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Abstract. The combined expression of a handful of pluripotency transcription factors (PluriTFs) in
somatic cells can generate induced pluripotent stem cells (iPSCs). Here, we report the structural char-
acterization of disordered regions contained in four important PluriTFs, namely Oct4, Sox2, Nanog
and Esrrb. Moreover, many post-translational modifications (PTMs) have been detected on PluriTFs,
whose roles are not yet characterized. To help in their study, we also present a method (i) to produce
well-characterized phosphorylation states of PluriTFs, using NMR analysis, and (ii) to use them for
pull-downs in stem cell extracts analyzed by quantitative proteomics to detect potential Sox2 binders.
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1. Introduction

The possibility of reprogramming somatic cells to
an induced pluripotency state was revealed in the
2000s, giving great hopes in the fields of Biology

∗Corresponding author.

and Medicine [1–3]. Induced pluripotent stem cells
(iPSCs) and embryonic stem cells (ESCs) are char-
acterized by the active state of a pluripotency net-
work, whose core comprises the pluripotency tran-
scription factors (PluriTFs) Oct4, Sox2, Nanog and
Esrrb (OSNE). These bind to enhancer sequences and
thus activate or repress, or even “bookmark” during
mitosis, a wealth of genes related to pluripotency or
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cell differentiation [4–9]. Consistently, their misreg-
ulation correlates with cancer malignancy and stem-
ness [10–14].

Comprehensive structural descriptions of OSNE
are still missing to the best of our knowledge. The
folded DNA-binding domains (DBDs) of OSNE have
been structurally characterized in complex with
their DNA target sequences [15–19] together with
the ligand-binding domain (LBD) of Esrrb [20]. Re-
cent studies have depicted even splendid struc-
tures of Oct4’s and Sox2’s DBDs bound to nucle-
osomes, hence deciphering their “pioneer factor”
abilities [21–29]. Another structure of Sox2 bound
to the importin Impα3 has also been published,
showing how its two Nuclear Localization Sequences
(NLSs) flanking the DBD are involved in Sox2 nuclear
import [30]. The other segments of OSNE have been
predicted to be intrinsically disordered regions of
proteins (IDRs) [31], i.e., they should have no stable
tertiary fold when isolated [32–36].

These IDRs appear to have important roles in
binding partners involved in epigenetic reprogram-
ming, chromatin reorganization, and in recruiting
transcription or repression machineries [5,37–41].
These functions are poorly understood, and, to the
best of our knowledge, no experimental characteri-
zation of the structural behavior of these regions in
N- and C-terminal of DBDs has been released yet.
Recent studies have shown that C-terminal regions
of Oct4 and Sox2 are important for their reprogram-
ming capacities [42,43], notably by contributing to
the engagement in molecular phase-separated con-
densates with the Mediator complex [44]. More gen-
erally, the activating or repressive activities of IDRs of
transcription factors (TFs) have been scarcely stud-
ied at the structural level: these segments are thought
to contain hydrophobic patches flanked by acidic
amino acids, which favors DNA-binding specificity,
phase separation, and low-specificity interactions,
notably with the Mediator subunit Med15 [44–53];
more specific interactions have been described in
some cases [45,54,55].

Post-translational modifications (PTMs) add a
layer of complexity by often regulating IDRs’ interac-
tions [32,33,56,57] and notably TFs’ activity [58–61].
PTMs are classical carriers of cell signaling by
regulating the stability and the interactions of
proteins. An increasing number of PTMs have
been described on OSNE’s IDRs in the recent years

[5,37,38,62–77], notably phosphorylation by cyclin-
dependent kinases (CDKs) [66,78–87] or by mitogen-
activated protein kinases (MAPKs) [83,88,89], or
their complementary Ser/Thr O-GlcNAcylation by
OGT [65,90–96].

In order to prompt future studies on this topic,
we describe here a feasibility study (i) for pro-
ducing well-characterized samples made of post-
translationally modified IDRs of PluriTFs and (ii) to
use these as baits in pull-down assays for detecting
PTMs’ related binding partners. Hence, we charac-
terized some of the phosphorylation reactions of Es-
rrb and Sox2 by p38α/β, Erk2 and Cdk1/2. Then, we
showed that biotinylated chimera of Sox2 and Esrrb
coupled to an AviTag peptide could be attached to
streptavidin-coated beads. Finally, we loaded trun-
cated segments of the C-terminal IDR of Sox2 (phos-
phorylated or not) on these beads, and exposed
them to extracts of mouse ESCs (mESCs) in pull-
down assays, which we analyzed using quantitative
mass spectrometry-based proteomics. Among the
quantified (phospho-)Sox2 binders, we verified the
phospho-dependent interaction between the pro-
line cis-trans isomerase Pin1 and Sox2 using NMR
spectroscopy.

2. Material and methods

2.1. Production of recombinant fragments of
Oct4, Sox2, Nanog and Esrrb

We used human protein sequences, unless speci-
fied. Codon-optimized (for expression in Escherichia
coli) genes coding for human Oct4(aa1–145) and
Oct4(aa286–380) were synthesized in the context of
larger genes coding for Tev–Oct4(aa1–145)–Tev–GB1
and Tev–Oct4(aa286–380)–Tev–GB1 by Genscript and
cloned into pET-41a(+) vector between SacII and
HindIII restriction sites, hence permitting the
expression of GST–His6–Tev1–Oct4(aa1–145)–Tev2–
GB1 and GST–His6–Tev1–Oct4(aa286–380)–Tev2–
GB1; Tev1 and Tev2 are the heptapeptide ENLYFQG
cleavage site of the TEV protease, Tev2 is separated
by GAGGAGG from GB1 (T2Q variant of the im-
munoglobulin binding domain B1 of the protein G
from group G Streptococcus [97,98]). The C-terminal
GB1 tag was added to avoid any C-terminal prote-
olysis of the IDR of interest during the expression
and the first purification steps; we did not test con-
structs without this supplementary folded domain,
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whose necessity for the stability of the IDR is thus
not proven.

The same rationale (cDNA synthesis, cloning,
vectors, chimera constructs) was used for producing
Nanog(aa154–305), Nanog(aa154–215), Nanog(aa154–
272), Nanog(aa154–305_C185A-C227A-C243A-C251A),
Nanog(aa154–272_C185A-C227A-C243A-C251A), and
a very similar rationale (chimera constructs missing
the C-terminal Tev2–GB1) for Sox2(aa1–42), Sox2
(aa115–317_C265A), Sox2(aa115–187), Sox2(aa115–
236), Sox2(aa115–282_C265A), Esrrb(aa1–102_C12A-
C72A-C91A), Esrrb(aa1–102_C12A-C91A), Nanog
(aa1–85) (this latter was cloned in the MfeI/HindIII
restriction sites from pET-41a(+)).

The recombinant production and the purification
of the protein constructs followed the procedures de-
scribed previously [99], using the soluble fraction of
bacterial lysates, except for the constructs contain-
ing the Sox2 C-terminal fragments. These latter con-
structs were recovered from the insoluble fractions
of the lysates and resolubilized in 8 M urea; these
were submitted to a His-tag purification in urea, and
the last size-exclusion chromatography (SEC) had to
be carried out in 2 M urea, which avoided clogging
of the column and permitted obtaining regular elu-
tion peak widths (these were otherwise extremely
broad, up to 100 mL for the longest Sox2(aa115–
317_C265A) construct). The samples were concen-
trated and stored at −20 °C, and thawed just before
the NMR experiments. The Sox2 samples containing
2 M urea were submitted to 2–3 cycles of concentra-
tion/dilution in Hepes at 20 mM, NaCl at 75 mM to
generate samples in urea at 0.25 or 0.125 M.

All purification steps were carefully carried out at
4 °C; protein eluates from every purification step
were immediately supplemented with protease
inhibitors (EDTA-free cOmplete, Roche) (together
with DTT at 10 mM for cysteine-containing protein
constructs), before being submitted to a concentra-
tion preparing the next purification step.

Chimera constructs of Sox2’s and Esrrb’s IDR frag-
ments containing a 15-mer peptide AviTag GLN-
DIFEAQKIEWHE were produced using procedures
similar to those described earlier for OSNE con-
structs. The construct Sox2(aa234–317)–AviTag–His6
was soluble and did not require to be purified in
urea.

More details about the production of OSNE pep-
tides are given in the Supplementary Material.

2.2. Production of the biotin ligase BirA and
specific biotinylation of the AviTag–peptide
chimera

The biotin ligase BirA was produced using recom-
binant production in E. coli BL21(DE3)Star trans-
formed with a pET21-a(+) plasmid containing a gene
coding for BirA cloned at EcoRI and HindIII restric-
tion sites. pET21a-BirA was a gift from Alice Ting
(Addgene plasmid #20857) [100]. The expression was
carried out overnight at 20 °C in a Luria–Bertani cul-
ture medium. The construct contained a His6 tag in
C-terminal and was purified using a two-step purifi-
cation procedure including a His-trap followed by a
SEC. Details about the production of BirA are given
in the Supplementary Material.

The biotinylation was executed using a rationale
inspired by a published protocol [101], at room tem-
perature during 90 min, in samples containing the
AviTag–chimera of interest at 100 µM and BirA at
0.7 µM in a buffer containing ATP at 2 mM, biotin
at 600 µM, MgCl2 at 5 mM, DTT at 1 mM, HEPES
at 50 mM, NaCl at 150 mM, protease inhibitors (fi-
nal concentration 1×, EDTA-free cOmplete, Roche),
at pH 7.0. To remove some possible proteolyzed
peptides and BirA, the biotinylated constructs were
purified using a SEC in a column (Superdex 16/60
75 pg, Cytiva) preequilibrated with a buffer con-
taining phosphate at 20 mM, NaCl at 150 mM at
pH 7.4 (buffer called thereafter Phosphate Buffer
Saline, PBS). The eluted fractions of interest were
concentrated and stored at −20 °C.

2.3. Assignment of NMR signals from OSNE
fragments and structural propensities

The assignment strategy was the same as in previous
reports from our laboratory [99]. The 15N relaxation
data were recorded and analyzed according to the
methods described in previous reports [102]. Details
are given in the Supplementary Material.

Disorder prediction was calculated using the
ODINPred website (https://st-protein.chem.au.dk/
odinpred) [103]. Experimental secondary structure
propensities of unmodified OSNE peptides were
obtained using the neighbor-corrected structural
propensity calculator ncSCP [104,105] (http://www.
protein-nmr.org/, https://st-protein02.chem.au.dk/
ncSPC/) from the experimentally determined, DSS-

https://st-protein.chem.au.dk/odinpred
https://st-protein.chem.au.dk/odinpred
http://www.protein-nmr.org/
http://www.protein-nmr.org/
https://st-protein02.chem.au.dk/ncSPC/
https://st-protein02.chem.au.dk/ncSPC/


4 Chafiaa Bouguechtouli et al.

referenced Cα and Cβ chemical shifts as input, with
a correction for Gly–Pro motifs (−0.77 ppm instead
of −2.0 ppm) [106]. We also used the δ2D method
to get requested verifications of the experimental
secondary structure propensities [107]. Some sig-
nals were too weak in 3D spectra from Sox2(aa115–
317_C265A) recorded at 950 MHz, and their chemical
shifts were not defined. In these cases, chemical
shifts from 3D spectra of Sox2(115-236) or His6–
AviTag–Sox2(aa234–317_C265A) were used to com-
plete the lists of chemical shifts used to calculate the
chemical shift propensities shown in Figure 2.

1HN/15N/13Ca/13Cb/13CO NMR assignments of
OSNE peptides, together with the corresponding
experimental details, have been deposited in the Bi-
ological Magnetic Resonance Data Bank (BMRB)
with accession numbers 51534 (Sox2_aa1–42),
51717 (Esrrb_aa1–102), 51756 (Oct4_aa1–145), 51758
(Oct4_aa286–360), 51782 (His6–AviTag–Sox2_aa234–
317_C265A), and 51780 (Nanog_aa1–85).

2.4. NMR monitoring of phosphorylation
reactions and production of phosphorylated
peptides

We performed the phosphorylation kinetics pre-
sented in Figure 4a using commercial recombinant
kinases GST–p38β at 10 µg/mL (Sigma-Aldrich,
ref. B4437), GST–Erk2 at 20 µg/mL (Sigma-Aldrich,
ref. E1283), GST–Cdk1/CyclinA2 at 20 µg/mL (Sigma-
Aldrich, stock ref. C0244), and GST–Cdk2/CyclinA2 at
20 µg/mL (Sigma-Aldrich, ref. C0495). Then, we used
kinases produced in-house in E. coli, using plasmids
containing optimized genes coding for p38α(aa1–
360, full-length) and Erk2(aa8–360); these were pro-
duced, activated, and purified in house as described
previously [99]; in-house p38α was used at 40 µg/mL
for the experiments shown in Figure 4. Indeed, the
limited activities and high costs of commercial ki-
nases motivated us to develop in-house capacities in
kinase production. p38α was the most accessible to
produce among the MAPKs and CDKs; we produced
it and activated it using recombinant MKK6.

Phosphorylation reactions were carried out us-
ing 15N-labeled IDRs at 50 µM, in Hepes 20 mM,
NaCl 50 mM, DTT or TCEP at 4 mM, ATP 1.5 mM,
MgCl2 at 5 mM, protease inhibitors (Roche), 7.5%
D2O, pH 6.8 at 25 °C in 100 µL using 3 mm diameter
Shigemi tubes. We monitored the phosphorylation

kinetics by recording time series of 1H–15N SOFAST-
HMQC spectra at 600 or 700 MHz, and by quanti-
fying the NMR signal intensities of the disappear-
ing unphospho- and appearing phospho-residues.
We applied the methods that we described in earlier
publications [108–111]. More details are given in the
Supplementary Material.

2.5. Pull-down assays

The mESCs extracts were obtained from mESCs cul-
tured in the conditions previously described [112].
Homogeneous extracts were obtained using DNA
shearing by sonication in the presence of benzonase,
as described by Gingras and colleagues [113].

