-binding activity for a glutamine to alanine
mutant in Drosophila Engrailed protein (8, 9) or a methionine to
alanine mutant in human HOXC9 protein (10). Because sub-
stitution of other amino acids than alanine in these homologous
positions greatly affected the DNA-binding activity in these studies,

the substitution of Q144 or M148 to residues other than alanine in
hNANOGHDmay have stronger effects on DNA-binding activity
and cellular functions.
The L122 residue is of particular interest, and its uniqueness is

described in this study. Structurally, the 122 position in HD is
situated in theN-terminal of theH2 helix, and it is highly diversified
among HDs (2) (Fig. 1C). Leucine in this position is coincidentally
found in mammalian OCT4 proteins and the DLX protein family.
Interestingly, some other HDs, such as Drosophila Bicoid and
vnd/NK2 proteins, bear an alanine in the equivalent position,
whereas Drosophila Ant and Ftz and vertebrate HOXA9 and
HOXB1 proteins bear an arginine. This arginine forms a salt
bridge with a DNA phosphate and is required for efficient target
site recognition observed in Drosophila Ant and Ftz structures in
complexes with DNA (3, 11). From our structural analysis, we
could rationalize the enhanced affinity of the L122A mutant by
noting that it is proximal to Y136 in helix H3. We speculate that
an alanine substitution may affect the conformation of Y136 to
form more stable interactions and contribute overall to stabi-
lizing helix 3 and foster a reading conformation for the major
groove of DNA. Additionally, this mutation might stabilize an
unknown protein:protein interface.

SI Materials and Methods
Protein and DNA Production and Purification. The region encoding
hNANOG HD (aa 94–162, UniprotKB entry: Q9H9S0) with an
N-terminal tobacco etch virus (TEV) protease-cleavable site was
introduced into pET-46 Ek/Ligation Independent Cloning vector
(Novagen). As a result, the vector contained an N-terminal
6-His-tag and TEV recognition site MAHHHHHHVDDDDKM-
SENLYFQ/S. The construct was subsequently transformed into
Escherichia coli BL21Star (DE3) cells (Invitrogen) and cultured in
Luria-Bertani medium supplemented with 50 μg/mL ampicillin at
37 °C. Protein expression was induced with 0.2 mM isfopropyl-β-D-
thiogalactopyranoside at OD600 ∼0.6–0.8, and cells were grown at
16 °C for 16–18 h. Cells were pelleted by centrifugation at 3,500 × g
for 15 min at 4 °C and resuspended with cold lysis buffer A [20 mM
Tris HCl pH 8, 300 mM NaCl, 10% (vol/vol) glycerol, 40 mM Im-
idazole, 5 mM β-mercaptoethanol, 1 mM CHAPS]. The protein was
purified using Ni-nitrilotriacetate beads (Qiagen) by elution with
buffer A supplemented with 300 mM imidazole. The purified
protein was combined with the 12-bp duplex region of the
OCT4 (POU5F1) promoter (5′-GGCCCATTCAAG-3′/ 3′-
CCGGGTAAGTTC-5′) and incubated on ice for at least 30 min.
The complex was isolated by size-exclusion chromatography using
a GE Healthcare HiLoad 16/600 Superdex 75 prep grade column
using 20 mM Tris·HCl pH 8.0, 5 mM DTT, 200 mM NaCl as the
running buffer. The peak fractions were pooled and concen-
trated to 30 mg/mL by centrifugal ultrafiltration (Millipore)
for crystallization trials. After size-exclusion chromatography,
the presence of DNA in the protein sample was confirmed by
agarose gel electrophoresis. Native PAGE confirmed that the
complex eluted as a monomer. The hNANOG:DNA complex
stability was checked by differential scanning fluorimetry.
For BLI experiments (see below), the 6-His tag was cleaved by

His-tagged TEV protease (at 5:1 protein to protease ratio) in
buffer B [20 mM Tris HCl, 20% (vol/vol) glycerol, 300 mMNaCl,
1 mM DTT] overnight at 4 °C. The following day, the concen-
tration of DTT was reduced to <0.5 mM by dilution with buffer
A and the sample was purified by Ni-NTA Agarose gel filtration
(Qiagen). The flow-through was concentrated and loaded onto
a Superdex 75 (16/60) column equilibrated with buffer C (20 mM
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Tris HCl pH 8, 200 mM NaCl, 5 mM DTT). The eluted fractions
were analyzed by SDS/PAGE to assess purity. The purified
protein was distributed into 1-mL aliquots, flash-frozen in liquid
nitrogen and stored at −80 °C.

