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Sox2, which collectively refers to the Sox2 gene and its encoded transcription factor 
SOX2, has a remarkable research history over a quarter of a century that marks the prog-
ress in our understanding of transcriptional regulation in higher organisms. The central 
importance of Sox2 in various biological processes such as embryogenesis, organogenesis, 
stem cell regulation, and diseases has also gained increasing attention. We thought it was 
timely to compile and organize our current knowledge on Sox2 in the form of a book, 
with comprehensive coverage from its molecular nature to organismal regulation. Thanks 
to the many specialists from various branches of Sox2 research who approved our idea 
and contributed chapters, we believe that our undertaking was successful. We hope that 
this book will become a useful resource for biomedical scientists of various disciplines, 
from students to professionals.

We missed one potential author who should have contributed to this book, the late 
Larysa Pevny, who passed away in 2012 at the age of just 47 years. She made important 
contributions to the study of Sox2, as you will see in many citations in various chapters. 
She also shared valuable mouse models produced by her with many laboratories around 
the world, which promoted Sox2 research. On this occasion, we would like to mention 
these contributions in tribute to her.

We once again thank the authors for their professional contributions, and Dr Jianwen 
Que and Dr Masanori Uchikawa for providing the beautiful figure panels for the front 
cover: immunostained embryonic trachea and lung (bottom left; see Chapter 17 Figure 
3 for details) and enhanced green fluorescent protein fluorescence of a Sox2-IRES-EGFP 
knock-in E9 mouse embryo (bottom right). We also appreciate the patience and expert 
management of the editorial team of Academic Press/Elsevier, particularly Halima N. 
Williams, Elizabeth Gibson, and Julia Haynes, who made this undertaking possible.

Hisato Kondoh and Robin Lovell-Badge

PREFACE
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CHAPTER 3

Dynamics of SOX2 Interactions with DNA
G. Marius Clore
Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of 
Health, Bethesda, MD, USA

INTRODUCTION

Sox proteins are members of the HMG-box family of architectural factors that bind 
to the minor groove of deoxyribonucleic acid (DNA), bending the DNA by 50–90° 
(Kamachi et  al., 2000; Dailey and Basilico, 2001; Murphy et  al., 2001) (see also 
Chapter 2). The Sox proteins generally act as part of various multitranscription fac-
tor complexes, thereby integrating a wide array of signaling pathways by way of 
combinatorial transcriptional control to provide temporal and cell-specific tran-
scription regulation (Wolberger, 1999). An example of this phenomenon is provided 
by members of the Sox and Oct transcription factor families that interact with a 
variety of DNA promoter/enhancer elements to regulate transcription during 
embryogenesis and neural development (Kamachi et al., 2000; Dailey and Basilico, 
2001) (see also Chapters 5 and 8).

Ternary complexes of SOX2 and OCT1 bound to the regulatory elements within 
the HOXB1 promoter and fibroblast growth factor-4 (FGF4) enhancer have been solved 
by nuclear magnetic resonance (NMR) spectroscopy (Williams et al., 2004) and X-ray 
crystallography (Remenyi et  al., 2003), respectively. The two promoters differ in the 
spacing between the SOX2 and OCT1 binding sites, thereby altering the relative orien-
tations of the two proteins and the protein–protein interface in the two complexes (Fig-
ure 1). In the case of the HOXB1 promoter, the SOX2 and OCT1 sites are immediately 
adjacent to one another, whereas they are separated by three base pairs on the FGF4-
enhancer. As a result, the protein–protein interface is approximately double in size for the 
former ternary complex relative to the latter (Williams et al., 2004).

In this brief review, I will summarize our work on the dynamics of SOX2–DNA 
interactions in the context of specific and nonspecific SOX2.DNA complexes and 
specific SOX2.OCT1.DNA ternary complexes involving both HOXB1 and FGF4 
DNA (Takayama and Clore, 2012a,b). These studies involve the application of NMR 
spectroscopy—in particular, three major techniques: line-shape analysis, z-exchange 
spectroscopy, and paramagnetic relaxation enhancement (PRE) spectroscopy—which 
will be briefly described in the next section. Using these methods, we are able to 
directly probe the mechanisms whereby these two transcription factors locate their 
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specific target sites on the DNA within an overwhelming sea of nonspecific DNA 
and to study the effect of protein–protein interactions on global intermolecular 
translocation rates.

