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NANOG Assembles into Self-Limiting Aging Micelles That Drive
a Sol-Gel Transition and Modulate DNA Dynamics
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Proteins and nucleic acids form non-Newtonian liquids with complex rheological properties that
contribute to their function in vivo. Here, we investigate the rheology of the transcription factor NANOG, a
key protein to maintain embryonic stem cell pluripotency. We find that, at high concentrations, NANOG
forms macroscopic aging gels that are dependent on its intrinsically disordered domain. By combining
molecular dynamics simulations, mass photometry, and cryo-EM, we also discover that—in contrast to
unbounded condensates formed by other intrinsically disordered proteins—NANOG forms self-limiting
micelles with exposed DNA-binding domains. We show that these micelles can stabilize DNA
entanglements and, in turn, modulate DNA dynamics. Based on our findings, we conjecture that NANOG
may contribute to regulate gene expression by creating local gel-like environments that restrict genome
dynamics and that its aging may ingrain mechanical memory in gene regulatory networks.

DOI: 10.1103/sj9b-dewd

Cell fate is regulated by transcription factors (TFs),
proteins that bind DNA and regulate gene expression [1].
NANOG is a TF required in embryonic stem cells (ESC) to
maintain a pluripotent state and prevent differentiation
[2-7]. However, the physical mechanisms through which
NANOG controls cell fate in ESC are not known.

Recent work has suggested that DNA bridging [8],
liquid-liquid phase separation [9—11], and oligomerization
[12,13] may underpin NANOG biological function. The
former is enabled by NANOG’s DNA binding domain,
whereas the latter two require its intrinsically disordered
region or “tryptophan repeat” [WR; see Fig. 1(a)].
Importantly, NANOG variants that display mutations in
either the WR domain (W10A mutant) or the DNA binding
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homeodomain (N51A mutant) fail to maintain ESC pluri-
potency [14,15] [see Fig. 1(a)].

Currently, it is hypothesized that NANOG requires DNA
binding and oligomerization to bring together distant specific
enhancers and promoters [17] to coordinate gene expression
and maintain pluripotency. However, there is no evidence of
major genome spatial reorganization following NANOG
overexpression in vivo [8,18]. Thus, it remains poorly under-
stood why these domains are essential for ESC self-renewal.

To better understand the physical principles underpin-
ning NANOG function in vivo, we decided to investigate
the material and flow properties of NANOG and DNA-
NANOG complex fluids. Specifically, we combined
experiments and simulations to characterize the microscale
assembly of mouse NANOG proteins and connected it to
the macroscale properties of its biological complex fluids.

Our main discovery is that NANOG forms self-limited
aging micellelike amorphous clusters with surface-exposed
DNA-binding domains, in turn acting as an aging cross-
linker of DNA entanglements. In line with other intrinsi-
cally disordered DNA- and RNA-binding proteins [19-22],
NANOG complex fluids display gelling and aging; how-
ever, opposite to previously seen unbounded condensates,
NANOG gels are formed by self-limited micelles.

Published by the American Physical Society
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NANOG solutions form macroscopic aging gels. (a) NANOG protein is made of five domains: N-terminal domain (ND), DNA

binding domain (HD), C-terminal domains (CD1,2), and an intrinsically disordered tryptophan repeat (WR). Arrows point to the mutation
sites for N51A and W10A. (b) Electrophoretic mobility shift assay of NANOG mutants at different DNA:protein ratios. Each lane contains
5 nM of a 26-bp dsDNA oligomer. (M = monomer, C=DNA-NANOG complex, O = oligomer). (c) Photographs of ~milliliter samples of
purified NANOG mutants aged at | mM overnight at 37 °C. WT and N51A form nonpipettable gels, whereas W10A remains liquid. These
photos were taken after the samples were scooped out of Eppendorf tubes and could, therefore, be damaged. The scale bar is 2 mm. (d)-
(f) Microrheology of the three NANOG mutants over the course of 12 h at I mM and at 37 °C. (g) Only WT and N51A show a 10*-fold
increase in viscosity. (h) Elastic (G’) and viscous (G”) moduli for four aging times (see Supplemental Material [16] for more time points).
(i) WT and N51A fluids show significant increase in elastic plateau, computed as G, = G'(w = 10 Hz).