Crystallization. The hNANOG:DNA complex was crystallized
using the nanodroplet vapor diffusion method (12) with standard
Joint Center for Structural Genomics (JCSG) crystallization
protocols (13, 14). Sitting drops composed of 100-nL protein
solution mixed with 100-nL crystallization solution in a sitting-
drop format were equilibrated against a 50-μL reservoir at 293 K
for 153 d before harvest. The crystallization reagent consisted of
0.2 M calcium acetate, 12% (vol/vol) 2-propanol and 0.1 M so-
dium cacodylate pH 5.66. Glycerol was added to a final con-
centration of 15% (vol/vol) as a cryoprotectant. Initial screening
for diffraction was carried out at the Stanford Synchrotron Ra-
diation Lightsource (SSRL, Stanford Linear Accelerator Center
National Accelerator Laboratory, Menlo Park, CA) using the
SSRL Automated Mounting sytem (15). The diffraction data
were indexed in hexagonal space group P6522.

X-Ray Data Collection, Structure Determination, and Refinement.
Anative dataset was collected at the SSRL on beamline 11–1 using
the BLU-ICE data collection environment (16). The dataset was
collected at 100 K using a Pilatus 6M PADdetector (Dectris). The
data were integrated with MOSFLM (17) and scaled with SCALA
from the CCP4 suite (18). Molecular replacement using the
crystal structure of the mNANOG HD (PDB ID code 2VI6) as
the search model was performed using PHASER (19) from the
PHENIX software suite (20). Model building and crystallographic
refinement were performed using COOT (21) and PHENIX. The
refinement protocol included TLS (translation/libration/screw) re-
finement with six TLS groups, one for each of the NANOG HD
molecules and the DNA chains in the asymmetric unit. Data and
refinement statistics are summarized in Table S1 (22–24).

Validation and Deposition. The quality of the crystal structure was
analyzed using the JCSGQuality Control server (smb.slac.stanford.
edu/jcsg/QC). This server verifies the stereochemical quality of
the model using AutoDepInputTool (25), MolProbity (26), and
PHENIX, agreement between the atomic model and the data
using RESOLVE (27), the protein sequence using CLUSTALW
(28), the ADP distribution by using PHENIX, and differences in
Rcrystal/Rfree, expected Rfree/Rcrystal, and various other items, in-
cluding atom occupancies, consistency of noncrystallographic
symmetry pairs, ligand interactions, special positions, and so
forth, by using in-house scripts to analyze the refinement log file
and PDB header. Protein quaternary structure analysis was
performed using the PDBePISA server (pdbe.org/pisa/) (29).
Fig. 1 A, C, and D, and Fig. S1 C and D were prepared using
PyMOL (www.pymol.org/; DeLano Scientific) and Fig. 1B was
adapted from an analysis using PDBsum (www.ebi.ac.uk/pdbsum).

Site-Directed Mutagenesis for Recombinant NANOG HD Mutants. The
pET46 hNANOG HD vector obtained as described above was
specifically mutated using KODHot Start DNA polymerase PCR
(EMD Millipore) and DPN-I (New England BioLabs) digestion
following standard protocol. The DNA oligos used for each
mutation are listed in Table S3. Successful mutagenesis reaction
was verified by sequencing. Recombinant hNANOG HD mutant
proteins were expressed and purified following the same protocol
described for the WT hNANOG HD.

Bio-Layer Interferometry. BLI experiments were performed on the
Octet RED system (Fortebio) at 25 °C. The streptavidin (SA)
sensors were dipped in the assay buffer [20 mM Tris·HCl pH 8, 300
mM NaCl, 5 mM MgCl2, 5% (vol/vol) glycerol, and 5 mM DTT,
supplemented with 0.05% Tween-20 and 0.1 mg/mL bovine serum

albumin (BSA)] for 30 min to 1 h before use. In this optimized assay
buffer, nonspecific background signal (given by the protein binding
to the reference sensors) was significantly reduced. The OCT4
promoter DNA duplex was purchased with a C6 biotin group at-
tached to the 5′ end of the forward strand (IDT DNA) and loaded
on the streptavidin biosensor. To avoid carryover resulting from
slower dissociation rates, each sensor was assigned a single-point
concentration of the protein. A seven-point concentration series
were assayed for each protein, NANOG HD WT, and mutants, as
described in Table S2 (20 μM to 0.5 μM range). Wells with assay
buffer only were used as reference wells. Each protein concentra-
tion was also assigned a single reference sensor, where assay buffer
instead of the protein was loaded on the streptavidin biosensor. The
double reference sensors/wells were then subtracted from the raw
data and processed with the Octet Data Analysis Software. The
binding assay protocol included the following steps: wash for 60 s (to
establish a stable base line before starting association-dissociation
cycles of the proteins), immobilization of the biotin-conjugated
OCT4 promoter 12-mer (20 μg/mL) for 150 s, baseline for 150 s,
association for 100 s or 150 s, and dissociation for 300 s. The last
three steps were repeated for all of the protein concentrations for
two more cycles. After each cycle, biosensors were regenerated with
1 MMgCl2 for two steps of 15 s. The binding assays were performed
at least in triplicate with three different protein batches. Dissociation
(kdiss) and association rate constants (kass) were determined with the
Octet Data Analysis Software, as a result of a global fit considering
the entire step times, and assuming a 1:1 binding model.

