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ABSTRACT

Functional cooperativity among transcription factors
on regulatory genetic elements is pivotal for mile-
stone decision-making in various cellular processes
including mammalian development. However, their
molecular interaction during the cooperative bind-
ing cannot be precisely understood due to lack of
efficient tools for the analyses of protein–DNA inter-
action in the transcription complex. Here, we demon-
strate that photoinduced excess electron transfer
assay can be used for analysing cooperativity of
proteins in transcription complex using cooperative
binding of Pax6 to Sox2 on the regulatory DNA el-
ement (DC5 enhancer) as an example. In this as-
say, BrU-labelled DC5 was introduced for the effi-
cient detection of transferred electrons from Sox2
and Pax6 to the DNA, and guanine base in the com-
plementary strand was replaced with hypoxanthine
(I) to block intra-strand electron transfer at the Sox2-
binding site. By examining DNA cleavage occurred
as a result of the electron transfer process, from tryp-
tophan residues of Sox2 and Pax6 to DNA after irradi-
ation at 280 nm, we not only confirmed their binding
to DNA but also observed their increased occupancy
on DC5 with respect to that of Sox2 and Pax6 alone
as a result of their cooperative interaction.

INTRODUCTION

The complexity of an organ development is manifested
through spatiotemporal expression of genes involved in de-
velopment, which is tightly regulated to a large extent by the
combination of transcription factors in multi-protein com-

plexes (1–13). In these processes, the binding affinity of tran-
scription factors to their genetic elements, which is crucial
for transcription activity, is modulated by cooperative bind-
ing: low inherent binding affinity of the individual factors
is largely enhanced when they present together by their syn-
ergistic action. One example that shows this plasticity and
diverse combinatorial transcription activity is Sox2, which
activates its downstream transcriptional targets by form-
ing cooperative complex with various factors in each de-
velopmental stage. For example, it maintains pluripotency
by partnering with various factors like Oct4 and Nanog
(5,7,11–12), and controls neurogenesis and retinal develop-
mental by forming complexes with Pax6 (7–10), Otx2 (11),
Tlx (12) or Brn2 (13). Therefore, it is essential to investi-
gate the dynamics of their cooperativity to understand func-
tional intricacies involved in the process of transcription.

Electrophoretic mobility shift assay (EMSA) widely used
for probing the cooperativity and synergistic activity of
transcription factors, is often very time consuming and
comes with varying sensitivity. Most importantly, observing
the ternary complex between co-existing proteins and DNA
is not straightforward because, in many cases, the partner
transcription factors interact with low affinity, which lim-
its the possibility to run the intact complex through the
gel even at low temperature. In addition, this method can-
not provide any detailed molecular mechanism of coopera-
tive binding. Alternatively, high-resolution structural stud-
ies such as protein crystallography and nuclear magnetic
resonance can surely give the picture for understanding co-
operativity of transcriptional complex, but these methods
have limitation in term of sample preparation and technical
difficulty. Therefore, there is a need of quick, sensitive, and
reproducible alternative method to determine cooperativity
of transcription factors in detail. Here, we propose that pho-
toinduced excess electron transfer (EET) from the trypto-
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phan residues of protein to BrU labelled DNA is an alterna-
tive to the classical ways to probe cooperativity by examin-
ing the synergistic action of Sox2 and Pax6 on their putative
regulatory genetic element called DC5. Transcription factor
Pax6 initiates lens development by forming a cooperative
complex with Sox2 on the DC5 element, which enhances
the lens specific expression of the �-crystallin gene (Figure
1A). This specific alliance is responsible for the development
of neuronal and retinal tissues (7–10). For instance, when
the Pax6 binding sequence of the DC5 enhancer is replaced
with Pax6 binding consensus (DC5con, Figure 1A) the co-
operation in binding between Sox2 and Pax6 decreases and
the complex failed to activate the reporter gene. Previously,
formation of this functional ternary complex was shown by
classical EMSA (7,8) and it was recently analysed by atomic
force microscopy (AFM) on a DNA origami frame (14). Al-
though DNA origami is an attractive platform to observe
these complex biological events, the facilities and techni-
cal knowledge required to prepare DNA origami frames are
available to only a limited number of laboratories. Thus, our
proposed method can be used in many cases to detect such
crucial biological events based on photosensitive platform.