Our observations support the experimentally testable
conjecture that NANOG micelle assemblies may be
designed to regulate the genome’s dynamics (rather than
its folding) by restricting the diffusion of key genomic sites
and by ingraining mechanical memory through aging.

Gelling and aging of NANOG solutions—To better
understand the physical principles underpinning the
physiological functions of NANOG—and inspired by other
recent works on intrinsically disordered proteins [19,21]—
we investigated the flow properties of NANOG complex
fluids. We considered NANOG wild type (WT), its variant
carrying a single-residue mutation in the DNA binding
domain (N51A), and its mutant where all ten tryptophans in
the WR are replaced by alanines (W10A). Both these
mutants are not functional in vivo; i.e., they lack the ability
to maintain ESC self-renewal [14,23], suggesting that these
domains are essential to NANOG function.

To quantify DNA binding and oligomerization, we
performed an electrophoretic mobility shift assay: NANOG
proteins were incubated with a 26-bp DNA fragment
which is specifically bound by WT NANOG [24] and
then run on a gel. DNA bound to proteins migrate slower
than free DNA, and we can, thus, visualize DNA binding
and oligomerization of the mutants [Fig. 1(b)]. As
expected, the N5S1A mutant exhibits substantially reduced
DNA-binding affinity [attenuation of DNA-protein com-
plex (C) and oligomerization (O) bands], while W10A
lacks the oligomeric (O) band formed by the WT at high
protein concentration [13,14]. These results suggest that the

intrinsically disordered WR domain is necessary for
NANOG to create oligomeric complexes.

Given the analogy between the WR domain of NANOG
and that of other proteins with intrinsically disordered
domains, we decided to investigate if the WR was required
for NANOG to display non-Newtonian liquid properties,
such as gelling, phase separation, or aging [19,21]. We,
thus, incubated 1 mM NANOG WT, N51A, and WI10A at
37°C overnight and noticed that both WT and N51A
underwent a sol-gel transition while W10A remained a
pipettable liquid [Fig. 1(c)]. Since performing a systematic
bulk rheology study on ~milliliter of NANOG protein at
high concentration is not feasible, we turned to micro-
rheology [25-27] to quantify the gelation timescales and
the gels’ rheological properties. Microrheology is well
suited to sample the passive rheological behavior of small
quantities (uL) of fluids through short (~2 min) videos,
which are much shorter than the typical aging time of
protein fluids [19]. On the contrary, bulk rheology and
active microrheology would require larger sample volumes
or longer measurement times [21]. Using microrheology,
we measured the 2D mean squared displacement (MSD) of
passive tracers embedded in the NANOG solutions as
(Ar* (1)) = ([r(ty + 1) —r(ty)]?), where r(¢) is the position
of the tracer at time ¢ and the average is performed over
tracers and initial times #;. The tracers in both 1 mM WT
and N51A displayed subdiffusive behavior ((Ar?) ~
with a < 1) within 4-6 h of incubation at 37°C
[Figs. 1(d) and 1(e)], in turn indicating the onset of
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elasticity and gelling [21,28]. On the contrary, tracers
embedded in the 1 mM WI10A solution remained freely
diffusive ((Ar?) ~ ) at all times [Fig. 1(f)]. This strongly
suggests that loss of tryptophans in the WR, which abolish
oligomerization [14], also prevent gel formation. After 12 h
of incubation, the effective viscosity of the WT and N51A
solutions—obtained as n = kzT/(37aD), with a the diam-
eter of the tracer and D = lim,_, o, (Ar?(¢)) /4t the diffusion
coefficient [29]—was 10 000-fold larger than the original
solution [Fig. 1(g)]. This result was unaffected by the
tracers’ size and passivation considered (see Supplemental
Material [16]).

We further quantified the aging process through the
generalized  Stokes-Finstein  relation  [25,27,28,30],
G*(w) = (kgT)/(maiwF ,[(Ar?)]), which allows us to
compute the elastic and viscous shear moduli [G'(®)
and G"(w)] from the MSDs. In Fig. 1(h), we show that,
around 5 h, the elastic modulus dominates over the viscous
one across frequencies, in turn identifying this as the
gelation point. The elasticity of the WT and N51A samples
also grows 10000-fold over 12 h; however, the W10A
mutant displays no onset of elasticity [Fig. 1(i)], in line with
the previous observation that WR is necessary to mediate
NANOG oligomeric assembly.