Differential Scanning Fluorimetry. Recombinant NANOG HD WT
and mutant protein thermal unfolding was monitored using 2.5×
Sypro Orange (Invitrogen). Recombinant proteins were diluted
to a final concentration of 20 μM in assay buffer [20 mM Tris
HCl pH 8, 200 mM NaCl, 10% (vol/vol) glycerol, 5 mM DTT
containing 2.5× Sypro Orange dye diluted from 5,000× stock]
and incubated with 40 μM OCT4 promoter 12-bp duplex for 30
min at 4 °C. Samples were aliquoted to a final volume of 100 μL
in a 96-well PCR plate (Agilent Technologies) and sealed with
optical quality sealing (Applied Biosystems). Each well was re-
peated in triplicate. Thermal unfolding was carried out using ViiA 7
Real-Time PCR System (Life Technologies) by heating samples
from 25 °C to 95 °C with 3 °C increments per minute. The fluo-
rescent intensity was measured using excitation/emission wave-
lengths of 470 nm/558 nm. Thermal denaturation graphs were
plotted using Prism 6 (GraphPad). Fluorescence intensity data were
normalized to the baseline and plotted as percent of unfolded
protein in function of temperature. Melting curves were fitted using
nonliner Boltzmann sigmoidal equation and Tm values (V50) were
calculated using the Boltzmann equation in Prism 6.

Mouse Cell Culture. For mESCs, the RF8 line (a gift from
R. V. Farese Jr., Harvard University, Boston) (30) were cultured
in conventional culture medium (“Normal” culture condition)
consisting of Knockout-DMEM (Gibco) supplemented with 15%
(vol/vol) FCS (Gibco), nonessential amino acid (Gibco), Glutamax
(Gibco), β-mercaptoethanol (Gibco), and 1,000 U/mL LIF (Milli-
pore). The medium was changed every day. The cells were passaged
every 3–5 d. For differentiation assays, the cells were seeded at
5,000 cells/cm2 onto gelatin-coated dishes in the same medium only
without LIF or the same medium only (“−LIF” condition) without
LIF and added 5 μM RA (Sigma R2625; “+RA” condition).
For EpiSCs, the EpiSC-5 line (a gift from Paul Teser, Case

Western Reserve University, Cleveland) (31) was cultured in
N2B27 medium (StemCells or Clontech) supplemented with
basic FGF (10 ng/mL; Millipore) and Activin A (10 ng/mL;
R&D Systems) on fibronectin (1 μg/cm2; Sigma F1141)-coated
dishes. The medium was changed every day. The cells were pas-
saged every 3–5 d. For reprogramming assays, the cells were seeded
at 5,000 cells/cm2 onto fibronectin-coated six-well plates in the
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same medium. The next day, the medium was changed to “2i+
LIF” medium made of N2B27 medium supplemented with 1,000
U/mL mouse recombinant LIF (Millipore) and 2i (mixture of
G3K3β and MEK inhibitors; Millipore). The medium was
changed every day for 5 d.

Constitutive Expression of Full-Length NANOG Mutants by pPyCAG
Vectors in Mammalian Cells. Each mNANOG mutant was con-
structed as follows. pPyCAG-Nanog-IP plasmids (Addgene) were
used as template in site-mutagenesis. Site mutagenesis was per-
formed using GeneArt site-mutagenesis kit (Invitrogen) with
KOD Xtreme PCR polymerase (Toyobo). Thermal cycle con-
ditions are 37 °C for 20 min, 98 °C for 2 min, 20 cycles of 94 °C
for 10 s, 60 °C for 15 s, and 68 °C for 10 min. After recombining,
PCR products are transformed and cultured in Oneshot Max-
Efficiency DH5α strain (Invitrogen) onto a LB/ampicillin agar
plate. Then, each colony are picked up and cultured in LB/
ampicillin medium. Then, mNANOG inserts were verified by
sequencing with CAG-F and IRES-R primer sets. pPyCAG-
EGFP-IP plasmids (a gift of Hitoshi Niwa, RIKEN, Kobe, Japan,
through RIKEN DNA bank) were used as a control. Primer
sequences for each mutant are shown in Table S3. Primer
sequences for adding N-terminal 3×FLAG tag are 5-AAA GCA
GGC TCT GAC ATG GAC TAC AAA GAC CAT GAC GGT
GAT TAT AAGGAT CAC GAT ATC GAC TAC -3 and 5- ACC
AGG AAG ACC CAC ACT CTT GTC ATC GTC ATC CTT
GTA GTC GAT ATC GTG ATC CTT ATA ATC ACC-3.
Electroporation using an Amaxa Nucleofection device (Lonza;

A-23 program) was performed to transfect each plasmid (4 μg)
into mESCs or mEpiSCs (2 × 106 cells) with Mouse ES Cell
Nucleofector kit (Lonza). Puromycin selection (2 μg/mL) was
started 2 d after the electroporation and was continued through-
out experiments.