Long-range EET leads to a great deal of redox chemistry
that is widely observed in key biological events such as sig-
nalling and sensing (15). This long-range electron transfer
is possible within a distance of 10–25 Å in biological redox
reactions (16). It has been proposed that some repair en-
zymes use electron transfer from redox cofactors to allow
the detection of DNA lesions generated by the oxidation
at remote site (17–19). However, it was also observed that
EET can go through without redox cofactors as evidenced
in the case of Escherichia coli DNA photolyase that can
repair thymine dimers without the aid of redox cofactors
(20,21). Moreover, it was also reported that thymine dimers
can be repaired by Lys-Trp-Lys motif under irradiation con-
ditions (22–25). These results together suggest that specific
amino acids are responsible for the repair process through
EET. Requirement of specific amino acids as electron donor
was further supported in a previous report where it was ob-
served that the photoreactivity of DNA can be achieved by
the photoinduced single-electron transfer from Trp residue
of the DNA binding protein using an electron acceptor,
BrU base (25,26). Based on these results, we hypothesized
that photoinduced electron transfer from proteins to DNA
could be applied to check the specific interaction between
protein and DNA, and can be further utilized to probe co-
operativity of proteins in transcription complex. To test this
possibility, we applied our strategy to detect protein–DNA
interaction conducted by Sox2 or Pax6 alone or in their
complex. We modified DC5 element and DC5 Con by re-
placing thymine with its BrU analogue at the binding site
of the protein. BrU is an attractive synthetic nucleotide as
its substitution does not affect the functionality of the re-
sulting DNA but can easily trap an electron during DNA-
mediated EET. The trapped excess electron converts BrU to
a uracil-5-yl radical (U•) by eliminating the bromide ion
(27). As a result, EET from protein to BrU results in the
strand cleavage by the heat treatment since the heat-labile 2-
deoxyribonolactone is generated from U• radical by intra-
strand hydrogen abstraction from the deoxyribose moiety of

the 5′-side at the C1′ and C2�′ position, respectively (28,29).
The strand cleavage can be accelerated further by including
isopropanol (iPrOH) as an excess H-atom source and subse-
quent treatment of uracil-DNA-glycosylase (UDG) as pre-
vious reported (30,31). Under this strategy, Sox2- or Pax6
and their cooperative binding to DNA can be monitored by
the strand cleavage due to trapping of excess electrons from
tryptophan residues to BrU. For this purpose, we used pu-
rified recombinant DNA-binding domains: Sox2(HMG),
HMG representing high-mobility group, and Pax6(DBD),
DBD representing DNA-binding domain.

MATERIALS AND METHODS

General

Preparation of DNA. All the oligos were purchased from
Jbios and Sigma Genosys and used without further purifi-
cation.