EXPERIMENTAL APPROACHES

The primary experimental approach we employed to study the dynamics of SOX2-
DNA interactions involves the application of three NMR techniques: line-shape analy-
sis, 15Nz-exchange spectroscopy, and PRE.

∆ ∆

Figure 1  Structures of the ternary SOX2.OCT1.DNA complexes on the HOXB1 promoter and FGF4 
enhancer. (A) Sequences of the HOXB1 and FGF4-like DNA duplexes. The latter does not represent the 
actual FGF4 enhancer sequence but adds the 3-bp insertion (TTG) between the specific binding sites 
for SOX2 and OCT1, thereby ensuring that differences in binding and kinetics observed for these two 
sequences solely reflect the 3-bp insertion. (B) 1HN/15N backbone chemical shift perturbation mapping 
of OCT1 (left) and SOX2 (right) upon ternary complex formation on HOXB1 (light bars) and FGF4 (open 
circles) DNA. (C) Three-dimensional structures of the SOX2.OCT1.Hoxb1-DNA (PDB 1o4x) and SOX2·DNA 
Fgf4-DNA (PDB 1gt0) complexes determined by NMR (Williams et al., 2004) and X-ray crystallography 
(Remenyi et al., 2003), respectively. Residues showing significant 1HN/15N chemical shift perturbations 
(>100 Hz for the SOX2.OCT1.Hoxb1-DNA complex and >20 Hz for the SOX2·OCT1·Fgf4-DNA complex) 
are mapped onto the structures. Adapted from Takayama and Clore (2012a).
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Exchange Kinetics
The strategy we developed to study the kinetics of intermolecular exchange of a tran-
scription factor between two different DNA molecules (with or without the specific 
target site present) involves a simple strategy in which the sequences of two DNA mol-
ecules, A and B, are slightly different (Iwahara and Clore, 2006b; Iwahara et al., 2006). 
The difference may involve one or two bases at the edge of a specific target site when 
considering specific protein–DNA interactions, or randomly within a restricted region 
covering the length of a binding site (say, six to eight bases) when considering nonspe-
cific protein–DNA interactions. The result is that the backbone chemical shifts (1HN and 
15N) for the uniformly 15N-labeled transcription factor will be slightly different when 
bound to either DNA-A or DNA-B.

When intermolecular exchange of the transcription factor between the two DNA 
molecules is slow (defined as kex << 2πΔν, where Δν is the difference in Hz between the 
chemical shifts of the two states), two sets of resonances will be observed corresponding 
to the two complexes with the different DNA molecules, and the rate constants for the 
exchange process can be readily determined by fitting the mixing time dependence of 
the magnetization of auto- (MAA

z ; MBB
z ) and exchange cross- (MAB

z ; MBA
z ) peaks in a 

two-dimensional 15Nz-exchange spectrum given by a matrix form of the McConnell 
equations (McConnell, 1958):

	 	 (1)

where kapp
AB and kapp

BA are the apparent rate constants for transfer of the transcription factor 
from DNA-A to DNA-B and vice versa, respectively, and RA

1  and RB
1  are the longitudinal 

relaxation rates of the protein in complex with DNA-A and DNA-B, respectively.
When exchange of the transcription factor between the two DNA molecules is inter-

mediate (kex ∼2πΔν) or fast (kex << 2πΔν), only a single cross-peak per residue will be 
observed in the 1H-15N correlation spectrum of the protein. Under these conditions, the 
1HN transverse relaxation rate for a given protein residue, either measured directly in the 
1H dimension from the spectrum (using Lorentzian line-shape fitting) or through trans-
verse (R2) relaxation measurements, is related to the rate of exchange (kex) of the tran-
scription factor between DNA-A and DNA-B. The observed transverse relaxation rate 
Robs

2  is given by:

	 Robs
2 = pARA

2 + pBRB
2 + Rinter

ex 	 (2)
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where pA and pB are the populations of the transcription factor bound to DNA-A and 
DNA-B, respectively; RA

2  and RB
2  are the corresponding R2 rates for the protein in states 

A and B; and Rinter
ex  is the exchange contribution arising from intermolecular transloca-

tion of the transcription factor between DNA-A and DNA-B. In the intermediate 
exchange regime, Robs

2  can only be calculated numerically using the McConnell equa-
tions (McConnell, 1958), but in the fast exchange regime Rinter

ex  can be calculated  
analytically using the equation (Iwahara et al., 2006):