PiggyBac Vector Transfection and Excision. PiggyBac transposon-
based plasmid vectors were constructed with pHULK backbone
(DNA2.0). (N-term) 3×FLAG-tagged hNANOG-2A-mCherry
cassette was inserted under EF1α promoter. Site mutagenesis
was performed using GeneArt site-mutagenesis kit (Invitrogen)
with KOD Xtreme PCR polymerase (Toyobo). Primer sequences
for each mutant are shown in Table S3. Electroporation using an
Amaxa Nucleofection device (Lonza; A-23 program) was per-
formed to transfect each plasmid (4 μg) into mEpiSCs (2 × 106

cells) with Mouse ES Cell Nucleofector kit (Lonza). Puromycin
selection (2 μg/mL) was started 2 d after the electroporation and
was continued throughout experiments. Reprogramming into
ground-state was performed in 2i+LIF medium for 10 d. Then,
the cells were passaged onto gelatin-coated dishes in the same
medium. After 2 passages, pPyCAG-EGFP-IB plasmids (a gift of
Hitoshi Niwa, RIKEN, Kobe, Japan, through RIKEN DNA
bank) was transfected using electroporation. Blasticidin selection
(10 μg/mL) was started 2 d after the electroporation and was
continued throughout experiments. To delete transgenes, 4 μg of
Excision Only PiggyBac Transposase Expression Vector (System
Biosciences) was transfected using electroporation. Five days after
the electroporation, GFP+ and mCherry− cells were sorted with
BD FACSAria III. The sorted cells were cultured in the same
conditions for several passages until they were used in the chimeric
mouse formation.

Embryo Manipulation for Chimeric Mouse Formation Assay. Mouse
8-cell/morula-stage embryos collected in M2 medium (Millipore)
from the oviduct and the uterus of C57BL/6mice 2.5 d postcoitum
were transferred into KSOM-AA medium (Millipore) and were
cultured for 24 h before blastocyst injection. For micromanipu-
lation, dissociated PSCs were suspended in PSC culture medium.
A piezo-driven micromanipulator (Prime Tech) was used to drill
zona pellucida and trophectoderm under the microscope, and 10

PSCs were introduced into blastocyst cavities near the inner cell
mass. After blastocyst injection, embryos underwent follow-up
culture for 1–2 h, after which they were transferred into the uteri
of pseudopregnant recipient ICR mice (2.5 d postcoitum). All of
the procedures were performed at Gladstone Transgenic Core
Laboratory.

Human iPS Cell Culture. For HiPSCs, the HiPS-WTc11 line
(GM25256 at Coriell Institute) was generated by electroporation
of episomal plasmid vectors carrying OCT4, SOX2, KLF4,
L-MYC, LIN28, and shRNA for TP53 (32). This HiPSC line was
originated from dermal fibroblast of a 30-y-old Japanese male
and was verified to maintain self-renewal, pluripotent, integration-
free, and normal karyotype for long-term culture. This line was
cultured in mTeSR1 medium (Stemcell Technologies) on re-
combinant Laminin-511-E8 fragment (iMatrix-511; 0.25 μg/cm2;
Iwai North America)-coated dishes. The medium was changed
every day. The cells were passaged every 4–6 d at 1:5 ∼1:20 split
ratio with Accutase (Millipore). ROCK Inhibitor, 10 μg/mL of
Y27632 (Wako) was added to the medium only at passaging day.
For reprogramming assays, the cells were seeded in 2i+LIF me-
dium [including 10 ng/mL human recombinant LIF (Peprotech)
instead of mouse LIF]. For single-cell survival assay, the cells were
dissociated with Trypsin-EDTA (0.05%; Life Technologies) with
pipetting and then defined trypsin inhibitor (Life Technologies)
was added. Then, the cells were seeded at 1,000 cells per well of
a six-well plate in the medium without ROCK inhibitor.