Interestingly, we do not observe sol-gel transition at
room temperature for 1 mM WT protein solution (see
Supplemental Material, Fig. S5 [16]). This suggests that the
aging process is facilitated by the reconfiguration of the
intrinsically disordered WR domain within NANOG oli-
gomeric assemblies, which can more readily explore a
rugged free energy landscape at higher temperatures. This
behavior is in line with the aging Maxwell fluids model
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[19]; however, our time-cure superposition analysis does
not align with the one expected for simple Maxwell fluids
and instead displays multiple characteristic timescales
which we will explore further in the future (see
Supplemental Material Fig. S2 [16] for details).
Simulations reveal NANOG assembles into self-limiting
micelles—To better understand the gelation observed in
Fig. 1, we decided to simulate NANOG proteins using the
Mpipi framework: a residue-level model parametrized on
both bioinformatics data and all-atom simulations [31]. We
simulated M = 50 NANOG proteins, each consisting of
N = 305 amino acids. The proteins were initially uniformly
distributed in an elongated simulation box corresponding to
an overall density of p = 0.1 g/cm?. The system was then
evolved in the NVT ensemble using LAMMPS [32] with
implicit solvent at a temperature of 7 = 300 K. A time step
of 10 fs was used for integration over approximately 2 x 10°
steps (i.e., 20 ps), and we ran three independent replicas
(see Supplemental Material [16] for details). We observed
that, at equilibrium, NANOG WT proteins assembled into
clusters characterized by a well-defined size of approxi-
mately 30 proteins [see Fig. 2(a)]. On the contrary,
simulations of WI10A displayed no clusters (see
Supplemental Material, Fig. S1 [16]). Although the clusters’
composition was dynamic [Fig. 2(b)], the overall number of
molecules per cluster remained the same throughout the
simulation, in turn suggesting that the proteins assembled in
self-limited, yet dynamic, clusters. To further characterize
the internal structure of NANOG assemblies, we computed
the distances of the domains from the center of mass of the
cluster. The radial distributions reveal that NANOG mol-
ecules form a micellelike structure, where the WR occupies
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FIG. 2. NANOG forms micellelike self-limited clusters through their WR. (a) Snapshot from equilibrated simulations of NANOG made
of M = 50 proteins, each N = 305 amino acids long at T = 300 K and p = 0.1 g/cm?®. Green, orange, pink, and blue represent the
different NANOG domains as in Fig. 1(a). The system assembles into two disjoint clusters. (b) Time evolution of the number of molecules
forming the two main clusters and the third smaller cluster of molecules. (c) Distribution of distances between the cluster center of mass to
the residues in the different domains: N-terminal domain (ND, orange), homeodomain (HD, blue), and tryptophan repeat (WR, pink).
(d) Simulated forced mixing of clusters (colored red and blue) and reequilibration leading to the reestablishment of two disjoint clusters
made of a different combination of molecules. (e) Top: representative cryo-EM motion corrected micrograph (scale bar 50 nm). Bottom: 2D
classes of objects showing heterogeneous and “disordered” assembly. Box size is 364 A; mask is 240 A, approximately the size of ~20-30
NANOG molecules. (f) Mass photometry showing peaks at weight corresponding to ~22-25 NANOGs per cluster. (g) dynamic light
scattering quantifying the hydrodynamic size of clusters in samples of NANOG incubated at 37 °C and different times.
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the cluster core, the DNA binding domain occupies the
intermediate layer, and the N-terminal domain forms the
outer layer [Fig. 2(c)]. Similar micellelike organization was
observed in simulations of human NANOG; however, the
observed cluster size was larger [33], possibly because of
the different number of tryptophans in the domain.

To test the stability of the assemblies, we artificially
forced mixing of the clusters into one larger cluster, removed
the mixing forces, and let the system reequilibrate for 20 ps
[Fig. 2(d)]. Strikingly, we observed the reorganization of the
assemblies into two distinct clusters formed by two new
subsets of proteins. This clearly suggests that NANOG may
behave similarly to a block copolymer, forming thermody-
namically stable self-limited micellelike assemblies [34].