	 Rinter
ex = 4π2 Δ ν2pApB/kinter

ex 	 (3)

where

	 kinter
ex = kapp

AB + kapp
BA	

Intermolecular translocation of a transcription factor between two DNA duplexes 
can occur via two mechanisms that are readily dissected by examining the dependence 
of the apparent exchange rate constants on the concentration of free DNA (Iwahara and 
Clore, 2006b; Iwahara et al., 2006; Doucleff and Clore, 2008): (1) Spontaneous dissocia-
tion of the protein into free solution followed by reassociation of free protein and DNA 
is a first-order process that is independent of DNA concentration (under conditions 
where the total DNA is in excess over protein and the dissociation rate constant is sig-
nificantly smaller than the pseudo–first-order association rate constant); and (2) direct 
intermolecular transfer from one DNA duplex to another without dissociation of the 
protein into free solution is a bimolecular exchange reaction whose rate is directly pro-
portional to the concentration of free DNA. Thus, the slope of a plot of the apparent 
first-order rate constants versus the concentration of free DNA yields the bimolecular 
rate constants for direct intermolecular transfer, whereas the intercept is equal to half the 
dissociation rate constant (the statistical factor of 2 arising from transitions between the 
same species).

PRE and Detection of Short-Lived Binding Intermediates
The PRE arises from magnetic dipolar interactions between a nucleus (usual protons) 
and the unpaired electrons of a paramagnetic center and results in an increase in the rate 
of nuclear magnetization, generally measured as the transverse PRE, Γ2, given by the 
difference in R2 rates between the paramagnetic sample and a diamagnetic control 
(Clore and Iwahara, 2009). In studying protein-DNA complexes, the simplest strategy 
involves introducing (d)T-ethylenediaminetetraacetic acid (EDTA) chelated, for exam-
ple, to Mn2+ for the paramagnetic sample and Ca2+ for the diamagnetic control, at a 
particular site synthetically, and measuring the intermolecular PRE effects on a uni-
formly 15N-labeled protein using 1H-15N correlation-based experiments (Iwahara et al., 2003; 
Iwahara and Clore, 2006a). The magnitude of the PRE effect is proportional to the 
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inverse sixth power of the ensemble average of the distance r between the nucleus of 
interest and the paramagnetic center. Because of the large magnetic moment of the 
unpaired electron, these effects can extend out to sizable distances (up to about 35 Å for 
Mn2+). When exchange between a major species and an invisible minor species is slow 
on the PRE time scale, the observed Γ2 values will simply reflect the Γ2 values for the 
major species. However, when the exchange between these species is fast, the observed 
Γ2 values will be population-weighted averages of the Γ2 values for the major and minor 
species (Iwahara and Clore, 2006a; Clore and Iwahara, 2009). If there are distances 
between the paramagnetic label and several protons that are significantly shorter in the 
minor species than the major one, the footprint of the minor species will be apparent in 
the PRE profiles measured on the major species, even though the minor species may 
constitute less than 1% of the total population. These effects can be used to directly 
probe the involvement of sparsely populated states in the search process whereby tran-
scription factors locate their specific target site within an overwhelming sea of nonspe-
cific DNA sites by measuring the intermolecular PRE profiles observed on the 
transcription factor in the presence of DNA paramagnetically tagged (usually dT-
EDTA–Mn2+) at several locations (one at a time) (Iwahara and Clore, 2006a; Clore, 
2011a,b; Takayama and Clore, 2011).

Dissecting the contributions to the intermolecular PREs from intramolecular sliding 
of the protein along the DNA and intermolecular translocation between DNA mole-
cules can be accomplished by carrying out experiments in the presence of an equimix-
ture of specific and nonspecific DNA (Iwahara and Clore, 2006a; Takayama and Clore, 
2011, 2012b). In one sample, the nonspecific duplex is paramagnetically tagged so that 
intermolecular PREs can only occur via intermolecular translocation between the DNA 
bearing the specific site (whose spectrum is observed) and the paramagnetically tagged 
nonspecific DNA. In the second sample, the specific DNA is paramagnetically tagged 
and the observed PREs will therefore have contributions from both intra- and intermo-
lecular translocation. If sliding (intramolecular translocation) and intermolecular translo-
cation occur, the ratio of the PREs of sample 2 to sample 1 will be larger than 1.