The pull-down assays were executed using 25 µL
of streptavidin-coated magnetic beads (Magbeads
streptavidine, Genscript) loaded with 1 nmol of the
biotinylated bait-peptides of interest. These were
incubated for one hour at room temperature with
mESCs extracts, washed in PBS and eluted using a 2×
Laemmli buffer. Details are given in the Supplemen-
tary Material.

2.6. Mass spectrometry-based proteomics
analysis of pull-down assays

The pull-down samples were treated on-beads by
trypsin/LysC (Promega). The resulting peptides were
loaded and separated on a C18 column for online liq-
uid chromatography performed with an RSLCnano
system (Ultimate 3000, Thermo Scientific) coupled
to an Orbitrap Fusion Tribrid mass spectrometer
(Thermo Scientific). Maximum allowed mass devi-
ation was set to 10 ppm for monoisotopic precursor
ions and 0.6 Da for MS/MS peaks. The resulting
files were further processed using myProMS v3.9.3
(https://github.com/bioinfo-pf-curie/myproms;
Poullet et al. [114]). False-discovery rate (FDR) was
calculated using Percolator [115] and was set to 1%
at the peptide level for the whole study. Label-free
quantification was performed using extracted-ion
chromatograms (XICs) of peptides, computed with
MassChroQ [116] v.2.2.1. The complete details are
given in the Supplementary Material.

https://bmrb.io/data_library/summary/index.php?bmrbId=51534
https://bmrb.io/data_library/summary/index.php?bmrbId=51717
https://bmrb.io/data_library/summary/index.php?bmrbId=51756
https://bmrb.io/data_library/summary/index.php?bmrbId=51758
https://bmrb.io/data_library/summary/index.php?bmrbId=51782
https://bmrb.io/data_library/summary/index.php?bmrbId=51780
https://github.com/bioinfo-pf-curie/myproms
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2.7. Recombinant production of Pin1 and NMR
analysis of its interaction with Sox2 or
phospho-Sox2

The plasmid containing the gene coding for the Pin1–
WW domain was a kind gift from Isabelle Landrieu.
The production was executed according to the pre-
viously published protocol [117]. NMR analysis of
the binding with phospho-Sox2(aa115–240) was per-
formed at 283 K and pH 7.0 with the GST–Pin1–WW
construct and 15N-labeled Sox2(aa115–240) mixed in
stoichiometric proportions, either at 50 or 10 µM
for non-phospho- and phospho-Sox2, respectively.
The details on the NMR acquisition, processing, and
analysis are given in the Supplementary Information.

3. Results

3.1. Structural characterization of the N- and
C-terminal regions of Oct4

We produced and purified protein constructs con-
taining the fragments of human Oct4(aa1–145) and
Oct4(aa286–360), which were both predicted to be
mostly disordered (Supplementary material 3.2.3).
The 2D 1H–15N HSQC NMR spectra showed cross-
peaks in the region where random coil peptides reso-
nances are usually found (Figure 1). We assigned the
backbone NMR signals of 1HN, 15N, 13Cα, 13Cβ, 13CO
for both segments, which permitted to calculate ex-
perimentally derived secondary structure propensi-
ties (Figures 1c, f, Supplementary Figure S4). We did
not find any sign of a stable secondary structure, the
highest α-helical propensities reaching about 25% in
short stretches of about 5 consecutive amino acids.
Hence, we verified experimentally that these N- and
C-terminal fragments of human Oct4 are IDRs. We
noticed that one motif RTWLSF (aa33–38) generates
cross-peaks out of the random coil area in the 2D 1H–
15N HSQC, and its chemical shifts reveal the strongest
α-helical propensity (about 25% according to two
distinct software products, see Figures 1c, f, Sup-
plementary Figure S4). This might typically corre-
spond to an interaction site: IDRs’ binding motifs of-
ten adopt secondary structure in complexes, whose
formation is energetically favored by local conforma-
tional preferences for the bound structure in the free
state [57,106,118].

We can highlight the fact that Oct4’s IDRs con-
tain a high density of prolines, which are not directly

detectable in the present 1HN-detected experiments,
even though most of the 13Cα, 13Cβ, and 13CO res-
onances were characterized via HNCAB and HNCO
experiments. We have shown previously that the
13C-detected experiments 13Cα13CO permitted ob-
serving all these Pro residues in Oct4(aa1–145) [99],
whose chemical shifts were those of random coil
peptides.

3.2. Structural characterization of the N- and
C-terminal regions of Sox2

We produced and purified peptide fragments of hu-
man Sox2, namely Sox2(aa1–42), Sox2(aa115–187),
Sox2(aa115–236), Sox2(aa115–282), Sox2(aa234–317_
C265A), and Sox2(aa115–317_C265A). We also pro-
duced and purified chimera peptides His6–AviTag–
Sox2(aa115–240) and His6–AviTag–Sox2(aa234–317_
C265A). These were all predicted to be disordered
(Supplementary material 3.3.3).

We had solubility issues with all of them but
Sox2(aa1–42), Sox2(aa234–317_C265A), and His6–
AviTag–Sox2(aa234–317_C265A). We had to recover
these troublesome peptides from the insoluble frac-
tion of the bacterial extract after overexpression at
37 °C. We even had to carry out our final SEC pu-
rification step in a buffer containing urea at 2 M
(at 4 °C) for Sox2(aa115–236), Sox2(aa115–282),
His6–AviTag–Sox2(aa115–240), and Sox2(aa115–317_
C265A). The assignments of these latter constructs
were achieved in 0.25–0.5 M urea, after executing 2
to 3 concentration–dilution steps. Aggregates were
forming during the acquisition, which made the
assignment rather painful. This behavior corre-
lated with liquid–liquid phase separation (LLPS)
propensities (Supplementary Figure S5), which we
observed a few months before such a behavior was
reported by Young and collaborators [44]. The as-
signment of Sox2(aa115–317_C265A) was possible
only at 950 MHz with the help of the previously as-
signed smaller fragments Sox2(aa115–236) and His6–
AviTag–Sox2(aa234–317_C265A). Some stretches of
amino acids were particularly difficult to observe in
3D spectra, e.g., the region aa160–185, because of an
apparent fast T2 relaxation. We may investigate these
phenomena in later reports.

We observed cross-peaks in the 2D 1H–15N HSQC
NMR spectra that were all resonating in the spec-
tral region of random coil peptides’ resonances
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Figure 1. (a,d) 2D 1H–15N HSQC spectra of the N- and C-terminal IDRs of human Oct4, the labels
indicating the assignments; the grey areas show the spectral regions where random coil amino acids
resonate usually; (b,e) primary structures of Oct4; dark and light colors indicate the folded and disordered
domains, respectively; blue and red sticks indicate the positions of Glycines and Prolines, respectively;
(c,f) secondary structure propensities calculated from the experimental chemical shifts of the peptide
backbone Cα and Cβ, using the ncSPC algorithm [104,105].

(Figure 2). The spectra of the short fragments of the
C-terminal region of Sox2 were exactly overlapping
with those of Sox2(aa115–317_C265A) (Supplemen-
tary Figure S1). This shows that all these fragments
have very similar local conformational behaviors,

a phenomenon regularly observed with IDRs. We
assigned the backbone NMR signals of 1HN, 15N,
13Cα, 13Cβ, 13CO for Sox2(aa1–42), Sox2(aa115–236),
His6–AviTag–Sox2(aa234–317_C265A) and partially
for Sox2(aa115–317_C265A). We aggregated the lists
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of chemical shifts of the C-terminal fragments and
used them to calculate the experimental secondary
structure propensities (Figures 2c, f and Supplemen-
tary Figure S4). This confirmed the absence of any
stable secondary structure elements in Sox2 N- and
C-terminal region. The C-terminal region is poorly
soluble below 0.25 M urea; this should not affect a
stable fold, so we can affirm that these regions of
Sox2 are experimentally proven IDRs.

3.3. Structural characterization of the
N-terminal region of Nanog

We produced and purified the N-terminal peptide
fragment of human Nanog(aa1–85). All our attempts
to purify C-terminal regions of Nanog failed, even af-
ter alanine-mutation of cysteines in Nanog(aa154–
305), Nanog(aa154–272), and Nanog(aa154–215). We
managed to resolubilize our construct GST–His6–
Tev–Nanog(aa154–305) from the insoluble fraction of
the bacterial extract, to partially purify it and cleave
it using the TEV protease. However, the resulting
Nanog(aa154–305) peptide was barely soluble in a
detergent (NP-40 at 2% v/v), and not in high-salt
buffers, or not even in the presence of urea at 4 M.
The 10 tryptophane residues are probably playing
a role in this behavior, in the context of a primary
structure containing not enough hydrophobic amino
acids favoring stable folds.

The cross-peaks of Nanog(aa1–85) in the 2D 1H–
15N HSQC NMR spectrum were all in the spectral re-
gion of random coil peptides’ resonances (Figure 3).
The assignment of the backbone NMR signals of 1HN,
15N, 13Cα, 13Cβ, 13CO permitted calculating experi-
mental secondary structure propensities, which were
low through the whole peptide (Figure 3b, Supple-
mentary Figure S4). Thus, we confirmed that this
Nanog N-terminal is an IDR.

3.4. Structural characterization of the
N-terminal region of Esrrb

We produced and purified the N-terminal fragment
of human Esrrb(aa1–102), which was predicted
to be disordered (Supplementary material 3.5.3),
in the alanine-mutated versions Esrrb(aa1–102_
C12A-C72A-C92A) and Esrrb(aa1–102_C12A-C92A).
This was a strategic choice to attenuate the forma-
tion of disulfide bonds; the wild-type N-terminal

fragments might however be workable too. Mu-
tating cysteines permitted working in more com-
fortable conditions and maintaining our construct
monomeric for longer periods of time in the next
phosphorylation and biotinylation experiments.
Cysteines are indeed highly solvent-accessible in
IDRs and they are consequently difficult to keep in
their thiol, non-disulfide forms, even in the pres-
ence of fresh DTT or TCEP at neutral pH. We also
produced chimera constructs Esrrb(aa1–102_C12A-
C72A-C92A)–AviTag–His6 and Esrrb(aa1–102_C12A-
C72A)–AviTag–His6.

All the 2D 1H–15N HSQC NMR spectra revealed
cross-peaks in the spectral region of random coil
peptides (Figure 3). These spectra are overlapping
to a large extent, confirming the weak influence of
the mutations of cysteines: the mutation Cys72Ala
has almost no consequences on the chemical shifts,
below 0.05 ppm even for the neighboring amino
acids (Supplementary Figure S2a,b); the mutation
Cys91Ala has more impact, with chemical shifts per-
turbations of about 0.1 ppm for the next 5 amino
acids (Supplementary Figure S2c,d), which is at least
partially due to the fact that the Ala substitution fa-
vors an increase in local α-helicity (about 25%, see
Supplementary Figure S2e,f). This N-terminal frag-
ment of human Esrrb is thus an IDR, according to
the calculated secondary structure propensities (Fig-
ure 3f, Supplementary Figures S2e,f, S4).

3.5. Phosphorylation of Esrrb and Sox2 by p38α,
Erk2, Cdk1/2 as monitored by NMR
spectroscopy

We reported recently the site-specific phosphoryla-
tion kinetics of Oct4 by p38α using 13C-direct NMR
detection [99]. Here, we used more standard 1H-
detected/15N-filtered experiments to rapidly charac-
terize the site preferences of MAPKs and CDKs on
Esrrb and Sox2, which we thought to use as baits
for performing phospho-dependent pull-down as-
says (see below).

To start with, we used commercial aliquots of
MAPKs, namely p38β and Erk2, and CDKs, namely
Cdk1/CyclinA2 and Cdk2/CyclinA2, on Esrrb(aa1–
102). We observed the progressive phosphorylation
of its three Ser–Pro motifs (at Ser22, Ser34 and Ser58)



8 Chafiaa Bouguechtouli et al.

Figure 2. (a,d) 2D 1H–15N HSQC spectra of the N- and C-terminal IDRs of human Sox2, the labels indi-
cating the assignments; the grey areas show the spectral regions where random coil amino acids resonate
usually; (b,e) primary structures of human Sox2; dark and light colors indicate the folded and disordered
domains, respectively; (c,f) secondary structure propensities calculated from the experimental chemical
shifts of the peptide backbone Cα and Cβ, using the ncSPC algorithm [104,105].

in agreement with the consensus motifs of these ki-
nases [119,120]. The kinetics reveal a classical dis-
tributive mechanism, where phosphorylation sites
are processed independently according to their re-
spective kcat and KM. Ser22 is the preferred target in
all cases, while Ser34 is the least processed by CDKs,
if at all: the commercial CDKs are poorly active in
our hands, which we have verified with a number of
other targets for years in the laboratory; this makes
it difficult to distinguish between sites that are only

mildly disfavored or those that are more stringently
ignored by CDKs in NMR-monitored assays.

Then, we used a potent home-made activated
p38α on His6–AviTag–Sox2(aa115–240) and His6–
AviTag–Sox2(aa234–317). It phosphorylated all the
Ser/Thr–Pro motifs of these two peptides, and also
T306 in a PGT306AI context, which shows a favorable
proline in position −2 [121], and a less common S212
in a MTS212SQ context.