RNA Extraction, Reverse Transcription, and qPCR. Total RNA was
purified with RNeasy Plus Mini kit (Qiagen), which includes the
steps to eliminate genomic DNA. One microgram of total RNA was
used for reverse-transcription reaction with SuperScript III First-
Strand Synthesis System (Invitrogen). qPCR was performed with
TaqmanGeneExpressionMasterMix or Power SYBRgreenmaster
mix and analyzed with the 7900 real-time PCR system (all from
Applied Biosystems). The expression levels of each gene are nor-
malized with the amount of Gapdh expression in the same samples.
All of the procedures were according to the manufacturer’s rec-
ommendations. Taqman probe numbers and primer sequences used
for qPCR are shown below; Gapdh (Mm99999915_g1), Oct4
(Pou5f1; Mm00658129_gH), Sox2 (Mm00488369_s1), Klf4
(Mm00516104_m1), Fgf5 (Mm00434989_m1), Rex1 (Zfp42;
Mm03053975_g1), T (Brachyury; Mm01318252_m1), Dax1
(Nr0b1; Mm00431729_m1), Esrrb (Nr3b2; Mm00442411_m1),
total mNanog (Mm02384862_g1), endogenous mNanog
(Mm02019550_s1), Blimp1 (Prdm1; Mm00476128_m1), Stella
(Dppa3; Mm01184198_g1) and 3×FLAG – mNanog (FW:
5′-GACTACAAAGACCATGACGGTGAT-3′, RV: ACTGCA-
GGCATTGATGAGGCGTTC-3′), GAPDH (Hs02758991_g1),
OCT4 (Hs04260367_gH), endogenous NANOG (Hs04399610_g1),
TFCP2L1 (Hs00232708_m1), KLF2 (Hs00360439_g1), KLF4
(Hs00358836_m1), KLF5 (Hs00156145_m1), REX1 (Hs01938187_s1),
PRDM14 (Hs01119056_m1), STELLA (Hs01931905_g1), FGF5
(Hs03676587_s1), DAX1 (Hs03043658_m1), and ESRRB
(Hs01584024_m1).

RNA-Seq. RNA-seq libraries were constructed according the
manufacturers guidelines, using the TruSeq Stranded total RNA
Sample Prep Kit (Illumina) at Gladstone Genomics Core Lab-
oratory. These libraries were sequenced with Illumina TruSeq v3
cluster generation and sequencing chemistry for paired-end 100-bp
reads on an Illumina HiSeq2500 (Illumina) at the University of
California, San Francisco genomic core facilities.
Reads were mapped to assembly NCBI37/mm9 of the mouse

genome using Bowtie2 and constructed spliced alignments using
Tophat2 with default settings. Following read mapping, we se-
lected fragments (read-pairs) where at least one of mate-pairs had
a quality score of >10, aligned with no gaps, with three base
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mismatches or less. Any read pairs with an insert size less than
150 bp or greater than 1 Mb, or on different chromosomes, were
excluded from subsequent analyses. The amount of each gene
expression was determined with log normalized fragments per
kilobase of transcript per million reads sequenced-adjusted counts
(counts adjusted by the gene length and sequencing depth).
Heatmap was drawn using the “heatmap.2” function in R script.

Western Blotting. To determine protein expression in mESCs
overexpressing mNANOG mutants in RA-added conditions, the
cells were collected at day 5 after RA addition. To determine protein
half-life of mNANOG in mESCs, the protein translation was
inhibited by treating cells with 100 μg/mL cycloheximide (Sigma)
and the cells were collected at different time points (0, 0.5, 1, 2, 4,
and 8 h). To determine protein expression in EpiSCs overexpressing
mNANOGmutants, the cells were collected at day 5 cultured in 2i+
LIF medium. These cells were lysed with 2× Laemmli sample buffer
(Bio-Rad) with β-mercaptoethanol directly. Cell lysates were sep-
arated by electrophoresis on 4–20% (wt/vol) SDS-polyacrylamide
gel (456-1094, Bio-Rad) and transferred to a nitrocellulose mem-
brane with the iBlot transfer system (IB3010-01, Invitrogen). The
membrane was blocked with Odyssey Blocking Buffer (Li-COR
Biosciences) and incubated with primary antibody diluted in the
blocking buffer in SNAP i.d. protein detection system (Millipore).
After washing with TBS with 0.1% Tween 20 buffer, the membrane
was incubated with IRDye 680LT- or IRDye 800CW-conjugated
donkey secondary antibody (Li-COR Biosciences) diluted in the
blocking buffer. Signals were detected with Odyssey Imaging Systems
(Li-COR Biosciences). Primary antibodies used for Western blot-
ting were mouse monoclonal anti-OCT3/4 (Santa Cruz Bio-
technology; C-10 clone, 1 μg/mL,), goat anti-mNANOG (Reprocell;
0.4 μg/mL), mouse monoclonal anti-SOX2 (5 μg/mL; R&D Sys-
tems), mouse monoclonal anti-ESRRB (Perseus Proteomics; 5
μg/mL), goat anti-BRACHYURY (R&D Systems; 1 μg/mL),
mouse monoclonal anti-FLAG antibody (Sigma; M2 clone, 5
μg/mL), and chicken anti-GAPDH antibody (0.2 μg/mL; Millipore).
Each protein amount was calculated from the band intensity with
ImageJ software.