INTERACTIONS OF SOX2 WITH NONSPECIFIC DNA
Sampling of Nonspecific DNA by SOX2
Intermolecular PRE profiles were measured for 15N-labeled SOX2 in the presence of a 
29–base pair (bp) DNA duplex with the (d)T-EDTA–Mn2+ paramagnetic label cova-
lently attached to a thymine base at either end (Figure 2(A)) (Takayama and Clore, 
2012b). Because the exchange of SOX2 between nonspecific sites is fast, the PRE pro-
files are a weighted average over all possible nonspecific configurations. The PRE pro-
files arising from the paramagnetic label at the two sites are similar both qualitatively and 
quantitatively (Figure 2(B) and (C)). The regions of SOX2 that exhibit significant PREs 
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(1H-Γ2 > 10 s−1) are all located in structural elements that are in close proximity to the 
DNA (Figure 2(D)). One can therefore conclude that SOX2 binds to numerous nonspe-
cific binding sites in two orientations, related by 180° rotation relative to the long axis 
of the DNA (Figure 2(E)). These results are similar to those observed for the sampling of 
nonspecific DNA binding sites by the related HMG-box family member HMG-B1, 
which only binds nonspecifically to DNA (Iwahara et al., 2004).

Γ

Γ

Γ

Γ

Γ

site 1
site 2

Figure 2  Sampling of binding sites upon nonspecific binding of SOX2 to DNA. (A) Sequence of 
nonspecific DNA duplex used for PRE measurements. The paramagnetic label (EDTA chelated to 
Mn2+) was added to two thymines individually (red, site 1; blue, site 2) located at the two ends of 
the duplex. (B) PRE profiles measured on backbone amide protons (1HN-Γ2) from sites 1 and 2.  
(C) Correlation between PREs observed from sites 1 and 2. (D) PRE profiles originating from site 2 
mapped onto the structure of the specific SOX2-DNA complex (color scale shown on left).  
(E) Schematic representation of nonspecific DNA binding states sampled by SOX2 (with SOX2 in 
two orientations related by 180° rotation relative to the long axis of the DNA) with color coding 
representing the strength of the PRE and the paramagnetic label depicted by the blue sphere. 
Adapted from Takayama and Clore (2012b).
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Kinetics of Intermolecular and Intramolecular Translocation of SOX2 on 
Nonspecific DNA
To examine the rates of intermolecular and intramolecular translocation of SOX2 on 
nonspecific DNA, we measured R2 rates (using line-width analysis) for complexes of 
SOX2 with two different nonspecific DNA duplexes (Figure 3(A)), both individually 
and as 1:1 mixtures, as a function of DNA concentration (Takayama and Clore, 2012b). 
Several resonances exhibit significant 1HN or 15N chemical shift differences between the 
two nonspecific complexes, and the corresponding cross-peaks in the sample comprising 
a 1:1 mixture of the nonspecific complexes appear halfway between those for the indi-
vidual complexes and are broadened owing to the exchange contribution from intermo-
lecular translocation (Figure 3(B)). The R2 rates for the individual complexes are 
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Figure 3  Intermolecular translocation of SOX2 between nonspecific DNA duplexes studied by line-
width analysis. (A) Sequences of the two nonspecific DNA duplexes used with the base changes 
between the two duplexes indicated in red in the second DNA duplex. (B) Selected region of the 1H-15N 
correlation spectra of 15N/2H-labeled SOX2 for complexes with the first (black) and second (red) DNA 
duplexes, and a 1:1 mixture of both DNA duplexes (cyan) at 30 °C in the presence of 25 mM added NaCl. 
The concentration of SOX2 is 0.4 mM; the concentration of duplexes is 0.5 mM in the individual com-
plexes and 0.25 mM in the 1:1 mixture of the two complexes. (C) Dependence of transverse relaxation 
rates as a function of free DNA concentration. (D) Dependence of the overall apparent intermolecular 
translocation rate, kinter

ex , on the free DNA concentration. Adapted from Takayama and Clore (2012b).
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unaffected by the concentration of free DNA, but those for the 1:1 mixture decrease as 
the concentration of DNA increases (Figure 3(C)). The apparent intermolecular rate 
constant, kinter

ex , calculated from Eqn (3), is linearly proportional to the free DNA con-
centration (Figure 3(D)), indicative of direct transfer from one DNA duplex to the other 
without dissociation of SOX2 into free solution, and yields a second-order association 
rate constant of about 106 M–1 s−1.