Hence, we were able to generate AviTag–IDR
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Figure 3. (a,d) 2D 1H–15N HSQC spectra of the N-terminal IDRs of human Nanog and Esrrb, the labels
indicating the assignments; the grey areas show the spectral regions where random coil amino acids
resonate usually; (b,e) primary structures of human Nanog and Esrrb; dark and light colors indicate the
folded and disordered domains, respectively; orange and black sticks indicate the positions of cysteines
and tryptophanes, respectively; (c,f) secondary structure propensities calculated from the experimental
chemical shifts of the peptide backbone Cα and Cβ, using the ncSPC algorithm [104,105].

chimera in well-defined phosphorylated states. To
produce phosphorylated 14N-AviTag–IDR dedicated
to pull-down assays, we executed the same protocol
on 14N-peptides, while NMR-monitoring in parallel
“identical” but 15N-labeled peptides. This allowed us

to produce a well-defined phosphorylation state of
the 14N-AviTag–IDR for the next experiments.
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Figure 4. (a) Overlay of 2D 1H–15N HSQC spectra of Esrrb(aa1–102_C12A-C72A-C91A) before (black) and
after (grey and phosphosites colored in red/purple/blue) phosphorylation by p38β; (b) residue specific
time courses of the phosphorylation of Esrrb(aa1–102) executed by commercial kinases p38β, Erk2,
Cdk2 or Cdk1, as measured in time series of 2D 1H–15N SOFAST-HMQC spectra recorded during the
reaction; (c) overlay of 2D 1H–15N HSQC spectra of AviTag-Sox2(aa115–240) before (black) and after (red)
phosphorylation by p38α; the inset at the top-right shows the residue specific phosphorylation build-up
curves, as measured in time series of 2D 1H–15N SOFAST-HMQC spectra; (d) same as (c) with AviTag–
Sox2(aa234–317_C265A).
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3.6. Structural characterization of the
AviTag–peptide chimera and its
biotinylated versions

We aimed at detecting new partners of OSNE using
pull-down assays. We thought to use chimera con-
taining GST at the N-terminus, which appeared as
a convenient approach: vectors integrating a GST-
coding DNA sequence for overexpression in E. coli
are available and of common use; glutathione-coated
beads are also accessible and permit efficient and
specific binding of GST-containing chimera peptides.
However, we were unsatisfied by the performances
of the method: GST binding to glutathione-coated
beads is slow at low temperature (necessary to avoid
IDR proteolysis); moreover, it appeared that GST–
IDRs chimera are hampered by the IDRs’ “molecu-
lar cloud” and are even weaker and slower to bind
to the beads. Our attempts to bind GST–IDRs to the
beads were thus resulting in poor yields, which were
not very reproducible. In the context of our aims, i.e.,
to establish a method allowing quantitative detection
of IDRs’ binding partners, this unsatisfying lack of
reproducibility was only foreboding supplementary
variable parameters.

Thus, we decided to switch to another strat-
egy: the use of the specifically biotinylated 15-mer
peptide tag called AviTag [101]. This is efficiently
and specifically biotinylated by biotin ligase BirA
(Figure 5d), which permits high-affinity binding to
streptavidin-coated beads. We designed AviTag–IDR
chimera, with the AviTag in N-terminal position for
Sox2’s IDR constructs, and in C-terminal for Esrrb’s
IDR constructs. We characterized the AviTag and its
impact on the IDRs of interest using NMR: the AviTag
is unfolded and it does not affect the Sox2 and Es-
rrb fragments, according to the observed negligible
chemical shift perturbations (Figure 5)—the GST Tag
provoked also only very weak chemical shift changes
on Esrrb(aa1–102) (Supplementary Figure S3). The
biotinylated AviTag peptide appears to be slightly
less mobile than the common IDPs on the ps–ns
timescale, according to the heteronuclear 15N–{1H}
NOEs (Figure 5b).

We observed that the biotinylation of the AviTag
provokes weak but distinguishable chemical shift
perturbations for the close neighbors of the biotiny-
lated lysine, but had no effect on the peptides of in-
terest (Figure 5c). It generated also the appearance of

a HN-ester NMR signal, similar to that of acetylated
lysine [108,122]. Hence, we could quantify and mon-
itor the reaction advancement using NMR, and de-
termine the incubation time that was necessary and
sufficient to obtain a complete biotinylation of our
chimera AviTag–IDRs (see Section 2.2). This was one
among many optimization steps permitting the pro-
duction of sufficient quantities of intact IDRs for the
pull-down assays.

Next, we tested the binding of the biotinylated
AviTag–IDRs on streptavidin-coated beads. This pro-
duced very satisfying results, i.e., stoichiometric, spe-
cific binding in one hour with no leakage (Supple-
mentary Figure S6). This approach was thus selected
for the pull-down assays.

3.7. Use of AviTag–Sox2 for pull-down assays
from mESCs extracts

We prepared the four peptides AviTag–Sox2(aa115–
240) and AviTag–Sox2(aa234–317) in their non-
phosphorylated and phosphorylated versions, us-
ing p38α to execute the phosphorylation reactions
(Figure 6a). These peptides were also biotinylated,
and later bound to streptavidin-coated beads, which
we used as baits for pull-down assays in extracts
from mESCs (Figure 6b). Importantly, an additional
SEC was carried out between every step to discard
proteolyzed peptides, the enzymes (kinases of BirA)
and their contaminants. We performed the pull-
down assays with the four samples in parallel with
the same cell extract, in duplicate, and then analyzed
the bound fractions using quantitative LC-MS/MS
analysis (see Supplementary material 1.6 for full de-
scription). Hence, we could detect and evaluate the
relative quantities of proteins retained by the four
AviTag–peptides (Figure 6). On paper, this presents
the important advantage of removing false-positive
binders, which can interact unspecifically with the
streptavidin-coated beads.

We present here results that should be interpreted
carefully: we produced only duplicates for every
condition, using one single cell extract. To deliver
trustful information, the common standards in the
field recommend 3 to 5 replicates. Here, we consid-
ered only proteins with at least 2 distinct peptides
across the 2 replicates (Figure 6c). We observed a
two-fold change or more (FC > 2) of some TFs pulled
out by AviTag–Sox2(aa115–240), among which the
PluriTFs Oct4 and Klf5 are significantly enriched
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Figure 5. (a) 2D 1H–15N HSQC spectrum of 15N-His6-AviTag-Sox2(aa234–317_C265A), the blue labels
indicated the assigned signals from the AviTag residues; (b) secondary structure propensities calcu-
lated from the experimental chemical shifts of the peptide backbone Cα and Cβ, using the ncSPC al-
gorithm [104,105]; the residue specific 15N–{1H} NOEs, 15N-R1 (grey) and 15N-R2 (black) measured at 600
MHz are shown below (the profiles show values averaged over three consecutive residues); (c) overlay
of 2D 1H–15N HSQC spectra of the Esrrb(aa1–102_C12A-C72A-C91A)–AviTag–His6 before (black) et after
(magenta) biotinylation by BirA; the NMR signals from the residues neighboring the biotinylation site are
indicated, which permit the quantification of the biotinylated population; (d) scheme of the reaction of
AviTag biotinylation executed by the ATP-dependent BirA.
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Figure 6. Differential interactomics of Sox2 constructs upon p38α phosphorylation. (a) We have pro-
duced unmodified/phospho-Sox2 truncations carrying N-ter biotinylation on the AviTag, and later at-
tached on streptavidin-magnetic beads. (b) We have generated mESCs nuclear extracts for pull-down
assays using our Sox2 constructs as baits. (c) The volcano plots of the log2 ratios, showing a quantitative
analysis of the proteins present at the end of the pull-down assays; the dashed line indicates the thresh-
old of p-value < 0.05; we highlighted interesting partners in: blue: transcription factors associating with
Sox2(aa115–240); magenta: phospho-dependent partners of Sox2(aa115–240) and or Sox2(aa234–317).
Pull-downs have been performed in duplicates, using 15 million cells per sample (extract protein conc.:
5 mg/mL), and 1 nmol of bait protein. Experimental conditions may be improved (higher number of
replicates, cells, washing conditions, . . . ).

(>4 peptides, p-value < 0.02). Also, we found out
that pSox2(aa115–240) was pulling out the three iso-
forms of CK1 (>3 peptides, p-values < 10−5) and
the proline isomerase Pin1 (>2 peptides, p-values

< 2 × 10−4). To confirm the value of the method
and of the detected interactions, one should at least
test them using an orthogonal approach, e.g., NMR
spectroscopy of purified proteins.
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3.8. NMR characterization of the interaction
between Pin1 and phospho-Sox2

We decided to test the interaction between
pSox2(aa115–240) and Pin1. We recorded 1H–15N
NMR spectra of 15N-labeled Sox2(aa115–240) or
pSox2(aa115–240) alone or in the presence of the
Pin1–WW domain (natural abundance peptide, i.e.,
0.6% 15N, 99.4% 14N, hence “NMR-invisible” in 15N-
filtered experiments). We observed localized losses
in signal intensities for the residues neighboring the
three pSox2(aa115–240) phosphosites when mixed
with Pin1 (Figure 7b); in contrast, no significant dif-
ferences showed up in the spectra obtained with
non-phosphorylated Sox2(aa115–240) in the ab-
sence or presence of Pin1–WW (Figure 7a). Hence,
these signal losses are the typical signs of a position-
specific interaction between an IDR and a folded
protein in the intermediate or slow NMR timescale
(µs–s), which corresponds to submicromolar affini-
ties for this type of molecules. Interactions with this
range of affinity can therefore be detected using the
presented pull-down assay approach.

4. Discussion

The structural biochemistry analysis reported here
can be applied to a large list of transcription factors
(TFs). These are essential actors of cell signaling:
they are key elements for inducing or maintaining
pluripotency or differentiation, for cell proliferation
or cell cycle arrest, by activating or repressing gene
transcription [61,123]. About 90% of the ∼1600 TFs
are predicted to contain large disordered segments
(>30 consecutive amino acids), which is particularly
true for PluriTFs [31,124]. A correlation exists actu-
ally between TFs and predicted IDRs in all kingdoms
of life [45,125,126]. The IDRs of these TFs recruit
transcription co-factors or the transcription machin-
ery, which is still not very well characterized in de-
tail [44–55].

Indeed, the fine understanding of TFs’ interac-
tions via their IDRs appears to be hampered by the
nature of these interactions, which are characterized
by weak affinities and multivalency. Moreover, possi-
ble redundancy between TFs can emerge from coac-
ervation. Post-translational modifications (PTMs),
which can switch on or off IDRs’ interactions, are
a supplementary source of confusion when search-
ing for binding partners. Among the difficulties, we

should also mention the basic biochemistry issues:
IDRs are difficult to produce and manipulate in vitro,
because they are prone to degradation or aggrega-
tion. Here, we have tried to demonstrate the fea-
sibility and interest of some biochemical and spec-
troscopic approaches to better characterize IDRs of
TFs, their phosphorylation and the associated bind-
ing partners.

Using a residue specific NMR analysis, we have
shown experimentally that the pluripotency TFs
OSNE contained IDRs. None of these regions do
show any strong secondary structure propensity,
which often reveals functional binding sites. Faint
∼20% helicities were detected by two independent
algorithms (ncIDP and δ2D [104,105,107]) on 5–6
amino acid stretches, which are indicated on Fig-
ures 1 and 2 for Oct4 and Sox2. Altogether, the ana-
lyzed peptides show local conformational behaviors
close to that of a random coil, without any obvious
structural elements except the Oct4 stretch between
amino acids 33 and 38. Finally, we shall highlight
the high propensity for liquid–liquid phase separa-
tion of the fragments of Sox2 containing the region
aa115–236.

Like other TFs, pluripotency TFs OSNE are post-
translationally modified (see Section 1), notably by
CDKs and MAPKs [66,78–88]. These two classes of ki-
nases are fundamental actors in all aspects of eukary-
otic cellular life, and understanding their activity and
regulation in pluripotency or differentiation is of high
significance. Interesting questions are still pending:
what is the phosphorylation status of OSNE’s IDRs in
pluripotent cells, what is the impact on their interac-
tion networks, and how does it affect pluripotency or
differentiation? The inhibition of MAPK Erk signal-
ing is necessary to maintain pluripotency in the stan-
dard culture conditions of ESCs and iPSCs [66,82–84],
while these cells show a high CDK activity [8,86,87];
these two kinases family have the same core consen-
sus sites (Ser/Thr–Pro) motifs, which are abundant in
OSNE’s IDRs and whose phosphorylation has appar-
ently consequences for initiating differentiation [73,
78,80,83,85]. We have shown that we could produce
well-defined phosphorylation status of these pep-
tides, using recombinant kinases and NMR analysis,
which makes it possible to study their interactions in
vitro. We have also demonstrated our capacity to use
these peptides as baits in pull-down assays for de-
tecting potential new binding partners.
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Figure 7. (a) Overlay of 2D 1H–15N HSQC spectra of 15N-Sox2(aa115–240) alone at 50 µM (black) or
mixed with Pin1 in isotopic natural abundance and in stoichiometric amounts (grey); inset up-right:
residue specific NMR signal intensity ratios as measured in the two HSQC spectra. (b) Overlay of 2D
1H–15N HSQC spectra of 15N-phosphoSox2(aa115–240) alone at 10 µM (red) or mixed with the Pin1–WW
domain in stoichiometric amounts (grey); insets, up-right: residue specific NMR signal intensity ratios as
measured in the two HSQC spectra (in the absence/presence of Pin1–WW domain).

However, the detected interactions between
phospho-Sox2(aa115–240)–pS212–pS220–pT232 and
Pin1 or CK1 correspond to widespread, degenerate
interactions, whose biological significance may be
questionable [127–129]. This is one of the major
drawbacks in the field of IDRs’ studies: they partic-
ipate in multiple, degenerate and transient interac-
tions of weak affinities, which can be easily released
during the washes of our pull-down assays. In this
regard, the “proximity labeling” approaches (BioID,
APEX and their derivates) appeared recently to be
quite adapted to transient interactions: these meth-
ods, developed in the last ten years, use chimera
constructs containing enzymes that transfer chemi-
cal groups to their intracellular neighbors, which can
be later identified by mass spectrometry [130–133].
IDRs are very flexible, solvent-exposed and establish
a lot of poorly specific transient interactions. This
was raising concerns about the possible production
of many false positives if one used proximity labeling
methods to detect IDRs’ binding partners. This has
been partially confirmed by a recent study, but this
bias appears to be limited [134]. Interactomes of 109
TFs have actually been described using Bio-ID and
affinity purification MS, showing the complemen-
tarity between proximity labeling and the pull-down

approach proposed here [135]. Yeast two-hybrid,
which can detect ∼20 µM affinity interactions, and
novel phage display approaches will also help in this
task [136–139].