Experimental validation of self-limiting NANOG
assemblies—To experimentally test the prediction of our
simulations, we performed cryo-EM, mass photometry, and
dynamic light scattering. Cryo-EM reproducibly identified
NANOG complexes that were monodisperse in size,
approximately 25 nm, and compatible with the size
expected for a globular assembly of 20-30 NANOG
monomers [Fig. 2(e)]. However, the assemblies were
heterogeneous in shape and did not lock into a discrete
conformational space; in turn, we could not solve their
structure [35]. This suggests that NANOG complexes
assume an amorphous internal organization, which is
typical of intrinsically disordered proteins and is in agree-
ment with our simulations. Mass photometry also identified
assemblies with molecular weight My, ~ 0.8 MDa, com-
patible with ~22-25 NANOG WT monomers [Fig. 2(f)].
Finally, we performed dynamic light scattering at different
aging times, during 37°C incubation of the 30 pM
NANOG sample. The distributions in Fig. 2(g) display a
clear shift toward larger hydrodynamic size with time;
however, the shift stops after 96 h incubation, confirming
the self-limiting nature of the NANOG clusters. These data
also support the idea that the proteins do not aggregate due
to unfolding at these temperatures, as otherwise the clusters
would keep growing indefinitely.

Based on this evidence, we now interpret the sol-gel
transition observed in Fig. 1 as due to the formation of
sticky self-limited micelles which overlap at high concen-
trations and form a percolating network that drives gelation
[consistent with our simulations; see Fig. S1(c) [16]]. In
support of this interpretation, and based on the measured
hydrodynamic size of the micelles (o ~ 80 nm) and their
molecular weight (My, ~ 0.8 MDa), we estimate the over-
lapping concentration as c¢* = 3My,/[4zN ymy (6/2)] ~
0.14 mM (my = 34 kDa is the molecular weight of a
NANOG monomer), smaller than the concentration of
1 mM at which gelling is observed in Fig. 1.

NANOG-DNA solutions form aging gels at physiological
concentrations—To better understand the physiological
role of the observed gelling, we performed microrheology
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FIG. 3. NANOG micelles can cross-link DNA. (a)-(c) MSD of
tracers at varying DNA:protein stoichiometries in a solution of
ADNA at 7.9 nM and (a) WT, (b) WI10A, and (c) N51A, at
different concentrations. Insets depict schematics of NANOG
assemblies in the presence of ADNA. (d) Viscosity of DNA-
protein solutions as a function of protein concentration. Mea-
surements are performed at room temperature and immediately
after mixing.

[25,36] on solutions of ADNA (48502 bp) at ¢ =
250 ng/pl (or 7.9 nM) mixed with NANOG at physio-
logical concentrations. We considered NANOG concen-
trations between 10 nM and 10 pM, in broad agreement
with the values reported in vivo, 80-750 nM [8]. However,
we also know that NANOG is heterogeneously distributed
in cells and forms phase-separated foci with higher local
concentration, likely reaching ~1-10 pM [9]. Finally, the
DNA concentration considered in our experiments is
around tenfold larger than ADNA overlapping concentra-
tion (¢*~20 ng/pl [37]) and the DNA is, therefore,
entangled, mimicking the crowded nuclear environment.
The tracers embedded in solutions of DNA and WT
NANOG at room temperature and without preincubation
display a marked, and abrupt, subdiffusive behavior at
around 7.9 pM NANOG concentration [Figs. 3(a)-3(c)]. In
contrast, solutions made with W10A and with N51A
mutants did not display a comparable change in MSDs
over the same concentration range. We rationalize this
results as follows: NANOG WT forms micelles where the
DNA-binding domains are exposed, enabling each micelle
to bridge multiple ADNA molecules and, in turn, creating
an elastic gel [Fig. 3(a)]. The mutants either cannot form
micelles (W10A) or do not bind DNA as strongly (N51A),
and, therefore, they cannot cross-link DNA as effectively
[Figs. 3(b) and 3(c)]. This behavior is akin to that of other
protein condensates which show solidlike behavior when
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FIG. 4. NANOG-DNA solutions gel at physiological concen-
tration and temperature. (a) Time-resolved MSDs of tracers
embedded in solutions of NANOG (7.9 pM) and ADNA
(7.9 nM). (b) Normalized viscosity of ADNA-NANOG solutions
obtained with different mutants (normalized to the initial vis-
cosity 7). (¢) Time-resolved elastic modulus G’. (d) Elastic
modulus plateau G, = G'(w = 10 Hz) as a function of aging
time (normalized to the initial elastic plateau modulus Gjp).
Measurements are performed at 37 °C.

mixed with DNA or RNA [21,22,38]; however, contrary to
forming unbounded condensates, NANOG forms self-
limited micelles.