The R2 rates for the individual complexes are independent of DNA concentration 
(Figure 3(C)). Because these R2 rates include an exchange contribution from intramo-
lecular translocation (i.e., sliding) and because one can assume that the average chemical 
shift difference between nonspecific sites on a single DNA molecule will be approxi-
mately the same as those between the complexes with the two different nonspecific 
DNA duplexes, one can conclude that the rate for intramolecular translocation, kintra

ex , is 
much faster than that for intermolecular translocation (Iwahara et  al., 2006), which 
allows one to obtain a lower limit for kintra

ex  from the extrapolated value of kinter
ex ∼ 900 s − 1  

at the free DNA concentration (about 360 μM) when the R2 rates for the 1:1 mixture 
are the same as those for the individual complexes (Figure 3(C) and (D)). This corre-
sponds to a lower limit of about 0.1 μm2 s–1 for the one-dimensional diffusion coefficient 
for sliding (Clore, 2011b).

KINETICS OF INTERMOLECULAR TRANSLOCATION OF SOX2 BETWEEN 
SPECIFIC DNA DUPLEXES
The Binary SOX2 DNA Complex
The rates for intermolecular translocation of SOX2 between the two specific sites, differ-
ing by a single bp mutation just 5′ of the 7-bp recognition sequence (Figure 4(A) and (B)), 
can be readily determined from 15Nz-exchange experiments by monitoring the auto- 
and exchange-peak intensities in a 1H-15N TROSY-based z-exchange spectrum  
(Sahu et al., 2007) (Figure 4(C) and (D)) as a function of mixing time for those residues 
that exhibit significantly different 1HN/15N chemical shifts in the two complexes 
(Takayama and Clore, 2012b). In contrast to nonspecific binding in which the exchange 
of SOX2 between the two different nonspecific DNA duplexes was fast on the chemical 
shift time scale, exchange between the specific complexes is slow owing to tight binding 
(KD about 10 nM at 150 mM NaCl) so that there are two sets of cross-peaks, one for 
each complex. Also in contrast to the nonspecific case, the apparent intermolecular 
exchange rate constants, kapp

AB and kapp
BA, are independent of the concentration of free DNA 

(Figure 4(E)), which indicates that dissociation from the DNA is rate-limiting and inter-
molecular transfer occurs exclusively via full dissociation followed by reassociation 
(Takayama and Clore, 2012b). The dissociation rate constants given by koff

A = 2kapp
AB and 

koff
B = 2kapp

BA have values of 5–6 s−1 at 30 °C, from which one can calculate corresponding 
association rate constants (given the measured KD of about 10 nM) of approximately 
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5 × 108 M–1 s−1. The temperature dependence of the dissociation rate constants  
(Figure 4(F)) yields values of ~21 and ~4 kcal·mol−1 for the activation enthalpy (ΔH‡) 
and entropy (TΔS‡), respectively, indicating that the energy barrier to dissociation is 
largely enthalpic.

µ

-1

-1

Figure 4  Intermolecular translocation of SOX2 between specific DNA complexes studied by 15Nz-
exchange spectroscopy. (A) Structure of the SOX2.OCT1.Hoxb1-DNA complex with SOX2 in green and 
the POUS and POUHD domains of OCT1 in red and blue, respectively. (B) Sequences of the two DNA 
duplexes used for the 15Nz-exchange experiments with the bp difference between the two duplexes 
indicated by the purple bar (and also shown in purple in panel A). (C) Example of 15Nz-exchange data 
at a mixing time of 120 ms showing auto (a and b) and exchange (a to b, and b to a) peaks. Exchange is 
abolished upon addition of OCT1 (right panel). (D) Mixing time dependence of auto- and exchange 
peaks. (E) The apparent intermolecular exchange rates are independent of the concentration of free 
DNA, indicating that intermolecular exchange proceeds via dissociation followed by reassociation.  
(F) Eyring plots of the apparent intermolecular exchange rates as a function of temperature. Adapted 
from Takayama and Clore (2012b).
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The Ternary SOX2.CT1.Hoxb1-DNA Complex
In the HOXB1 promoter, the specific DNA binding sites for SOX2 and OCT1 are imme-
diately adjacent to one another, burying about 540 Å2 of accessible surface at the interface 
between SOX2 and the POUS domain of OCT1 (Williams et al., 2004) (cf. Figure 1 (C), left 
panel). Upon addition of OCT1, the rates of intermolecular translocation of both SOX2 and 
OCT1 are dramatically reduced and no longer detectable by z-exchange spectroscopy (Dou-
cleff and Clore, 2008; Takayama and Clore, 2012b) (cf. Figure 4(C), right panel where no 
exchange peaks are observed for SOX2 upon addition of OCT1). Given a 15N-R1 relaxation 
rate of about 1 s−1, the minimum exchange rate measurable by 15Nz-exchange spectroscopy 
is about 0.2 s−1, so that the intermolecular exchange rates for both SOX2 and OCT1 between 
specific sites in the context of the ternary complex on the HOXB1 promoter are reduced by 
at least an order of magnitude relative to those in the binary complexes.