Another difficulty in studying IDRs of TFs is their
propensity to coacervate [44–55]. Here, we have
tried to use Sox2 as a bait in pull-down assays,
a protein that has been later recognized to favor
liquid–liquid phase separation [44,140]. We met
this difficulty during the production steps, which
forced us to purify most of the Sox2 constructs in
urea at 2 M. We could straightforwardly observe
liquid–liquid phase separation of Sox2(aa115–317) at
4 µM using differential interference contrast (DIC)
microscopy in the presence of Ficoll-70 (Supple-
mentary Figure S5), but also progressive aggrega-
tion and low solubility thresholds while working with
our purified samples. These are clear limiting fac-
tors for sample production and NMR characteriza-
tion, which will hamper a number of other studies
on IDRs of TFs. This might also affect the results
of pull-down assays: we noticed an enrichment in
TFs in the samples obtained from pull-downs using
Sox2(aa115–240) as a bait, which has a much higher
coacervation propensity than Sox2(aa234–317). Is
it possible to generate local surface liquid–liquid
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phase separation on the surface of streptavidin-
coated beads? This might be at the same time a
blessing and a curse for future studies, by helping the
formation of biologically significant assemblies, or
by favoring unspecific, non-native macromolecules
interactions.

A final bottleneck in the studies of these IDRs is
the capacity to produce post-translationally modi-
fied samples. The commercial enzymes are not very
well adapted to our NMR studies, because of the
required quantities. Here, we have used in-house
production of kinase p38α. Since we carried out
the present work, we have developed our capaci-
ties in producing activated Erk2, Cdk2/CyclinA1 and
Cdk1/CyclinB1. These will be part of our future stud-
ies. TFs are indeed quite adapted to NMR investi-
gations: they are 300 to 500 residues long and con-
tain large IDRs (∼100 amino acids) separating small
folded domains (also ∼100 amino acids) [31,45].
Their structural characterization would permit un-
derstanding a number of cell-signaling mechanisms
at the atomic scale, and possibly identifying new
therapeutic targets, even though this class of proteins
is notoriously difficult to inhibit [60,141,142].

5. Conclusion

We have applied NMR techniques to carry out a pri-
mary analysis of the pluripotency transcription fac-
tors Oct4, Sox2, Nanog and Esrrb, in particular of
their intrinsically disordered regions. We have shown
experimentally that they did not adopt a stable fold
when isolated, and that we were able to conduct a
residue-specific analysis. This relies on the delicate
production and purification of these peptides, which
are prone to proteolysis and aggregation; producing
them in a well-defined PTM status was an even more
arduous challenge. We have demonstrated the fea-
sibility of these tasks using recombinant kinases and
NMR analysis. We have also evaluated the usefulness
of such protein constructs as baits in pull-down as-
says to detect new binding partners of IDRs. These
characterizations and the associated methods pro-
vide firm basis for future investigations on transcrip-
tion factors. The proposed experimental scheme is
thus a promising methodology that still needs to be
developed and to prove its merits in revealing novel
and significant interactions.
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1. Experimental procedures

1.1. OSNE peptides production

The TEV (Tobacco Etch Virus) protease was produced
in-house recombinantly in E. coli BL21(DE3)Star,
from a construct containing a hexahistidine tag
(His6).

All peptides were produced in E. coli (strain
BL21(DE3)Star) transformed with the plasmids pre-
sented in the main text. Cells were grown in M9
medium containing 15NH+

4 (0.5 g/L) and 13C-glucose
(2 g/L) as sole sources of nitrogen and carbon for pro-
ducing samples used for NMR assignment, and natu-
ral abundance 12C-glucose (2 g/L) otherwise. Media
were supplemented with kanamycine at 50 µg/mL,
and the expression was induced at an optical den-
sity OD600 = 0.8 by supplementing the medium with
ITPG at 1 mM at 37 °C. Cells were harvested by

∗Corresponding author.

centrifugation (5 min at 5000 g) 4 h later and cell
pellets were stored at −20 °C. Cells were lysed using
sonication in Tris 20 mM, NaCl 150 mM, at pH 7.4
(buffer called “Tris Buffer Saline”, TBS) in presence
of benzonase (E1014 Sigma-Aldrich), lysozyme, pro-
tease inhibitors 1× (EDTA-free cOmplete, Roche)
and 10 mM DTT.

Soluble and insoluble fractions were separated by
15 min of centrifugation at 15,000 g. Oct4-, Nanog-
and Esrrb-peptides were purified from the soluble
fractions. The lysates were loaded on a His-Trap
FF column (5 mL, Cytiva) and eluted using a gradi-
ent of imidazole (in TBS). The eluted fractions were
concentrated, submitted to TEV treatment for 1 h in
TBS+imidazole supplemented with 10 mM DTT, and
then diluted in TBS and re-loaded on the His-Trap
column. Fractions containing the peptide of interest
were submitted to a size-exclusion chromatography
(SEC) in a column (Superdex 16/60 75 pg, Cytiva) pre-
viously equilibrated with Hepes at 10 mM or 20 mM,
or phosphate at 20 mM, and NaCl 50 mM or 150 mM,
at pH 6.8 (low-salt samples for NMR assignments,
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high-salt samples for phosphorylation kinetics or
pull-down assays). For the cysteine-containing pep-
tides, the eluted fractions of interest were immedi-
ately supplemented with DTT or TCEP at 2 mM, con-
centrated and stored at −20 °C. Fresh DTT or TCEP
was supplemented further after thawing before the
NMR experiments.

The constructs containing Sox2(aa1-42),
Sox2(aa115-187) and Sox2(aa234-317)-AviTag-His6
were also purified from the soluble fraction, as ex-
plained above. The other Sox2-constructs were re-
covered from the insoluble fractions of the lysates,
and resolubilized in TBS supplemented with 8 M
urea, loaded on a His-Trap FF column (5 mL, Cytiva)
and eluted using a gradient of imidazole; the eluates
were then supplemented with β-mercaptoethanol
at 50 mM and incubated at room temperature for
15 min, before being dialyzed in TBS supplemented
with DTT at 1 mM, in order to refold the GST domain.
The samples were then submitted to TEV cleavage
in 0.5 M urea, and a second His-Trap purification
was carried out in TBS supplemented with urea at
2 M. The fractions of interest were concentrated and
submitted to a SEC in Hepes at 10 mM or phosphate
at 20 mM, and NaCl 50 mM or 150 mM, urea at 2 M,
at pH 6.8. The samples were concentrated and stored
at −20 °C. Before the NMR experiments, they were
thawed and submitted to 2–3 cycles of concentra-
tion/dilution in Hepes at 20 mM, NaCl at 75 mM to
generate samples in urea at 0.25 or 0.125 M. We paid
attention to avoid precipitation during the concen-
tration steps, because these peptides had a limited
solubility, about 100–150 µM.

We achieved some liquid–liquid phase separation
assays, using DIC microscopy at room temperature in
Ficoll-70 at 100 mg/mL. These were carried out with
Sox2 peptides previously centrifuged during 10 min
at 15,000 g to remove the aggregates: for example,
coacervates were observed at 4 µM of Sox2(aa115-
317_C265A), and some aggregates were rapidly form-
ing under the microscope at 20 µM.

1.2. Production of BirA and biotinylation of
AviTag-peptide chimera

Bacteria transformed with pET21a-BirA were precul-
tured at 37 °C overnight in a Luria-Bertani (LB)
culture medium supplemented with ampicillin at
100 µg/mL. Then, these were cultured in a larger

volume of LB supplemented with ampicillin at
50 µg/mL at 37 °C, and at 30 °C when they reached
an optical density (OD) of 0.4. At an OD = 0.8, the
culture was transferred to 20 °C and the protein ex-
pression was induced by supplementing the medium
with IPTG at 0.5 mM. The incubation was carried out
overnight, the bacteria were harvested by centrifuga-
tion at 4500 g for 5 min and the pellets were stored at
−20 °C.

The purification was carried out at 4 °C. Cells
were lysed using sonication in TBS at pH 7.5 in pres-
ence of 0.5 µL of benzonase (E1014 Sigma-Aldrich),
lysozyme, PMSF at 1 mM (Sigma-Aldrich) and DTT
at 10 mM. The soluble and insoluble fractions were
separated by 15 min centrifugation at 15,000 g. The
lysate (supernatant, soluble fraction) was loaded on
a His-Trap column (His-Trap FF 5 mL, Cytiva) and
eluted in TBS using a gradient of imidazole. The
eluted fractions of interest were concentrated in
presence of DTT at 10 mM, and later submitted to a
SEC in a column (Superdex 16/60 75 pg, Cytiva) previ-
ously equilibrated with TBS at pH 7.5, supplemented
with 10% v/v glycerol. The fractions of interest were
concentrated in presence of DTT at 2 mM. Final
concentrations of BirA were about 100 µM. The ob-
tained sample was aliquoted, flash-frozen and stored
at −80 °C.

The primary sequence of the expressed construct
is:

MKDNTVPLKLIALLANGEFHSGEQLGETLGMSRAAINKHIQTLRDWG
VDVFTVPGKGYSLPEPIQLLNAKQILGQLDGGSVAVLPVIDSTNQYL
LDRIGELKSGDACIAEYQQAGRGRRGRKWFSPFGANLYLSMFWRLEQ
GPAAAIGLSLVIGIVMAEVLRKLGADKVRVKWPNDLYLQDRKLAGIL
VELTGKTGDAAQIVIGAGINMAMRRVEESVVNQGWITLQEAGINLDR
NTLAAMLIRELRAALELFEQEGLAPYLSRWEKLDNFINRPVKLIIGD
KEIFGISRGIDKQGALLLEQDGIIKPWMGGEISLRSAEKKLAAALEH
HHHHH*

1.3. Assignment of NMR signals from OSNE frag-
ments, and structural propensities

Almost all NMR spectra were recorded on a 700 MHz
Bruker Avance Neo spectrometer or a 600 MHz
Bruker Avance II, equipped with cryogenically
cooled triple resonance 1H[13C/15N] probes op-
timized for 1H-detection, a TCI and a TXI, re-
spectively. Assignment spectra of Sox2_aa115-317
were recorded on a 950 MHz Bruker Avance III
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spectrometer, equipped with a cryogenically cooled
triple resonance 1H[13C/15N] probe (TCI). All spectra
were processed in Topspin 3 or Topspin 4. 3D spec-
tra analysis was carried out using CccpNmr 2.4.2.
DSS at 100 µM and 7.5% D2O were added in all
samples.

NMR assignments of backbone amide reso-
nances of uniformly-labeled peptides (13C/15N)
was achieved using BEST-HNCO, -HN(CA)CO,
-HNCACB,[4] and (H)N(CA)NH 3D experiments,
in HEPES at 10 mM, NaCl at 50 mM, DTT or TCEP
at 2 to 5 mM, at pH 6.8 and 283 K, and at peptide
concentrations ranging from 150 to 900 µM in 5 mm
diameter Shigemi tubes.

Assignments of Oct4_aa286-360, Sox2_aa1-42,
Nanog_aa1-85, Esrrb_aa1-102 were carried out at
700 MHz; those of Oct4_aa1-145, Sox2_aa115-236,
His6-AviTag-Sox2_aa234-317_C265A at 600 MHz;
those of Sox2_aa115-317_C265A at 950 MHz.

Oct4_aa286-360: interscan delay: 0.5 s

B-HNCO and were carried out with 1024 (1H) × 96
(13C) × 80 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 22 ppm (15N),

B-HN(CA)CO were carried out with 1024 (1H) × 96
(13C) × 64 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 22 ppm (15N),

B-HNCACB 1024 (1H) × 128 (13C) × 64 (15N) com-
plex points and sweep widths of 12.98 ppm (1H),
60 ppm (13C) and 22 ppm (15N),

B-(H)N(CA)NH with 1024 (1H) × 64 (15N) × 64
(15N) complex points and sweep widths of 12.98 ppm
(1H), and 22 ppm (15N).

Sox2_aa1-42: interscan delay: 0.5 s

B-HNCO and was carried out with 2048 (1H) × 88
(13C) × 88 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 26 ppm (15N),

HN(CA)CO was carried out with 2048 (1H) × 72
(13C) × 72 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 26 ppm (15N),

B-HNCACB 2048 (1H) × 80 (13C) × 80 (15N) com-
plex points and sweep widths of 12.98 ppm (1H),
60 ppm (13C) and 26 ppm (15N),

B-(H)N(CA)NH with 2048 (1H) × 64 (15N) × 64
(15N) complex points and sweep widths of 12.98 ppm
(1H), and 26 ppm (15N).

Esrrb_aa1-102_3Cys->3Ala: interscan delay: 0.5 s

B-HNCO and was carried out with 2048 (1H) × 92
(13C) × 92 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 26 ppm (15N),

HN(CA)CO was carried out with 2048 (1H) × 922
(13C) × 72 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 26 ppm (15N),

B-HNCACB 2048 (1H) × 128 (13C) × 72 (15N) com-
plex points and sweep widths of 12.98 ppm (1H),
60 ppm (13C) and 26 ppm (15N),

B-(H)N(CA)NH with 2048 (1H) × 72 (15N) × 72
(15N) complex points and sweep widths of 12.98 ppm
(1H), and 26 ppm (15N).

Nanog_aa1-85: interscan delay: 0.5 s

B-HNCO was carried out with 1024 (1H) × 96
(13C) × 92 (15N) complex points and sweep widths of
12.98 ppm (1H), 8 ppm (13C) and 26 ppm (15N),

B-HN(CA)CO: 1024 (1H) × 88 (13C) × 72 (15N)
complex points and sweep widths of 12.98 ppm (1H),
8 ppm (13C) and 26 ppm (15N),

B-HNCACB: 1024 (1H) × 96 (13C) × 72 (15N) com-
plex points and sweep widths of 12.98 ppm (1H),
60 ppm (13C) and 22 ppm (15N),

B-(H)N(CA)NH: 1024 (1H) × 72 (15N) × 72 (15N)
complex points and sweep widths of 12.98 ppm (1H),
and 26 ppm (15N).