Finally, we asked if the solutions of entangled ADNA and
NANOG could display aging at physiological concentra-
tions and temperatures. We, thus, performed microrheology
on solutions of ADNA (7.9 nM) mixed with NANOG
mutants (7.9 pM) at 37°C (see Fig. 4 and Supplemental
Fig. S3 [16]). Interestingly, the presence of DNA triggers
aging and gelation despite using an 18-fold lower protein
concentration than the estimated overlap concentration
(0.14 mM) and a 100-fold lower concentration than in
Fig. 1. This result suggests that, in vivo, NANOG foci may
act as solidlike gel microenvironments that restrict DNA
dynamics. From a polymer physics perspective, this is an
unconventional gelation process, because it is driven by
micelles that act as aging cross-linkers and whose strength
increases over time.

Conclusions—We combined experiments and simula-
tions to understand the biophysical properties of a key
transcription factor, NANOG, involved in maintenance of
pluripotency in ESC.

First, we discovered that at concentrations above its
overlapping concentration (c* ~0.14 mM) NANOG WT
forms an aging macroscopic gel (Fig. 1). Residue-level
molecular dynamics simulations revealed that NANOG
forms self-limited micelle assemblies with amorphous

internal structure and exposed DNA-binding domains
[Figs. 2(a)-2(d)]. Additionally, they suggest that the intrinsi-
cally disordered domain is required to form these micelles
(see Supplemental Fig. S1 [16]). We confirmed this pre-
diction experimentally [Figs. 2(e)-2(g)]: NANOG WT
assembles in self-limited amorphous clusters of 22-25
monomers. On the other hand, W10A does not form micelles.
We, therefore, interpret the gelation as due to these disordered
micelles overlapping with each other and forming a percolat-
ing network which drives a macroscopic sol-gel transition.

To understand how NANOG modulates genome organi-
zation in vivo, we performed microrheology experiments
on mixtures of NANOG and ADNA near physiological
conditions (Figs. 3 and 4). We discovered that, in the
presence of DNA, NANOG WT can form gels at physio-
logical concentrations (1-10 pM) and temperatures
(37°C). We conjecture that this (DNA length-dependent;
see Supplemental Fig. S4 [16]) phenomenon is driven by
the NANOG micelles acting as multivalent cross-linkers, in
turn stabilizing entanglements and restricting DNA dynam-
ics. The NANOG-DNA solutions also displayed aging,
which we attribute to the molecular reorganization of the
intrinsically disordered domains within the assembly,
exploring a rugged free energy landscape.

We argue that the gelling behavior displayed by
NANOG-DNA solutions may be functionally relevant: It
allows NANOG to restrict the dynamics of key genomic
sites and to stabilize a gene regulatory network. In this
model (which could also explain similar sol-gel transitions
seen in other TFs [20]), NANOG would modulate genome
dynamics rather than its 3D organization. Furthermore, we
conjecture that the aging of NANOG micelles may physi-
cally ingrain memory in a regulatory gene network by
physically reinforcing genomic interactions.

To test our predictions in vivo, it would be interesting to
simultaneously track fluorescently labeled NANOG and
chromatin loci. Our hypothesis is that areas where NANOG
is enriched (foci) should correlate with slow chromatin
dynamics. If proved correct, our model would reveal a new
paradigm through which some TFs may regulate gene
expression by modulating the dynamics of the genome
rather than its folding. In light of this model, it will also be
interesting to investigate the combined effect of NANOG
with different TFs, such as Sox2, Oct4, and Kl1f4 [39], other
gel-forming RNA-binding nuclear proteins [21,40], and
their influence on chromatin structure and dynamics [41].
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