The Ternary SOX2.OCT1.Fgf4-DNA Complex
In the FGF-4 enhancer, the specific binding sites for SOX2 and OCT1 are separated by 
3 bp, and only about 240 Å2 of accessible surface is buried at the interface between SOX2 
and OCT1 (Remenyi et al., 2003) (Figure 1(C), right panel). As a result, the reduction in 
intermolecular exchange rate constants is significantly less than that in the ternary complex 
on the HOXB1 promoter, enabling one to probe the impact of protein–protein interactions 
on global exchange rates using 15Nz-exchange spectroscopy and on cooperative binding 
using equilibrium fluorescence anisotropy measurements (Takayama and Clore, 2012a).

The KDs values for the binding of SOX2 and OCT1 to their respective sites on the FGF-4 
enhancer are 5.3 and 44 nM, respectively. These are reduced by about 16-fold (to approxi-
mately 0.33 and 2.7 nM) in the context of the ternary complex (Takayama and Clore, 2012a).

The association and dissociation rate constants for the binding of SOX2 are increased 
(from about 1 × 109 to about 5 × 109 M–1 s−1) and decreased (from about 5.3 to 1.5 s−1), 
respectively, in the presence of OCT1. As in the case of the binary SOX2.DNA com-
plex, the intermolecular transfer of SOX2 occurs by jumping (i.e., dissociation and reas-
sociation) and does not involve direct intermolecular transfer (Takayama and Clore, 
2012a). For OCT1, however, both jumping and direct intermolecular transfer mecha-
nisms are operative (Takayama and Clore, 2012a). In the presence of SOX2, the dissocia-
tion rate constant for OCT1 is reduced by about 20% (from 4.4 to 3.5 s−1), whereas the 
association rate constant is increased by over 10-fold (from approximately 1 × 108 to 
13 × 108 M–1 s−1). The direct intersegment transfer rate constant for the POUHD domain 
is unaffected by the presence of SOX2 (about 1.8 × 104 M–1 s−1) but that for the POUS 
domain is reduced by close to 40% (from 3.4 × 104 to 2.2 × 104 M–1 s−1), which is 
expected because SOX2 only contacts POUS in the ternary complex.

These data lead us to propose the following model for the sequence of binding, 
intersegment transfer, and dissociation events involved in the combinatorial control of 
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gene expression by SOX2 and OCT1 (Takayama and Clore, 2012a) (Figure 5). The 
initial step involves binding of SOX2 to its specific DNA target site, as supported by 
the observation that the association rate constant for the formation of the SOX2.DNA 
binary complex is 10-fold higher than that for OCT1 and that the intermolecular 
translocation rate for SOX2 is slow, involving full dissociation, whereas that for OCT1 
is rapid owing to direct intermolecular transfer at high DNA concentrations. This is 
also consistent with the localization of SOX2 to the cell nucleus, whereas OCT1 is 

transcription

Figure 5  Model for the sequence of binding, intersegment transfer, and dissociation events involved 
in synergistic transcription regulation by SOX2 and OCT1 derived from z-exchange data on the SOX2.
OCT1.Fgf4-DNA complex. Adapted from Takayama and Clore (2012a).
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found in both the cytoplasm and the nucleus. The presence of specifically bound SOX2 
accelerates the binding of OCT1 to its target site adjacent to that of SOX2 by just over 
an order of magnitude, and the ternary complex is stabilized by protein–protein  
interactions between SOX2 and the POUS domain of OCT1. Once the specific ter-
nary complex is formed, OCT1 and SOX2 activate transcription synergistically. OCT1 
subsequently dissociates from the ternary complex largely by direct intersegment 
transfer, which, at high concentrations of DNA found in vivo, is significantly faster 
than dissociation into free solution. Intersegment transfer can occur to another specific 
site on a different promoter or to a nonspecific site. These sites may be located on dif-
ferent DNA molecules or at a separation of greater than about 150 bp on the same 
DNA, allowing transfer to occur via DNA looping. Finally, SOX2 dissociates slowly 
from its specific site and can subsequently re-associate to other specific or nonspecific 
sites.