Oct4_aa1-145: interscan delay: between 0.12 and
0.2 s

B-HNCO was carried out with 1536 (1H) × 92
(13C) × 72 (15N) complex points and sweep widths of
16.6 ppm (1H), 10 ppm (13C) and 24 ppm (15N),

B-HN(CA)CO: 1536 (1H) × 92 (13C) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
10 ppm (13C) and 24 ppm (15N),

B-HNCACB: 1536 (1H) × 128 (13C) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
65 ppm (13C) and 24 ppm (15N),

B-(H)N(CA)NH: 1536 (1H) × 64 (15N) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
and 24 ppm (15N).

Sox2_aa115-236 (together with Sox2_aa1-187): inter-
scan delay: between 0.12 and 0.2 s.

B-HNCO was carried out with 1536 (1H) × 92
(13C) × 64 (15N) complex points and sweep widths of
16.6 ppm (1H), 10 ppm (13C) and 25 ppm (15N),
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B-HN(CA)CO: 1536 (1H) × 64 (13C) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
10 ppm (13C) and 26 ppm (15N),

B-HNCACB: 1536 (1H) × 84 (13C) × 64 (15N) com-
plex points and sweep widths of 16.6 ppm (1H),
65 ppm (13C) and 26 ppm (15N),

B-(H)N(CA)NH: 1536 (1H) × 32 (15N) × 32 (15N)
complex points and sweep widths of 16.6 ppm (1H),
and 24 ppm (15N).

His6-AviTag-Sox2_aa234-317: interscan delay: be-
tween 0.12 and 0.2 s.

B-HNCO was carried out with 1536 (1H) × 92
(13C) × 72 (15N) complex points and sweep widths of
16.6 ppm (1H), 11 ppm (13C) and 24 ppm (15N),

B-HN(CA)CO: 1536 (1H) × 92 (13C) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
11 ppm (13C) and 24 ppm (15N),

B-HNCACB: 1536 (1H) × 128 (13C) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
65 ppm (13C) and 24 ppm (15N),

B-(H)N(CA)NH: 1536 (1H) × 64(15N) × 64 (15N)
complex points and sweep widths of 16.6 ppm (1H),
and 24 ppm (15N).

Sox2_aa115-317_C265A: d1 = 0.2 s.
B-HNCO: 2126 (1H) × 128 (13C) × 128 (15N) com-

plex points and sweep widths of 14 ppm (1H), 7 ppm
(13C) and 22 ppm (15N).

B-HN(CA)CO: 2126 (1H) × 92 (13C) × 92 (15N)
complex points and sweep widths of 14 ppm (1H),
7 ppm (13C) and 22 ppm (15N). Non-uniform sam-
pling at 35%.

B-HNCACB: 2126 (1H) × 128 (13C) × 128 (15N)
complex points and sweep widths of 14 ppm (1H),
60 ppm (13C) and 22 ppm (15N). Non-uniform sam-
pling at 35%.

B-(H)N(CA)NH: 18218(1H) × 92 (15N) × 92 (15N)
complex points and sweep widths of 14 ppm (1H),
and 22 ppm (15N). Non-uniform sampling at 35%.

Spectra were processed with linear prediction of
16 or 32 complex points in both 13C, and 15N dimen-
sions, cosine apodization in 1H and 15N dimensions,
no apodization in 13C dimension, and zero filling to
2048, 512 and 256 complex points in 1H, 13C, and
15N dimensions, respectively. Assignment 2D 1H–
15N HSQC spectra were recorded using at least 1536
(1H) × 256 (15N) complex points and sweep widths
of 16.23 ppm (1H) and 30 ppm (15N), and processed

with zero filling to 4 K and 1 K in the proton and ni-
trogen dimensions, respectively.

1.4. NMR monitoring of phosphorylation re-
actions and production of phosphorylated
peptides

Phosphorylation reactions were carried out using
15N-labeled IDRs at 50 µM, in Hepes 20 mM, NaCl
50 mM, DTT or TCEP at 4 mM, ATP 1.5 mM, MgCl2

at 5 mM, protease inhibitors (Roche), 7.5% D2O,
pH6.8 at 25 °C in 100 µL using 3 mm diameter
Shigemi tubes. We monitored the phosphorylation
kinetics by recording time series of 1H–15N SOFAST-
HMQC spectra on a 600 MHz Bruker Avance II or
a 700 MHz Bruker Avance Neo spectrometer, both
equipped with cryogenically cooled triple resonance
1H[13C/15N] probes optimized for 1H detection.

The kinase was spiked in the IDR sample on
ice just before filling the NMR tube, which was
immediately placed in the spectrometer. About
2 min were necessary to reach a temperature equi-
librium. The automatic shimming procedure was
then executed, and short 1D 1H and 1H(15N-filtered)-
SOFAST-HMQC spectra were recorded before the 2D
spectra.

We recorded 2D spectra during the phosphoryla-
tion reactions as follows: 2D 1H–15N SOFAST-HMQC
experiments were recorded using 2048 (1H) × 96
(15N) complex points and sweep widths of 16.6 ppm
(1H) and 26 ppm (15N), 128 scans and interscan de-
lays of 0.04 s; hence, the acquisition of one spectrum
took 30 min. All spectra were processed zero filling
to 2 K and 1 K in the direct and indirect dimensions,
respectively. No apodization was applied for 1H–15N
SOFAST-HMQC spectra.

After processing spectra in Topspin3, we mea-
sured peak intensities in NMRFAM-SPARKY [1].
Peaks were centered in every spectrum to follow
peak shifting because of pH drifts. Progress curves
were plotted and fitted in Kaleidagraph 4.5. In the
case of the phosphorylation reactions that were not
complete, we used decay curves to normalize phos-
phorylation build-up curves. At the opposite, for the
phosphorylation reactions reaching ∼100%, we used
the phospho-peaks intensities for normalizing the
build-up curves. Detailed descriptions of the meth-
ods can be found in previous reports and published
protocols [2–5].
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1.5. Pull-down assays for interactomic analysis

Mouse Embryonic Stem Cells (mESCs) were har-
vested using a classical trypsin treatment (2×150 cm2

cell culture dishes, 70% confluency). The production
of nuclear extracts was inspired by the procedures
previously published by Gingras and colleagues [6].
Trypsin was blocked, and cell pellets were washed
three times in PBS, before being resuspended in a
first gentle lysis buffer containing HEPES at 10 mM,
KCl at 10 mM, EDTA at 0.5 mM, DTT at 1 mM, PMSF
at 0.5 mM, 1% v/v NP40. After 10 min on ice, the cells
were centrifuged 10 min at 15,000 g. The supernatant
containing the cytosolic fraction was discarded, and
the pellets containing the nuclei were resuspended in
a second lysis buffer containing HEPES at 20 mM, KCl
at 250 mM, EDTA at 0.5 mM, DTT at 1 mM, PMSF
at 0.5 mM, phosphatase inhibitors (2× PhosSTOP,
Roche), 5% v/v glycerol, supplemented with 2 µL
of benzonase (>250 units/µL, E1014 Sigma-Aldrich),
before being sonicated on ice using a microtip son-
icator and 3 pulses of 10 seconds. The lysis of nu-
clei was verified visually under the microscope using
a cell counting chamber. The extract concentration
used for the pull-downs was about 5 mg/mL, as mea-
sured by Bradford protein assay.

The pull-down assays were executed using 25 µL
of streptavidin-coated magnetic beads (Magbeads
streptavidine, Genscript), i.e. 50 µL of resuspended
beads in the storing buffer. After every step described
below, the tubes were placed on a magnetic rack to
collect the beads, while the supernatant was re-
moved with a pipette. The fresh beads were washed
3 times during 5 min in 500 µL of a PBS buffer.
1 nmol of biotinylated (using BirA, see above) AviTag-
chimera peptides (either AviTag-Sox2(aa115-240),
AviTag-Sox2(aa234-317_C265A), phospho-AviTag-
Sox2(aa115-240), or phospho-AviTag-Sox2(aa234-
317_C265A)) were diluted in 500 µL of PBS and in-
cubated with the beads during one hour at room
temperature under rotary agitation. The supernatant
was then removed, the beads were washed 3 times
during 5 min in 500 µL of a PBS buffer.

The mESCs extract (200 µL, generated from 15
million cells) was mixed with the beads, and then in-
cubated during one hour at room temperature un-
der rotary agitation. The supernatant was removed
and the beads were washed 3 times during 5 min in
500 µL of a buffer containing HEPES at 20 mM, KCl

at 250 mM, EDTA at 0.5 mM, DTT at 1 mM, PMSF at
0.5 mM + PhosSTOP 1×.

1.6. Mass spectrometry-based proteomics analy-
sis of pull-down assays

1.6.1. Sample preparation

The beads were resuspended in 100 µL of
25 mM NH4HCO3 and digested by adding 0.2 µg
of trypsin/LysC (Promega) for 1 h at 37 °C. Samples
were then loaded into custom-made C18 StageTips
packed by stacking three AttractSPE® disk (#SPE-
Disks-Bio-C18-100.47.20 Affinisep) into a 200 µL
micropipette tip for desalting. Peptides were eluted
using a ratio of 40:60 CH3CN:H2O + 0.1% formic
acid and vacuum concentrated to dryness with a
SpeedVac apparatus. Peptides were reconstituted in
10 µL of injection buffer in 0.3% trifluoroacetic acid
(TFA) before liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis.

1.6.2. LC-MS/MS analysis

Online chromatography was performed with an
RSLCnano system (Ultimate 3000, Thermo Scientific)
coupled to an Orbitrap Fusion Tribrid mass spec-
trometer (Thermo Scientific). Peptides were trapped
on a C18 column (75 µm inner diameter × 2 cm;
nanoViper Acclaim PepMapTM 100, Thermo Scien-
tific) with buffer A (2/98 MeCN/H2O in 0.1% formic
acid) at a flow rate of 4.0 µL/min over 4 min. Sep-
aration was performed on a 50 cm × 75 µm C18
column (nanoViper Acclaim PepMapTM RSLC, 2 µm,
100 Å, Thermo Scientific) regulated to a temperature
of 55 °C with a linear gradient of 5% to 25% buffer B
(100% MeCN in 0.1% formic acid) at a flow rate of
300 nL/min over 100 min. Peptides were ionized by a
nanospray ionization (NSI) ion source at 2.2 kV. Full-
scan MS in the Orbitrap was set at a scan range of
400–1500 with a resolution at 120,000 and ions from
each full scan were fragmented in higher-energy col-
lisional dissociation mode (HCD) and analyzed in the
linear ion trap in rapid mode. The fragmentation
was set top speed mode in data-dependent analysis
(DDA). We selected ions with charge state from 2+ to
7+ for screening. Normalized collision energy (NCE)
was set to 30, AGC target to 20,000 and the dynamic
exclusion to 30 s.
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1.6.3. Data analysis

For identification, the datasets were searched
against the Mus Musculus (UP000000589) UniProt
database using Sequest HT through proteome dis-
coverer (version 2.2). Enzyme specificity was set
to trypsin and a maximum of two miss cleav-
ages sites were allowed. Oxidized methionine,
phosphorylation of serines, threonines and ty-
rosines, carbamidomethylation of cysteines and
N-terminal acetylation were set as variable mod-
ifications. Maximum allowed mass deviation was
set to 10 ppm for monoisotopic precursor ions
and 0.6 Da for MS/MS peaks. The resulting files
were further processed using myProMS v3.9.3
(https://github.com/bioinfo-pf-curie/myproms;
Poullet et al. [7]). False-discovery rate (FDR) was
calculated using Percolator [8] and was set to 1%
at the peptide level for the whole study. Label-free
quantification was performed using peptide ex-
tracted ion chromatograms (XICs), computed with
MassChroQ [9] v.2.2.1. For protein quantification,
XICs from proteotypic peptides shared between
compared conditions (TopN matching) were used,
missed cleavages and peptide modifications were
not allowed. Median and scale normalization at pep-
tide level was applied on the total signal to correct
the XICs for each biological replicate (N = 2). To esti-
mate the significance of the change in protein abun-
dance, a linear model (adjusted on peptides and
biological replicates) was performed, and p-values
were adjusted using the Benjamini–Hochberg FDR
procedure.

The mass spectrometry proteomics raw data have
been deposited to the ProteomeXchange Consortium

via the PRIDE partner repository dataset [10]: identi-
fier PXD 040573 (reviewer_pxd040573@ebi.ac.uk and
Password: sVM686zJ).

1.7. Recombinant production of Pin1 and NMR
analysis of its interaction with Sox2 or
phospho-Sox2

The plasmid containing the gene coding for the
Pin1-WW domain was a kind gift from Isabelle Lan-
drieu. The production was executed according to
the previously published protocol [11]. The NMR
analysis of binding with phosphoSox2(aa115-240)
were performed with the GST-Pin1-WW construct
and 15N-labeled Sox2(aa115-240) mixed in stoichio-
metric proportions, either at 50 or 10 µM for non-
phospho and phosphoSox2, respectively. The solu-
tion contained Hepes at 20 mM, NaCl at 50 mM, urea
at 0.25 mM (left-overs from Sox2(aa115-240) stock,
stored at 2 M urea for solubility, see above), 5% D2O
and DSS at 0.1 mM, at pH = 7.0. The 2D 1H–15N
SOFAST-HMQC spectra were recorded at 283 K, us-
ing a 600 MHz Bruker Avance II equipped with a cryo-
genically cooled triple resonance 1H[13C/15N] probe
and a 5 mm diameter Shigemi tube.