AP Staining and Immunocytochemistry. For AP staining, the cells
were fixed with PBS containing 4% (vol/vol) paraformaldehyde
for 2 min at room temperature. Staining was performed using the
Alkaline Phophatase detection kit (Millipore), according to the
manufacturer’s recommendations.
For Immunocytochemistry, the cells were fixed with PBS

containing 4% (vol/vol) paraformaldehyde for 10 min at room
temperature. The cells were permeabilized with PBS containing
0.1% Triton X-100 for 10 min at room temperature, washed with
PBS twice, treated with 1% BSA for blocking, and incubated
with primary antibodies for overnight at 4 °C. The primary
antibodies used were mouse monoclonal anti-OCT4 (1 μg/mL,
C-10 clone; Santa Cruz Biotechnology). Then, the cells were
washed with PBS for 3 times, incubated with secondary anti-
bodies for 1 h at room temperature. The secondary antibodies
used were Alexa488-conjugated donkey anti-goat IgG (1 μg/mL;
Invitrogen). Then, the cells were sashes with PBS three times
and were stained with DAPI contained in the Vectashield set
(Vector Laboratories). The images were taken with BZ-9000
(BIOREVO) fluorescence microscope (Keyence) and ana-
lyzed with BZ Image Analysys software (Keyence) to count
Oct4+ cell ratio automatically.

Flow Cytometry.Flow cytometry analysis was performed according
to standard procedures. Anti-CD31 antibody conjugated with
Allophycocyanin (1 μL per sample; BD Biosciences) were in-
cubated with cell samples for 30 min. Samples were analyzed
with MACSQuant VYB flow cytometer (Miltenyl Biotec) and
FlowJo software.

Statistics.Results are shown as mean ± SEM from an appropriate
number of samples indicated in the figure legends. Dunnett’s test
was used to determine statistical significance in Fig. 3D using R
statistical language. Student’s t test (one-tailed, paired) was used
to determine statistical significance in Figure S6 using Microsoft
Excel “TTEST” function.
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Fig. S1. (A) Schematic of hNANOG HD residues and their potential interaction with DNA in the crystal structure, modified from the data of NUCPLOT.
(B) Residues which have potential interaction with DNA in the crystal structure, modified from the data of PDBePISA servers. ASA, accessible surface area (Å2);
BAP, buried area percentage (one bar per 10%); BSA, buried surface area (Å2); HSDC, residues making a hydrogen/disulphide bond, salt bridge, or covalent link;
ΔlG, solvation energy effect (kcal/mol). (C) Residues in hNANOG HD (Y119, Q124, and M125) are represented in green. (D) Residues in hNANOG HD (T100, F102,
and Q138) are represented in green.
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Fig. S2. Octet BLI analysis of hNANOG HD mutants on biotinylated OCT4 promoter DNA (continued from Fig. 2). Dose–response curves of F102A, Q124A,
M125A, K137A, K140A, Q144A, N145A, R147A, M148A, and K151A showing processed binding response (nm) to biotinylated OCT4 promoter DNA of a range
of hNANOG HD protein concentrations. Note: All of the hNANOG HD mutants showed a 1:1 type binding interaction, which could be fitted with a single
exponential model. Some proteins (L122A, K140A, Q144A, and M148A) deviated from this model showing a heterogeneous profile at the highest concen-
trations assayed (20 and 15 μM). Such behavior was attributed to nonspecific protein interaction to the OCT4 promoter DNA rather than a more complex
binding event. The binding data were easily fit as a 1:1 model when association times were reduced.
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Fig. S3. Expression levels of 3×FLAG-tagged mNANOG WT and mutants in mESCs. (A) mRNA expression of 3×FLAG-mNANOG normalized with Gapdh ex-
pression in mESCs overexpressing 3×FLAG-tagged mNANOG WT or HD mutants or GFP detected by RT-qPCR analysis. The values are mean + SEM. n = 3.
(B) Protein expression of 3×FLAG protein (red) and GAPDH (Green) in the same samples used for qRT-PCR in A detected by Western blotting analysis. (C) The
efficiency of exogenous mNANOG protein expression calculated from protein amounts of 3×FLAG-mNANOG divided by their mRNA expression levels. The
values are mean + SEM. n = 3.
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Fig. S4. The effects of mNANOG mutants on mESC morphologies and proliferation. (A) Cell growth of mESCs overexpressing mNANOG mutants in Normal
culture conditions. Cell numbers were counted 5 d after seeding at 50,000 cells per well of a six-well plate. The values are mean + SEM. n = 4. (B) Typical colony
morphologies of mESCs overexpressing each mNANOG mutants (T100A, F102A, Y119A, Q124A, M125A, Y136A, K137, Q138A, K140A, T141A, Q144A, N145A,
R147A, M148, or K151A) in Normal, −LIF, or +RA culture conditions (continued from Fig. 4A). The images were taken 5 d after seeding. Note: when these
mESCs transfectantants were cultured with LIF (i.e., Normal culture condition), they grew stably (Fig. S4A) and showed undifferentiated cell morphologies (this
panel and Fig. 4A) and did not decrease their gene expression of self-renewal markers [i.e., Rex1 (Zfp42), endogenous Nanog, Oct4 (Pou5f1), Sox2, Dax1
(Nr0b1), or Esrrb (Nr3b2 or Errβ)] (Fig. 4B and Fig. S5A). These results indicated that these mutants did not disrupt mESC self-renewal in the Normal culture
condition.
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Fig. S5. Gene expression of pluripotency markers in mESCs and EpiSCs. (A) Gene expression of endogenous Nanog, Sox2, Dax1 (Nr0b1), Esrrb (Nr3b2), Fgf5, T,
or Oct4 (Pou5f1) detected by RT-qPCR in mESC transfectants overexpressing each mNANOG mutant in Normal, −LIF, or +RA culture conditions (continued from
Fig. 4B). The amount of an undifferentiated mESC sample was set as 1.0. n = 4, values are mean + SEM. (B) Gene expression of total Nanog, endogenous Nanog,
Oct4, Dax1, Esrrb, Klf4, Stella, and Fgf5 detected by RT-qPCR in EpiSC transfectants overexpressing each mNANOG mutant cultured in 2i+LIF medium for 5 d
(continued from Fig. 5C). The amount of an undifferentiated mESC sample was set as 1.0. n = 4, values are mean + SEM. Note: total mNanog expression was
similar in all of the mNANOG transfectants, confirming that the amount of mNanog expression was not the cause of the phenotypical differences among the
mNANOG transfectants.
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Fig. S6. The effect of L122A on putative characteristics of ground-state pluripotency in human iPSCs. (A) Colony forming activity from a single cell of dis-
sociated human iPSCs treated with Trypsin/EDTA. AP staining (shown in red) was performed on mCherry, WT, or L122A-overexpressing human iPSCs seeded at
1,000 cells per well and cultured in LIF2i medium for 12 d. The images were taken from a whole well of six-well plate. (B) AP+ colony numbers counted in a well
of a six-well plate. n = 4, values are mean +SEM. P values of Student’s t test between WT and L122A samples are shown. (C) Gene expression of pluripotency
markers in human iPSC transfectants cultured in LIF2i medium for 5 d. The amount of an undifferentiated human iPSC sample cultured in mTeSR1 medium was
set as 1.0. n = 6, values are mean + SEM. P values (less than 0.1) of Student’s t test between WT and L122A samples are shown.
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Table S1. Summary of crystal parameters, data collection, and refinement statistics for
hNANOG HD- OCT4 (Pou5f1) promoter DNA complex (PDB ID code 4RBO)