INTERPLAY BETWEEN SOX2 AND OCT1 IN TRANSLOCATION 
INVOLVING SPARSELY POPULATED STATES PROBED BY PRE
Short-Lived Intermediates in Translocation of SOX2 from the Specific 
SOX2 DNA Binary Complex
Using a 29-bp DNA duplex with paramagnetic tags at three sites (one at a time) 
(Takayama and Clore, 2012b) (Figure 6(A)) reveals that at low-added salt concentrations 
(0 M NaCl), the PRE profiles from sites 1 and 2, located just 5′ to or within the SOX2 
binding site but on the major groove, respectively, are consistent with the structure of the 
specific SOX2 DNA binary complex (Figure 6(B) and (C), top panels). However, the 
PRE profiles from site 3, located distally on the 3′ end of the DNA binding site, reveal 
the presence of small (<7 s−1) but significant PREs (Figure 6(B), top right panel). At 
higher salt concentrations (50 or 150 mM NaCl), additional PREs within helix 3 are 

Figure 6  PRE detection of sparsely populated intermediate states involved in specific DNA target site 
location by SOX2 (A) 29mer Hoxb1-DNA duplex used with the three sites (one at a time) paramagneti-
cally labeled with EDTA-Mn2+ indicated in blue. The binding sites for SOX2 and OCT1 are indicated. (B) 
PRE profiles observed on 15N/2H-labeled SOX2 (in the absence of OCT1) originating from the three 
sites in the presence of 0 (top panels) or 50 and 150 mM (bottom panels) added NaCl. The blue lines in 
the top panels are the PREs back-calculated from the structure of the specific SOX2–DNA complex 
(Murphy et al., 2001). (C) PRE profiles at 0 (top) or 150 mM (bottom) added NaCl mapped onto the 
structure of the specific SOX2.DNA complex. The color scale for the PREs is shown at the bottom of the 
figure. (D) Schematic of intermolecular and intramolecular translocation pathways involving SOX2 
bound specifically to DNA, as deduced from PRE measurements involving mixtures of specific and 
nonspecific DNA duplexes. The major translocation pathway involves intermolecular translocation ini-
tiated by sliding from the specific site to an immediately adjacent nonspecific site, followed by direct 
intersegment transfer to the nonspecific DNA duplex and then back to the specific DNA duplex. 
Adapted from Takayama and Clore (2012b).
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observed from site 1 and all PREs from site 3 are increased in magnitude (Figure 6(B) 
and (C), bottom panels), although the 1H–15N correlation spectrum remains unchanged 
and represents that of the specific complex (Takayama and Clore, 2012b). These PRE 
data are a direct reflection of sparsely populated (<1%) transient states that come into 
close proximity of the paramagnetic label. The use of samples comprising an equimix-
ture of specific and nonspecific DNA, in which the paramagnetic label is attached to 
either the nonspecific (intermolecular translocation only) or specific (contributions from 
intramolecular and intermolecular translocation) DNA duplexes indicates that the PREs 
are largely caused by intermolecular translocation with a small (about 20%) contribution 
from sliding (Takayama and Clore, 2012b) (Figure 6(D)). Given the slow dissociation of 
the specific SOX2.DNA complex (see Section The Binary SOX2.DNA Complex), 
intermolecular translocation of SOX2, once bound to its specific target site, must occur 
by SOX2 sliding out of the specific site to make a nonspecific interaction with the DNA, 
followed by intersegment transfer between nonspecific sites located on different DNA 
molecules (Takayama and Clore, 2012b).

Short-Lived Intermediates in Translocation of SOX2 and OCT1 from the 
Specific SOX2.OCT1.Hoxb1-DNA Complex
One can use the same 29-bp DNA duplex used to study the binary SOX2.DNA com-
plex to examine the impact of protein–protein interactions on the sampling of sparsely 
populated states of SOX2 and OCT1 within the context of the specific SOX2.
OCT1.Hoxb1-DNA complex (The OCT1 binding site is immediately 3′ of the SOX2 
site (Figure 6(A)). For both SOX2 and OCT1 the presence of short-lived transient states, 
populated below 1%, is detected by PRE, especially at higher salt concentrations (50–
150 mM NaCl) (Takayama and Clore, 2012b).