The experiments were recorded using 1536 (1H)
× 128 (15N) complex points and sweep widths of
16.0 ppm (1H) and 264 ppm (15N), 64 or 128 scans
and interscan delays of 0.04 s. The spectra were pro-
cessed with zero filling to 2 K and 1 K in the direct and
indirect dimensions, respectively. Cosine apodiza-
tion was applied in both dimensions. After process-
ing spectra in Topspin3, we measured peak intensi-
ties in NMRFAM-SPARKY [1], and plotted the inten-
sity ratios in Kaleidagraph 4.5.

https://github.com/bioinfo-pf-curie/myproms
mailto:reviewer_pxd040573@ebi.ac.uk
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2. Supplementary figures

Supplementary Figure S1. Overlays of 2D 1H–15N HSQC spectra of Sox2(aa115-317_C265A) and
Sox2(aa115-187), Sox2(aa115-236) and Sox2(aa115-282_C265A). These spectra have been recorded in a
buffer containing urea at 0.25 M, except for Sox2(aa115-187), at 283 K and 700 MHz.
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Supplementary Figure S2. Caption continued on next page.
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Supplementary Figure S2. (cont.) (a) Overlay of 2D 1H–15N HSQC spectra of Esrrb(aa1-102_C12A-
C72A-C91A) (black) and Esrrb(aa1-102_C12A-C91A) (green); (b) chemical shift perturbations between
the two constructs in (a) using ∆δ = [(∆δ2

1H + (∆δ15N/5)2)/2]1/2; (c) overlay of 2D 1H–15N HSQC spectra
of Esrrb(aa1-102_C12A-C72A-C91A) (black) and Esrrb(aa1-102_C12A-C72A) (orange); (d) chemical shift
perturbations between the two constructs in (a); (e) 2D 1H–15N HSQC spectrum of the N-terminal IDRs of
human Esrrb(aa1-102_C12A-C72A-C91A), the labels indicating the assignments; (f) primary structure of
human Esrrb, and Secondary structure propensities of Esrrb(aa1-102_C12A-C72A-C91A) and Esrrb(aa1-
102_C12A-C72A) calculated from the experimental chemical shifts of the peptide backbone Cα and Cβ,
using the ncSPC algorithm [12,13].

Supplementary Figure S3. (a) Overlay of 2D 1H–15N HSQC spectra of GST-His6-Tev-Esrrb(aa1-102_
C12A-C72A-C91A) (black), Esrrb(aa1-102_C12A-C72A-C91A) (red) and GST-His6-Tev (blue); (b) chem-
ical shift perturbations between the GST-His6-Tev-Esrrb(aa1-102_C12A-C72A-C91A) and Esrrb(aa1-
102_C12A-C72A-C91A) after TEV cleavage, using ∆δ= [(∆δ2

1H + (∆δ15N/5)2)/2]1/2.
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Supplementary Figure S4. Secondary structure propensities calculated from the experimental chemical
shifts of the peptide backbone HN, NH, CO, Cα and Cβ, using the δ2D algorithm [14].
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Supplementary Figure S5. Liquid–liquid phase separation of Sox2_aa115-317 at 4 µM in PBS supple-
mented with Ficoll70 at 100 g/L, observed under differential interference contrast (DIC) (TCS SP8-X
inversed FALCON, Leica, 63× PLAN oil immersion implemented with DIC, Numerical Aperture: 1.4,
Leica).

Supplementary Figure S6. (a–c) SDS-PAGE analysis of binding assays: 1 nmol of biotinylated AviTag-
IDRs (Input: Inp.) were incubated with 25 µL of streptavidin-coated magnetic beads; the 3 washing steps
showed the stability of the binding; the elutions were performed with a Laemmli buffer, which provokes
also the release of the streptavidine, whose band is shown in the last lane and unfortunately overlaps with
the AviTag-IDRs constructs here. (d) We show here one of our tests with a batch of AviTag-Sox2(aa115-
317_C265A), which was partially proteolyzed; this is to show that one of the peptides that do not contain
the AviTag is removed by the first wash.
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3. Supplementary material 3: protein sequences

3.1. GB1

QYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG

3.2. Oct4

3.2.1. Sequence alignment: mammals
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>oct4-human
MAGHLASDFAFSPPPGGGGDGPGGPEPGWVDPRTWLSFQGPPGGPGIGPGVGPGSEVWGIPPCPPPYEFC
GGMAYCGPQVGVGLVPQGGLETSQPEGEAGVGVESNSDGASPEPCTVTPGAVKLEKEKLEQNPEESQDIK
ALQKELEQFAKLLKQKRITLGYTQADVGLTLGVLFGKVFSQTTICRFEALQLSFKNMCKLRPLLQKWVEE
ADNNENLQEICKAETLVQARKRKRTSIENRVRGNLENLFLQCPKPTLQQISHIAQQLGLEKDVVRVWFCN
RRQKGKRSSSDYAQREDFEAAGSPFSGGPVSFPLAPGPHFGTPGYGSPHFTALYSSVPFPEGEAFPPVSV
TTLGSPMHSN

3.2.2. Sequence alignment: vertebrates
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3.2.3. Disorder prediction

https://st-protein.chem.au.dk/odinpred
https://www.nature.com/articles/s41598-020-71716-1

3.2.4. Coding DNA sequences, produced protein constructs

Oct4-aa1-145

Synthesized sequence:
Ccgcgggtgagaacctgtacttccaaggcatggcgggtcacctggcgagcgattttgcgtttagcccgccgccgggtggtggtggtgacggtcc
gggtggcccggaaccgggttgggtggatccgcgtacctggctgagcttccaaggtccgccgggtggcccgggtattggtccgggtgtgggcccg
ggtagcgaggtttggggtattccgccgtgcccgccgccgtacgaattttgcggtggcatggcgtattgcggtccgcaagtgggcgttggtctgg
ttccgcaaggtggcctggaaaccagccagccggagggtgaagcgggcgtgggtgttgagagcaacagcgatggtgcgagcccggaaccgtgcac
cgtgaccccgggtgcggttaagctggagaaggaaaaactggagcagaacccggaggaaagccaagatatcaaggcgctgcagaaagaaaacctg
tactttcaaggtggcgcgggtggcgcgggtggccagtataaactgattctgaacggcaagaccctgaaaggtgaaaccaccaccgaagcggtgg
atgcggcgaccgctgagaaggttttcaaacagtacgcgaacgacaacggcgtggatggcgagtggacctatgacgatgcgaccaagacctttac
cgttaccgaaggtggctaaaagctt

Translates into:
AGENLYFQGMAGHLASDFAFSPPPGGGGDGPGGPEPGWVDPRTWLSFQGPPGGPGIGPGVGPGSEVWGIPPCPPPYEFCGGMAYCGPQVGVGLV
PQGGLETSQPEGEAGVGVESNSDGASPEPCTVTPGAVKLEKEKLEQNPEESQDIKALQKENLYFQGGAGGAGGQYKLILNGKTLKGETTTEAVD
AATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG*

After TEV-cleavage (leaving 1 Gly in N-ter, and ENLYFQ in C-ter) :

10 20 30 40 50 60
G MAGHLASDFA FSPPPGGGGD GPGGPEPGWV DPRTWLSFQG PPGGPGIGPG VGPGSEVWGI

70 80 90 100 110 120
PPCPPPYEFC GGMAYCGPQV GVGLVPQGGL ETSQPEGEAG VGVESNSDGA SPEPCTVTPG

130 140
AVKLEKEKLE QNPEESQDIK ALQKENLYFQ

https://st-protein.chem.au.dk/odinpred
https://www.nature.com/articles/s41598-020-71716-1
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Oct4-aa286-360

Synthesized sequence:
Ccgcgggtgagaacctgtactttcagggcaagcgtagcagcagcgactatgcgcaacgtgaggatttcgaagcggcgggtagcccgtttagcgg
tggcccggtgagcttcccgctggcgccgggtccgcactttggtaccccgggttatggcagcccgcacttcaccgcgctgtatagcagcgttccg
ttcccggagggtgaagcgtttccgccggtgagcgttaccaccctgggcagcccgatgcacagcaacgaaaatctgtactttcagggtggcgcgg
gtggcgcgggtggccaatataagctgatcctgaacggcaagaccctgaaaggcgaaaccaccaccgaagcggtggatgcggcgaccgctgagaa
ggtttttaaacagtacgcgaacgacaacggtgtggatggcgagtggacctatgacgatgcgaccaaaaccttcaccgttaccgaaggtggctaa
aagctt

Translates into:
AGENLYFQGKRSSSDYAQREDFEAAGSPFSGGPVSFPLAPGPHFGTPGYGSPHFTALYSSVPFPEGEAFPPVSVTTLGSPMHSNENLYFQGGAG
GAGGQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG*

After TEV-cleavage (leaving 1 Gly in N-ter, and ENLYFQ in C-ter) :

290 300
G KRSSS DYAQREDFEA

310 320 330 340 350 360
AGSPFSGGPV SFPLAPGPHF GTPGYGSPHF TALYSSVPFP EGEAFPPVSV TTLGSPMHSN ENLYFQG
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3.3. Sox2

3.3.1. Sequence alignment: mammals

>sox2-human
MYNMMETELKPPGPQQTSGGGGGNSTAAAAGGNQKNSPDRVKRPMNAFMVWSRGQRRKMAQENPKMHNSE
ISKRLGAEWKLLSETEKRPFIDEAKRLRALHMKEHPDYKYRPRRKTKTLMKKDKYTLPGGLLAPGGNSMA
SGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNAHGAAQMQPMHRYDVSALQYNSM
TSSQTYMNGSPTYSMSYSQQGTPGMALGSMGSVVKSEASSSPPVVTSSSHSRAPCQAGDLRDMISMYLPG
AEVPEPAAPSRLHMSQHYQSGPVPGTAINGTLPLSHM
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3.3.2. Sequence alignment: vertebrates

3.3.3. Disorder prediction

3.3.4. Coding DNA sequences, produced protein constructs

Sox2-aa1-42

Synthesized sequence :
ccgcgggtgagaacctgtacttccagggcatgtataacatgatggaaaccgaactgaagccgccgggtccgcagcaaaccagcggtggcggtgg
cggtaacagcaccgctgcggcggcgggtggtaaccaaaagaacagcccggaccgtgtgaaataaaagctt
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Translates into :
AGENLYFQGMYNMMETELKPPGPQQTSGGGGGNSTAAAAGGNQKNSPDRVK*

After TEV-cleavage (leaving 1 Gly in N-ter) :

10 20 30 40
G MYNMMETEL KPPGPQQTSG GGGGNSTAAA AGGNQKNSPD RVK

Sox2-aa115-317_C265A

Synthesized sequence :
cgcgggtgagaacctgtacttccagggcaagaccaaaaccctgatgaagaaagacaagtataccctgccgggtggcctgctggcgccgggtggc
aacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtatggacagctacgcgcacatgaacggttggagca
acggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaacgcgcatggtgcggcgcagatgcaaccgatgcaccg
ttacgatgttagcgcgctgcagtataacagcatgaccagcagccaaacctatatgaacggcagcccgacctacagcatgagctatagccaacaa
ggtaccccgggtatggcgctgggtagcatgggcagcgtggttaaaagcgaagcgagcagcagcccgccggtggttaccagcagcagccacagcc
gtgcgccggcgcaagcgggtgacctgcgtgatatgatcagcatgtacctgccgggtgcggaagtgccggaaccggctgcgccgagccgtctgca
catgagccagcactatcaaagcggtccggttccgggcaccgcgattaacggtaccctgccgctgagccacatgtaaaagctt

Translates into :
AGENLYFQGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNAHGAAQMQPMHR
YDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDMISMYLPGAEVPEPAAPSRLH
MSQHYQSGPVPGTAINGTLPLSHM*

After TEV-cleavage (leaving 1 Gly in N-ter) :

120
G KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190 200 210 220 230 240
PQHPGLNAHG AAQMQPMHRY DVSALQYNSM TSSQTYMNGS PTYSMSYSQQ GTPGMALGSM

250 260 270 280 290 300
GSVVKSEASS SPPVVTSSSH SRAPAQAGDL RDMISMYLPG AEVPEPAAPS RLHMSQHYQS

310
GPVPGTAING TLPLSHM

Sox2-aa115-187

Coding sequence – mutation from Sox2-aa115-317_C265A :
Ccgcgggtgagaacctgtacttccagggcaagaccaaaaccctgatgaagaaagacaagtataccctgccgggtggcctgctggcgccgggtgg
caacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtatggacagctacgcgcacatgaacggttggagc
aacggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaactaaaagctt

Translates into :
AGENLYFQGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLN*
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After TEV-cleavage (leaving 1 Gly in N-ter) :

120
G KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190
PQHPGLN

Sox2-aa115-236

Coding sequence – mutation from Sox2-aa115-317_C265A :
ccgcgggtgagaacctgtacttccagggcaagaccaaaaccctgatgaagaaagacaagtataccctgccgggtggcctgctggcgccgggtgg
caacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtatggacagctacgcgcacatgaacggttggagc
aacggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaacgcgcatggtgcggcgcagatgcaaccgatgcacc
gttacgatgttagcgcgctgcagtataacagcatgaccagcagccaaacctatatgaacggcagcccgacctacagcatgagctatagccaaca
aggtaccccgggtatggcgtaaaagctt

Translates into :
AGENLYFQGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNAHGAAQMQPMHR
YDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMA*

After TEV-cleavage (leaving 1 Gly in N-ter) :

120
G KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190 200 210 220 230 240
PQHPGLNAHG AAQMQPMHRY DVSALQYNSM TSSQTYMNGS PTYSMSYSQQ GTPGMA

Sox2-aa115-282_C265A

Coding sequence – mutation from Sox2-aa115-317_C265A :
ccgcgggtgagaacctgtacttccagggcaagaccaaaaccctgatgaagaaagacaagtataccctgccgggtggcctgctggcgccgggtgg
caacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtatggacagctacgcgcacatgaacggttggagc
aacggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaacgcgcatggtgcggcgcagatgcaaccgatgcacc
gttacgatgttagcgcgctgcagtataacagcatgaccagcagccaaacctatatgaacggcagcccgacctacagcatgagctatagccaaca
aggtaccccgggtatggcgctgggtagcatgggcagcgtggttaaaagcgaagcgagcagcagcccgccggtggttaccagcagcagccacagc
cgtgcgccggcgcaagcgggtgacctgcgtgatatgatcagcatgtacctgccgggtgcggaataaaagctt