Data collection and refinement statistics 4RBO

Space group P 65 2 2
Unit cell parameters (Å) a = 215.6, b = 215.6, c = 42.3
Data collection
Wavelength (Å) 1.0
Resolution range (Å) 29.9–3.30 (3.39–3.30)
No. of observations 30,402
No. of unique reflections 8,834
Completeness (%) 97.0 (94.3)
Mean I/σ(I) 9.4 (1.9)
Rmerge on I* (%) 8.3 (55.2)
Rmeas on I† (%) 9.9 (65.8)
Rp.i.m. on I‡ (%) 5.2 (35.0)

Model and refinement statistics
Resolution range (Å) 29.9–3.3
No. of reflections (total)§ 8,823
No. of reflections (test) 417
Completeness (% total) 96.1
Cutoff criteria jFj>0
Rcryst

{ 23.5
Rfree

{ 26.8
Stereochemical parameters
Restraints RMSD bond length (Å) 0.003
Restraints RMSD bond angle (°) 0.8
Average isotropic Bk value, protein (Å2) 174.1
Average isotropic Bk value, DNA (Å2) 205.9
Coordinate error (maximum-likelihood based) 0.48 (Å)
Protein residues/atoms 109/1,873
Nucleic acid residues/atoms 48/1,518
Ramachandran plot: residues (%) in favored/allowed 97.1%/2.9%
Matthews’ coefficient (an estimated solvent content) ∼4.5 Å3 (∼73%)

Numbers in parentheses are for the outer shell.
*Rmerge = ΣhklΣijIi(hkl) − <I(hkl)>j/Σhkl Σi(hkl).
†Rmeas = Σhkl[N/(N − 1)]1/2ΣijIi(hkl) − <I(hkl)>j/ΣhklΣiIi(hkl) (22).
‡Rp.i.m (precision-indicating Rmerge) = Σhkl[(1/(N − 1)] 1/2 ΣijIi (hkl) − <I(hkl)>j/ΣhklΣi Ii(hkl) (23, 24).
§Typically, the number of unique reflections used in refinement is slightly less than the total number that were
integrated and scaled. Reflections are excluded because of systematic absences, negative intensities, and round-
ing errors in the resolution limits and unit-cell parameters.
{Rcryst = ΣhkljjFobsj − jFcalcjj/ΣhkljFobsj, where Fcalc and Fobs are the calculated and observed structure-factor am-
plitudes, respectively. Rfree is the same as Rcryst but for a small percentage of the total reflections chosen at
random and omitted from refinement.
kThis value represents the total B that includes TLS and residual B components.
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Table S3. Primer sets used for mutagenesis of hNANOG HD recombinant proteins and full-length mNANOG
expression vectors