For SOX2, these PREs arise entirely from intermolecular translocation because no 
measurable intramolecular PRE contributions can be detected (Figure 7(A)). But just as 
in the case of the SOX2.DNA binary complex, this must first involve sliding to a non-
specific site immediately adjacent to the specific one because dissociation of SOX2 from 
its specific site is so slow (Takayama and Clore, 2012b).

In the case of OCT1, analysis of the PRE data indicates that the POUS domain is 
largely fixed to its specific site through interaction with SOX2 (Figure 7(B)) (Takayama and 
Clore, 2012b), in direct contrast to the situation with the specific OCT1 DNA complex in 
which the POUS domain largely directs intermolecular translocation (Takayama and Clore, 
2011). For the POUHD domain, however, the PRE data indicate that translocation in the 
context of the SOX2.OCT1.Hoxb1-DNA ternary complex is primarily intermolecular 
with some contribution from intramolecular translocation (Takayama and Clore, 2012b), in 
contrast to the situation in the binary OCT1.DNA complex in which intramolecular 
translocation predominates (Takayama and Clore, 2011). Furthermore, the intramolecular 
translocation of POUHD to nonspecific sites on the 5′-side of the SOX2-specific site likely 
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occurs via hopping rather than sliding because the presence of both SOX2 and the POUS 
domain would block sliding of the POUHD domain (Figure 7(B)).

CONCLUDING REMARKS

Data afforded by various NMR experiments including 15Nz-exchange, line-width anal-
ysis, and PRE show that SOX2 efficiently explores the DNA landscape to locate its 
specific target site using both direct intersegment transfer between nonspecific sites on 
different DNA duplexes and sliding along the nonspecific DNA (Takayama and Clore, 
2012a,b). Once a specific ternary SOX2.OCT1.DNA complex is formed, further sam-
pling of DNA sites by SOX2 is reduced but can still occur by initial sliding of SOX2 to 
an adjacent nonspecific site followed by intersegment transfer. OCT1 alone explores the 
DNA landscape by using the complementary interplay of intramolecular sliding by the 
POUHD domain and intersegment transfer of the POUS domain, with the latter acting 
as a fly cast. Once the ternary complex with SOX2 is formed, the POUS domain is 
largely fixed to its specific sites through protein–protein interactions with SOX2 which 
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POUHD
slidingintersegment

transfer

(B)

intersegment
transfer
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Hopping
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Figure 7  Schematic of intermolecular and intramolecular translocation pathways for (A) SOX2 and (B) 
OCT1 in the context of the specific ternary SOX2.OCT1.Hoxb1-DNA complex, derived from PRE mea-
surements involving mixtures of specific and nonspecific DNA duplexes. Adapted from Takayama and 
Clore (2012b).
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are significantly stronger in the case of the complex on the HOXB1 promoter than the 
FGF4 enhancer owing to the shorter distance between the SOX2 and OCT1 sites 
(immediately adjacent versus separated by 3 bp, resulting in a twofold reduction for the 
latter in the buried accessible surface area at the interface between SOX2 and OCT1 
(Williams et al., 2004; Remenyi et al., 2003)). However, the POUHD domain can still 
sample other DNA sites by initially sliding to an immediately adjacent nonspecific site, 
just like SOX2, followed by either intersegment transfer to another DNA duplex or 
directly hopping to another nonspecific site on the same DNA molecule. The former 
involves the formation of a bridged intermediate complex in which POUS and SOX2 
are located on the first DNA duplex while POUHD is transiently bound to the second 
DNA duplex, thereby promoting the complete release of OCT1 from the ternary com-
plex by a first-order process involving dissociation of POUS from the first DNA duplex 
followed by subsequent association onto the second DNA duplex. This contrasts to the 
mechanism used in the specific OCT1.DNA binary complex in which POUS locates 
the second DNA duplex by intersegment transfer, thereby promoting the subsequent 
transfer of POUHD. Thus, direct interaction of SOX2 and OCT1 bound to adjacent 
specific DNA binding sites modulates the translocation pathways employed by OCT1 
to scan alternative DNA target sites via transient, sparsely populated states.
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