Translates into :
AGENLYFQGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNAHGAAQMQPMHR
YDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDMISMYLPGAE*
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After TEV-cleavage (leaving 1 Gly in N-ter) :

120
G KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190 200 210 220 230 240
PQHPGLNAHG AAQMQPMHRY DVSALQYNSM TSSQTYMNGS PTYSMSYSQQ GTPGMALGSM

250 260 270 280
GSVVKSEASS SPPVVTSSSH SRAPAQAGDL RDMISMYLPG AE

AviTag-Sox2-115-317_C265A

Coding sequence – mutation from Sox2-aa115-317_C265A :
Ggtaccggcctgaacgacatttttgaagcgcagaagatcgagtggcacgagggcgcgggcaagaccaagaccctgatgaagaaggacaagtata
ccctgccgggtggcctgctggcgccgggtggcaacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtat
ggacagctacgcgcacatgaacggttggagcaacggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaacgcg
catggtgcggcgcagatgcaaccgatgcaccgttacgacgttagcgcgctgcagtataacagcatgaccagcagccaaacctatatgaacggta
gcccgacctacagcatgagctatagccaacagggcaccccgggtatggcgctgggtagcatgggcagcgtggttaaaagcgaggcgagcagcag
cccgccggtggttaccagcagcagccacagccgtgcgccggcgcaggcgggtgacctgcgtgatatgatcagcatgtacctgccgggtgcggaa
gtgccggaaccggcggcgccgagccgtctgcacatgagccaacactatcagagcggtccggttccgggcaccgcgattaacggcaccctgccgc
tgagccatatgtaaaagctt

Translates into :
GTGLNDIFEAQKIEWHEGAGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNA
HGAAQMQPMHRYDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDMISMYLPGAE
VPEPAAPSRLHMSQHYQSGPVPGTAINGTLPLSHM*

Expressed peptide:
MAHHHHHHVGTGLNDIFEAQKIEWHEGAGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLG
YPQHPGLNAHGAAQMQPMHRYDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDM
ISMYLPGAEVPEPAAPSRLHMSQHYQSGPVPGTAINGTLPLSHM*

120
MAHHHHHHVGTGLNDIFEAQKIEWHEGAGG KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190 200 210 220 230 240
PQHPGLNAHG AAQMQPMHRY DVSALQYNSM TSSQTYMNGS PTYSMSYSQQ GTPGMALGSM

250 260 270 280 290 300
GSVVKSEASS SPPVVTSSSH SRAPAQAGDL RDMISMYLPG AEVPEPAAPS RLHMSQHYQS

310
GPVPGTAING TLPLSHM
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AviTag-Sox2-115-240

Coding sequence – mutation from Sox2-aa115-317_C265A :
Ggtaccggcctgaacgacatttttgaagcgcagaagatcgagtggcacgagggcgcgggcaagaccaagaccctgatgaagaaggacaagtata
ccctgccgggtggcctgctggcgccgggtggcaacagcatggcgagcggtgtgggcgttggtgcgggcctgggtgcgggcgtgaaccagcgtat
ggacagctacgcgcacatgaacggttggagcaacggcagctacagcatgatgcaggatcaactgggttatccgcaacatccgggtctgaacgcg
catggtgcggcgcagatgcaaccgatgcaccgttacgacgttagcgcgctgcagtataacagcatgaccagcagccaaacctatatgaacggta
gcccgacctacagcatgagctatagccaacagggcaccccgggtatggcgctgggtagcatgtaaaagctt

Translates into :
GTGLNDIFEAQKIEWHEGAGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLGYPQHPGLNA
HGAAQMQPMHRYDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSM*

Expressed peptide:
MAHHHHHHVGTGLNDIFEAQKIEWHEGAGKTKTLMKKDKYTLPGGLLAPGGNSMASGVGVGAGLGAGVNQRMDSYAHMNGWSNGSYSMMQDQLG
YPQHPGLNAHGAAQMQPMHRYDVSALQYNSMTSSQTYMNGSPTYSMSYSQQGTPGMALGSM*

120
MAHHHHHHVGTGLNDIFEAQKIEWHEGAGG KTKTLM

130 140 150 160 170 180
KKDKYTLPGG LLAPGGNSMA SGVGVGAGLG AGVNQRMDSY AHMNGWSNGS YSMMQDQLGY

190 200 210 220 230 240
PQHPGLNAHG AAQMQPMHRY DVSALQYNSM TSSQTYMNGS PTYSMSYSQQ GTPGMALGSM

AviTag-Sox2-234-317_C265A

Coding sequence – mutation from Sox2-aa115-317_C265A :
ggtaccggcctgaacgacatttttgaagcgcagaagatcgagtggcacgagggcgcgggtatggcgctgggtagcatgggcagcgtggttaaaa
gcgaggcgagcagcagcccgccggtggttaccagcagcagccacagccgtgcgccggcgcaggcgggtgacctgcgtgatatgatcagcatgta
cctgccgggtgcggaagtgccggaaccggcggcgccgagccgtctgcacatgagccaacactatcagagcggtccggttccgggcaccgcgatt
aacggcaccctgccgctgagccatatgtaaaagctt

Translates into :
GTGLNDIFEAQKIEWHEGAGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDMISMYLPGAEVPEPAAPSRLHMSQHYQSGPVPGTAI
NGTLPLSHM*

Expressed peptide:
MAHHHHHHVGTGLNDIFEAQKIEWHEGAGMALGSMGSVVKSEASSSPPVVTSSSHSRAPAQAGDLRDMISMYLPGAEVPEPAAPSRLHMSQHYQ
SGPVPGTAINGTLPLSHM*

140
MAHHHHHHVGTGLNDIFEAQKIEWHEGAG MALGSM

250 260 270 280 290 300
GSVVKSEASS SPPVVTSSSH SRAPAQAGDL RDMISMYLPG AEVPEPAAPS RLHMSQHYQS

310
GPVPGTAING TLPLSHM
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3.4. Nanog

3.4.1. Sequence alignment: mammals

>Nanog-human
MSVDPACPQSLPCFEASDCKESSPMPVICGPEENYPSLQMSSAEMPHTETVSPLPSSMDLLIQDSPDSST
SPKGKQPTSAEKSVAKKEDKVPVKKQKTRTVFSSTQLCVLNDRFQRQKYLSLQQMQELSNILNLSYKQVK
TWFQNQRMKSKRWQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQT
QNIQSWSNHSWNTQTWCTQSWNNQAWNSPFYNCGEESLQSCMQFQPNSPASDLEAALEAAGEGLNVIQQT
TRYFSTPQTMDLFLNYSMNMQPEDV
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3.4.2. Sequence alignment: vertebrates

3.4.3. Disorder prediction

3.4.4. Coding DNA sequences, produced protein constructs

Nanog-aa1-85

Name Genscript : TEV-NanogNter

Coding sequence (mutated from Nanog-aa1-85-Tev):
Caattggtgaaaatctgtacttccagggcatgtccgtcgatccggcgtgtccgcagagcctgccgtgctttgaagcgagcgactgtaaagaatc
gagcccgatgccggtcatttgcggcccggaagaaaactatccgtctctgcagatgagctctgcagaaatgccgcatacggaaaccgtgagcccg
ctgccgagttccatggatctgctgatccaggatagtccggactcatcgacgtccccgaaaggtaaacaaccgaccagcgcggaaaaatctgtgg
cctaaaagctt

Translates into :
IGENLYFQGMSVDPACPQSLPCFEASDCKESSPMPVICGPEENYPSLQMSSAEMPHTETVSPLPSSMDLLIQDSPDSSTSPKGKQPTSAEKSVA
*

Before TEV-cleavage:

GST-His-Tev_NanogCter_aa1-85

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDGSTSGSGHHHHHHSAGLVPRGSTAIGENLYFQGMSVDPACPQSLPCFEASDCKESSPMPVIC
GPEENYPSLQMSSAEMPHTETVSPLPSSMDLLIQDSPDSSTSPKGKQPTSAEKSVA*

Number of amino acids: 338
Molecular weight: 38016.43
Theoretical pI: 5.54
Total number of negatively charged residues (Asp + Glu): 47
Total number of positively charged residues (Arg + Lys): 35
Ext. coefficient 46340
Abs 0.1% (=1 g/l) 1.219, assuming all pairs of Cys residues form cystines
Ext. coefficient 45840
Abs 0.1% (=1 g/l) 1.206, assuming all Cys residues are reduced
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After Tev-cleavage (leaving 1 Gly in N-ter) :
GMSVDPACPQSLPCFEASDCKESSPMPVICGPEENYPSLQMSSAEMPHTETVSPLPSSMDLLIQDSPDSSTSPKGKQPTSAEKSVA

10 20 30 40 50 60
G MSVDPACPQS LPCFEASDCK ESSPMPVICG PEENYPSLQM SSAEMPHTET VSPLPSSMDL

70 80
LIQDSPDSST SPKGKQPTSA EKSVA

Nanog-aa154-305-Tev

Synthesized sequence :
Ccgcgggtgagaacctgtacttccaaggcatggcgggtcacctggcgagcgattttgcgtttagcccgccgccgggtggtggtggtgacggtcc
gggtggcccggaaccgggttgggtggatccgcgtacctggctgagcttccaaggtccgccgggtggcccgggtattggtccgggtgtgggcccg
ggtagcgaggtttggggtattccgccgtgcccgccgccgtacgaattttgcggtggcatggcgtattgcggtccgcaagtgggcgttggtctgg
ttccgcaaggtggcctggaaaccagccagccggagggtgaagcgggcgtgggtgttgagagcaacagcgatggtgcgagcccggaaccgtgcac
cgtgaccccgggtgcggttaagctggagaaggaaaaactggagcagaacccggaggaaagccaagatatcaaggcgctgcagaaagaaaacctg
tactttcaaggtggcgcgggtggcgcgggtggccagtataaactgattctgaacggcaagaccctgaaaggtgaaaccaccaccgaagcggtgg
atgcggcgaccgctgagaaggttttcaaacagtacgcgaacgacaacggcgtggatggcgagtggacctatgacgatgcgaccaagacctttac
cgttaccgaaggtggctaaaagctt

Translates into :
ENLYFQGQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPF
YNCGEESLQSCMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDVENLYFQGGAGGAGGQYKLILNGKTLKGET
TTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG*

Bfore TEV-cleavage:

GST-His-Tev_NanogCter_aa154-305_Tev-GB1 from pET41a+

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDGSTSGSGHHHHHHSAGLVPRGSTAIGMKETAENLYFQGQKNNWPKNSNGVTQKASAPTYPSL
YSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPFYNCGEESLQSCMQFQPNSPASDLEAALEAAG
EGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDVENLYFQGGAGGAGGQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDD
ATKTFTVTEGG

After Tev-cleavage (leaving 1 Gly in N-ter and ENLYFQ in C-ter) :

GQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPFYNCGEE
SLQSCMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDVENLYFQ

160 170 180
G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210 220 230 240
YHQGCLVNPT GNLPMWSNQT WNNSTWSNQT QNIQSWSNHS WNTQTWCTQS WNNQAWNSPF

250 260 270 280 290 300
YNCGEESLQS CMQFQPNSPA SDLEAALEAA GEGLNVIQQT TRYFSTPQTM DLFLNYSMNM

QPEDV ENLYFQ
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Nanog-aa154-305

Coding sequence (mutated from Nanog-aa154-305-Tev):
ccgcgggtgaaaacctgtacttccagggtcaaaagaacaactggccgaaaaacagcaacggtgtgacccaaaaggcgagcgcgccgacctatcc
gagcctgtacagcagctatcaccagggttgcctggttaacccgaccggcaacctgccgatgtggagcaaccaaacctggaacaacagcacctgg
agcaaccagacccaaaacatccagagctggagcaaccacagctggaacacccagacctggtgcacccaaagctggaacaaccaggcgtggaaca
gcccgttctacaactgcggcgaggaaagcctgcaaagctgcatgcagtttcaaccgaacagcccggcgagcgacctggaggcggcgctggaagc
ggcgggtgaaggcctgaacgtgatccagcaaaccacccgttacttcagcaccccgcaaaccatggacctgtttctgaactatagcatgaacatg
cagccggaggatgtttaaaagctt

Translates into :
ENLYFQGQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPF
YNCGEESLQSCMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDVENLYFQGGAGGAGGQYKLILNGKTLKGET
TTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG*

After Tev-cleavage (leaving 1 Gly in N-ter) :

GQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPFYNCGEE
SLQSCMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDV*

160 170 180
G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210 220 230 240
YHQGCLVNPT GNLPMWSNQT WNNSTWSNQT QNIQSWSNHS WNTQTWCTQS WNNQAWNSPF

250 260 270 280 290 300
YNCGEESLQS CMQFQPNSPA SDLEAALEAA GEGLNVIQQT TRYFSTPQTM DLFLNYSMNM

QPEDV

Nanog-aa154-215-Tev

Coding sequence (mutated from Nanog-aa154-305-Tev):
Ccgcgggtgaaaacctgtacttccagggtcaaaagaacaactggccgaaaaacagcaacggtgtgacccaaaaggcgagcgcgccgacctatcc
gagcctgtacagcagctatcaccagggttgcctggttaacccgaccggcaacctgccgatgtggagcaaccaaacctggaacaacagcacctgg
agcaaccagacccaaaacatccagagcgaaaacctgtactttcaaggtggcgcgggtggcgcgggtggccagtataagctgattctgaacggca
agaccctgaaaggcgaaaccaccaccgaggcggtggatgcggcgaccgctgagaaggttttcaaacagtacgcgaacgacaacggtgtggatgg
cgaatggacctatgacgatgcgaccaaaacctttaccgttaccgagggtggctaaaagctt

Translates into:

AGENLYFQGQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSENLYFQGGAGGAGGQYKLILNGK
TLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTEGG

After Tev-cleavage (leaving 1 Gly in N-ter and ENLYFQ in C-ter) :

GQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSENLYFQ
160 170 180

G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210
YHQGCLVNPT GNLPMWSNQT WNNSTWSNQT QNIQS ENLYFQ
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Nanog-aa154-272-Tev

Coding sequence (mutated from Nanog-aa154-305-Tev):
Ccgcgggtgaaaacctgtacttccagggtcaaaagaacaactggccgaaaaacagcaacggtgtgacccaaaaggcgagcgcgccgacctatcc
gagcctgtacagcagctatcaccagggttgcctggttaacccgaccggcaacctgccgatgtggagcaaccaaacctggaacaacagcacctgg
agcaaccagacccaaaacatccagagctggagcaaccacagctggaacacccagacctggtgcacccaaagctggaacaaccaggcgtggaaca
gcccgttctacaactgcggcgaggaaagcctgcaaagctgcatgcagtttcaaccgaacagcccggcgagcgacctggaggcggcgctggaagc
ggcgggtgaagaaaacctgtactttcaaggtggcgcgggtggcgcgggtggccagtataagctgattctgaacggcaagaccctgaaaggcgaa
accaccaccgaggcggtggatgcggcgaccgctgagaaggttttcaaacagtacgcgaacgacaacggtgtggatggcgaatggacctatgacg
atgcgaccaaaacctttaccgttaccgagggtggctaaaagctt

Translates into:
AGENLYFQGQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNS
PFYNCGEESLQSCMQFQPNSPASDLEAALEAAGEENLYFQGGAGGAGGQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDD
ATKTFTVTEGG*

After Tev-cleavage (leaving 1 Gly in N-ter and ENLYFQ in C-ter) :

GQKNNWPKNSNGVTQKASAPTYPSLYSSYHQGCLVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWCTQSWNNQAWNSPFYNCGEE
SLQSCMQFQPNSPASDLEAALEAAGEENLYFQ

160 170 180
G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210 220 230 240
YHQGCLVNPT GNLPMWSNQT WNNSTWSNQT QNIQSWSNHS WNTQTWCTQS WNNQAWNSPF

250 260 270
YNCGEESLQS CMQFQPNSPA SDLEAALEAA GE ENLYFQG

Nanog-aa154-305_4C4A

Coding sequence (mutated from Nanog-aa154-305-Tev):
Ccgcgggtgagaatctgtatttccaaggcaaaaacaactggccgaagaacagcaatggtgtgacccaaaaagcgagcgcgccgacctatccgag
cctgtacagcagctatcaccaaggtgcgctggtgaacccgaccggtaacctgccgatgtggagcaaccaaacctggaacaacagcacctggagc
aaccagacccaaaacatccagagctggagcaaccacagctggaacacccagacctgggcgacccaaagctggaacaaccaggcgtggaacagcc
cgttctacaacgcgggcgaggaaagcctgcagagcgcgatgcagtttcaaccgaacagcccggcgagcgacctggaggcggcgctggaagcggc
gggtgaaggcctgaacgttattcagcaaaccacccgttatttcagcaccccgcaaaccatggacctgtttctgaattatagcatgaatatgcag
ccggaggatgtgtaaaagctt

Translates into:
AGENLYFQGKNNWPKNSNGVTQKASAPTYPSLYSSYHQGALVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWATQSWNNQAWNSP
FYNAGEESLQSAMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDV*
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After Tev-cleavage (leaving 1 Gly in N-ter)

GKNNWPKNSNGVTQKASAPTYPSLYSSYHQGALVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWATQSWNNQAWNSPFYNAGEES
LQSAMQFQPNSPASDLEAALEAAGEGLNVIQQTTRYFSTPQTMDLFLNYSMNMQPEDV

160 170 180
G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210 220 230 240
YHQGALVNPT GNLPMWSNQT WNNSTWSNQT QNIQSWSNHS WNTQTWATQS WNNQAWNSPF

250 260 270 280 290 300
YNAGEESLQS AMQFQPNSPA SDLEAALEAA GEGLNVIQQT TRYFSTPQTM DLFLNYSMNM

QPEDV

Nanog-aa154-272_4C4A

Coding sequence (mutated from Nanog-aa154-305_4C4A):
Ccgcgggtgagaatctgtatttccaaggcaaaaacaactggccgaagaacagcaatggtgtgacccaaaaagcgagcgcgccgacctatccgag
cctgtacagcagctatcaccaaggtgcgctggtgaacccgaccggtaacctgccgatgtggagcaaccaaacctggaacaacagcacctggagc
aaccagacccaaaacatccagagctggagcaaccacagctggaacacccagacctgggcgacccaaagctggaacaaccaggcgtggaacagcc
cgttctacaacgcgggcgaggaaagcctgcagagcgcgatgcagtttcaaccgaacagcccggcgagcgacctggaggcggcgctggaagcggc
gggtgaataaaagctt

Translates into:
AGENLYFQGKNNWPKNSNGVTQKASAPTYPSLYSSYHQGALVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWATQSWNNQAWNSP
FYNAGEESLQSAMQFQPNSPASDLEAALEAAGE

After Tev-cleavage (leaving 1 Gly in N-ter) :
GKNNWPKNSNGVTQKASAPTYPSLYSSYHQGALVNPTGNLPMWSNQTWNNSTWSNQTQNIQSWSNHSWNTQTWATQSWNNQAWNSPFYNAGEES
LQSAMQFQPNSPASDLEAALEAAGE

160 170 180
G QKNNWPK NSNGVTQKAS APTYPSLYSS

190 200 210 220 230 240
YHQGALVNPT GNLPMWSNQT WNNSTWSNQT QNIQSWSNHS WNTQTWATQS WNNQAWNSPF

250 260 270
YNAGEESLQS AMQFQPNSPA SDLEAALEAA GE
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3.5. Esrrb

3.5.1. Sequence alignment: mammals

>sp|O95718|ERR2_HUMAN Steroid hormone receptor ERR2 OS=Homo sapiens GN=ESRRB PE=1 SV=2
MSSDDRHLGSSCGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGLALGTHANGLDSPP
MFAGAGLGGTPCRKSYEDCASGIMEDSAIKCEYMLNAIPKRLCLVCGDIASGYHYGVASC
EACKAFFKRTIQGNIEYSCPATNECEITKRRRKSCQACRFMKCLKVGMLKEGVRLDRVRG
GRQKYKRRLDSESSPYLSLQISPPAKKPLTKIVSYLLVAEPDKLYAMPPPGMPEGDIKAL
TTLCDLADRELVVIIGWAKHIPGFSSLSLGDQMSLLQSAWMEILILGIVYRSLPYDDKLV
YAEDYIMDEEHSRLAGLLELYRAILQLVRRYKKLKVEKEEFVTLKALALANSDSMYIEDL
EAVQKLQDLLHEALQDYELSQRHEEPWRTGKLLLTLPLLRQTAAKAVQHFYSVKLQGKVP
MHKLFLEMLEAKVGQEQLRGSPKDERMSSHDGKCPFQSAAFTSRDQSNSPGIPNPRPSSP TPLNERGRQISPSTRTPGGQGKHLWLTM
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3.5.2. Sequence alignment: vertebrates
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3.5.3. Disorder prediction

3.5.4. Coding DNA sequences, produced protein constructs

Esrrb-h_aa1-102_C12A-C72A-C91A

Synthesized sequence:
Ccgcgggtgagaacctgtacttccagggcatgagcagcgaagatcgtcacctgggtagcagcgcgggcagctttattaaaaccgagccgagcag
cccgagcagcggtattgatgcgctgagccaccatagcccgagcggtagcagcgatgcgagcggtggcttcggtattgcgctgagcacccatgcg
aacggtctggatagcccgccgatgtttgcgggtgcgggcctgggtggcaacccggcgcgtaaaagctacgaagactgcaccagcggcatcatgg
aggatagcgcgattaaggcggaatatatgctgaacgcgattccgaaacgtctgtaaaagctt

Translates into:
AGENLYFQGMSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIME
DSAIKAEYMLNAIPKRL*

Expressed peptide:

GST-His-Tev-Esrrb(aa1-102)_C12A-C72A-C91A

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLQGWQATFGGGDHPPKSDGSTSGSGHHHHHHSAGENLYFQGMSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSS
DASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYMLNAIPKRL

After Tev-cleavage (leaving 1 Gly in N-ter) :

GMSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEY
MLNAIPKRL

10 20 30 40 50 60
G MSSEDRHLGS SAGSFIKTEP SSPSSGIDAL SHHSPSGSSD ASGGFGIALS THANGLDSPP

70 80 90 100
MFAGAGLGGN PARKSYEDCT SGIMEDSAIK AEYMLNAIPK RL
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Esrrb-h_aa1-102_C12A-C91A

Coding sequence (mutated from Esrrb-h_aa-102_C12A-C72A-C91A):
Ccgcgggtgagaacctgtacttccagggcatgagcagcgaagatcgtcacctgggtagcagcgcgggcagctttattaaaaccgagccgagcag
cccgagcagcggtattgatgcgctgagccaccatagcccgagcggtagcagcgatgcgagcggtggcttcggtattgcgctgagcacccatgcg
aacggtctggatagcccgccgatgtttgcgggtgcgggcctgggtggcaacccgtgccgtaaaagctacgaagactgcaccagcggcatcatgg
aggatagcgcgattaaggcggaatatatgctgaacgcgattccgaaacgtctgtaaaagctt

Translates into:
AGENLYFQGMSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPCRKSYEDCTSGIME
DSAIKAEYMLNAIPKRL*

After Tev-cleavage (leaving 1 Gly in N-ter) :
GMSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPCRKSYEDCTSGIMEDSAIKAEY
MLNAIPKRL

10 20 30 40 50 60
G MSSEDRHLGS SAGSFIKTEP SSPSSGIDAL SHHSPSGSSD ASGGFGIALS THANGLDSPP

70 80 90 100
MFAGAGLGGN PCRKSYEDCT SGIMEDSAIK AEYMLNAIPK RL

Esrrb-h_aa1-102_C12A-C72A-C91A_AviTag-His6

Synthesized sequence:
Ccgcgggtgagaacctgtacttccagggcatgagcagcgaagatcgtcacctgggtagcagcgcgggcagctttattaaaaccgagccgagcag
cccgagcagcggtattgatgcgctgagccaccatagcccgagcggtagcagcgatgcgagcggtggcttcggtattgcgctgagcacccatgcg
aacggtctggatagcccgccgatgtttgcgggtgcgggcctgggtggcaacccggcgcgtaaaagctacgaagactgcaccagcggcatcatgg
aggatagcgcgattaaggcggaatatatgctgaacgcgattccgaaacgtctgtaaaagctt

Translates into:
MSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLE

Expressed peptide:
MSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLEHHHHHH*

Expressed peptide:
MSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLEHHHHHH

10 20 30 40 50 60
MSSEDRHLGS SAGSFIKTEP SSPSSGIDAL SHHSPSGSSD ASGGFGIALS THANGLDSPP

70 80 90 100
MFAGAGLGGN PARKSYEDCT SGIMEDSAIK AEYMLNAIPK RL GLNDIFEAQKIEWHEGAGLEHHHHHH
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Esrrb-h_aa1-102_C12A-C72A_AviTag-His6

Coding sequence (mutated from Esrrb-h_aa-102_C12A-C72A-C91A_AviTag-His6):
Catatgagcagcgaagaccgtcacctgggtagcagcgcgggtagctttattaagaccgaaccgagcagcccgagcagcggcattgatgcgctga
gccatcatagcccgagcggtagcagcgatgcgagcggtggcttcggtattgcgctgagcacccatgcgaacggtctggatagcccgccgatgtt
tgcgggtgcgggcctgggtggcaacccggcgcgtaagagctacgaggactgcaccagcggcatcatggaggatagcgcgattaagtgcgaatat
atgctgaacgcgattccgaaacgcctgggcctgaacgacatttttgaagcgcagaagattgagtggcatgagggtgcgggcctcgag

Translates into:
MSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKCEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLE

Expressed peptide:
MSSEDRHLGSSAGSFIKTEPSSPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKCEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLEHHHHHH

10 20 30 40 50 60
MSSEDRHLGS SAGSFIKTEP SSPSSGIDAL SHHSPSGSSD ASGGFGIALS THANGLDSPP

70 80 90 100
MFAGAGLGGN PARKSYEDCT SGIMEDSAIK CEYMLNAIPK RL GLNDIFEAQKIEWHEGAGLEHHHHHH

Esrrb-h_aa1-102_C12A-C72A-C91A-S22A_AviTag-His6

Coding sequence (mutated from Esrrb-h_aa-102_C12A-C72A-C91A_AviTag-His6):
Catatgagcagcgaagaccgtcacctgggtagcagcgcgggtagctttattaagaccgaaccgagcgcgccgagcagcggcattgatgcgctga
gccatcatagcccgagcggtagcagcgatgcgagcggtggcttcggtattgcgctgagcacccatgcgaacggtctggatagcccgccgatgtt
tgcgggtgcgggcctgggtggcaacccggcgcgtaagagctacgaggactgcaccagcggcatcatggaggatagcgcgattaaggcggaatat
atgctgaacgcgattccgaaacgcctgggcctgaacgacatttttgaagcgcagaagattgagtggcatgagggtgcgggcctcgag

Translates into:
MSSEDRHLGSSAGSFIKTEPSAPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLE

Expressed peptide:
MSSEDRHLGSSAGSFIKTEPSAPSSGIDALSHHSPSGSSDASGGFGIALSTHANGLDSPPMFAGAGLGGNPARKSYEDCTSGIMEDSAIKAEYM
LNAIPKRLGLNDIFEAQKIEWHEGAGLEHHHHHH*

10 20 30 40 50 60
MSSEDRHLGS SAGSFIKTEP SAPSSGIDAL SHHSPSGSSD ASGGFGIALS THANGLDSPP

70 80 90 100
MFAGAGLGGN PARKSYEDCT SGIMEDSAIK AEYMLNAIPK RL GLNDIFEAQKIEWHEGAGLEHHHHHH
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