Name Primers (5′-3′)

T100A hNANOG AAACAGAAGACCAGAGCGGTGTTCTCTTCCACCCAGCTG
T100A mNANOG CCAGGAAGCAGAAGATGCGGGCTGTGTTCTCTCAGGCCCA
F102A hNANOG CAGAAGACCAGAACTGTGGCGTCTTCCACCCAGCTGTGT
F102A mNANOG AGAAGATGCGGACTGTGGCCTCTCAGGCCCAGCTGTGTGC
Y119A hNANOG AGATTTCAGAGACAGAAAGCGCTCAGCCTCCAGCAGATGCAA
Y119A mNANOG AGGTTTCAGAAGCAGAAGGCCCTCAGCCTCCAGCAGATG
Y119A hNANOG (PiggyBac) TTTCAGAGACAGAAAGCCCTCAGCCTCCAGCAG
L122A hNANOG CAGAAATACCTCAGCGCGCAGCAGATGCAAGAACTCTCC
L122A mNANOG AAGCAGAAGTACCTCAGCGCCCAGCAGATGCAAGAACTC
L122A hNANOG (PiggyBac) CAGAAATACCTCAGCGCCCAGCAGATGCAAGAA
Q124A hNANOG CAGAAATACCTCAGCCTCCAGGCGATGCAAGAACTCTCCAAC
Q124A mNANOG AAGTACCTCAGCCTCCAGGCGATGCAAGAACTCTCCTCC
Q124A hNANOG (PiggyBac) TACCTCAGCCTCCAGGCGATGCAAGAACTCTCC
M125A hNANOG TACCTCAGCCTCCAGCAGGCGCAAGAACTCTCCAACATCCTG
M125A mNANOG TACCTCAGCCTCCAGCAGGCGCAAGAACTCTCCTCCATT
Y136A hNANOG CTCTCCAACATCCTGAACCTCAGCGCGAAACAGGTGAAGACCTGGTTCCAGAACCAG
Y136A mNANOG TCCATTCTGAACCTGAGCGCTAAGCAGGTTAAGACCTGG
K137A hNANOG CTGAACCTCAGCTACGCGCAGGTGAAGACCTGGTTC
K137A mNANOG CCATTCTGAACCTGAGCTATGCGCAGGTTAAGACCTGGTT
Q138A hNANOG CTGAACCTCAGCTACAAAGCGGTGAAGACCTGGTTCCAG
Q138A mNANOG TCTGAACCTGAGCTATAAGGCGGTTAAGACCTGGTTTCAA
K140A hNANOG CTCAGCTACAAACAGGTGGCGACCTGGTTCCAGAACCAGAGA
K140A mNANOG CTGAGCTATAAGCAGGTTGCGACCTGGTTTCAAAACCAA
T141A hNANOG CTCAGCTACAAACAGGTGAAGGCGTGGTTCCAGAACCAGAGA
T141A mNANOG CAGGTTAAGACCTGGTTTGCAAACCAAAGGATGAAGTGC
Q144A hNANOG CAGGTGAAGACCTGGTTCGCGAACCAGAGAATGAAATCTAAGAGG
Q144A mNANOG CAGGTTAAGACCTGGTTTGCAAACCAAAGGATGAAGTGC
N145A hNANOG GTGAAGACCTGGTTCCAGGCGCAGAGAATGAAATCTAAGAGGTGG
N145A mNANOG AGGTTAAGACCTGGTTTCAAGCCCAAAGGATGAAGTGCAA
R147A hNANOG ACCTGGTTCCAGAACCAGGCGATGAAATCTAAGAGGTGGCAG
R147A mNANOG ACCTGGTTTCAAAACCAAGCGATGAAGTGCAAGCGGTGG
M148A hNANOG GTGAAGACCTGGTTCCAGAACCAGAGAGCGAAATCTAAGAGGTGGCAG
M148A mNANOG TGGTTTCAAAACCAAAGGGCGAAGTGCAAGCGGTGGCAG
K151A hNANOG CAGAACCAGAGAATGAAATCTGCGAGGTGGCAGAAAAACAACTGG
K151A mNANOG AACCAAAGGATGAAGTGCGCGCGGTGGCAGAAAAACCAG

Because reverse primers are just reverse complementary to the forward primer, only forward primer sequences are shown. Mutant
bases are shown in boldface.
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