Preparation of Sox2 and Pax6. These two proteins were
amplified in a similar way as before (14). The gene encod-
ing the HMG domain (residues, 1–117) of human Sox2
was amplified and cloned in pVFT1S using EcoR1 and
Xho1 sites. And, the gene encoding the DNA binding do-
main (residues 4–169) of human Pax6 was amplified and
cloned into pET41a (Novagen, Darmstadt, Germany) us-
ing Nco1 and Xho1 sites. E. coli BL21 (DE3) Star (Invit-
rogen, CA, USA) transformed with pVFT1S-Sox2(HMG)
and pET41a-Pax6(DBD) were grown in LB media contain-
ing Kanamycin (Duchefa Biochemie, The Netherlands) at
a concentration of 50 �g/ml. Both cultures were grown for
12 h and then diluted 1:100 into fresh LB media and in-
cubated at 37◦C with shaking until the OD 600 was 1.0.
Cells were then induced with a final concentration of 0.5
mM isopropyl-�-D-thiogalactopyranoside (IPTG) (EMD
Chemicals, CA, USA) and incubated for 6 h. Cells were
harvested by centrifugation at 5000 rpm for 15 min at 4◦C
and stored at −80◦C until used. Cell pellets expressing
Sox2(HMG) were suspended in buffer A (25 mM Tris–Cl,
pH 8.0, 500 mM NaCl, 40 mM imidazole and 1 mM PMSF)
and disrupted with a vibracell sonicator (Sonics & Materi-
als Inc., CN, USA) using a pulse of 2 s ON and 4 s OFF for a
total of 10 min at an amplitude of 60%. Cell lysate was clar-
ified by centrifugation at 30 000 g for 90 min at 4◦C. The
supernatant was applied to a nickelcharged NTA column
(GE Healthcare, NJ, USA) pre-equilibrated with buffer B
(25 mM Tris–HCl, pH 8.0, 500 mM NaCl, 40 mM imida-
zole). The column was washed with ten column volumes
(CV) of buffer B, and the protein was eluted with a gradi-
ent from 40 mM to 1 M imidazole in 40 CV. The fractions
containing Sox2(HMG) were concentrated to <5 ml using
a centrifuge filtration device Vivaspin 20 (Sartorius Stedim
Biotech, Goettingen, Germany) and then applied to a Su-
perdex 200 column (GE Healthcare, NJ, USA) equilibrated
with buffer C (25 mM Tris–HCl, pH 8.0, 500 mM NaCl, 1
mM DTT). Cell pellets expressing GST-Pax6(DBD) were
suspended in buffer D (25 mM Tris–HCl, pH 7.5, 500 mM
NaCl, 40 mM imidazole and 1 mM PMSF) and disrupted
with a vibracell sonicator (Sonics & Materials Inc., CN,
USA) using a pulse of 2 s ON and 4 s OFF for a total of
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Figure 1. (A) DC5 enhancer element of �-crystallin gene, in which Sox2 and Pax6 interact during the transcription process leading to the development of
neuronal and retinal tissues. The binding sites of Sox2 and Pax6 are shown in red and green, respectively. Also shown the sequence when the DC5 enhancer is
replaced with Pax6 binding consensus (DC5con). (B) DC5 element was modified into DNA1 by replacing thymine residues with its analogous BrU residues
(B represents BrU) in one strand to capture the excess electrons from the protein. But the motif 5′-CABB in the Sox2-binding site of DNA1 is known for
‘Hot-spot’ which is labile for intra-strand electron transfer as shown in the figure. Therefore, DNA1 was further modified to DNA2 by replacing G with
hypoxanthine (I) (indicated by an arrow in DNA2) to prevent intrastrand electron transfer. Also shown the schematic representation of the photoinduced
electron transfer from the excited state of tryptophan residues of Sox2 alone (left) and Sox2 with its partner Pax6 to the DC5 DNA element (right). (C)
DNA3 was designed to capture an electron from Pax6 by replacing ‘T’ with ‘BrU’ in the Pax6 binding sites as shown in (B, right). DNA4 was designed to
check the photoreactivity of the complementary strand by incorporating BrU residues. DNA5 and DNA6 were designed based on DC5con sequence (D)
The amino acid sequences of Sox2(HMG) and Pax6(DBD) are shown. Trp residues are shown red.

10 min at an amplitude of 60%. The cell lysate was clarified
by centrifugation at 30 000 g for 90 min at 4◦C. The super-
natant was applied to a nickel-charged NTA column (GE
Healthcare, NJ, USA) pre-equilibrated with buffer D. The
column was washed with 10 CV of buffer B, and the protein
was eluted with a gradient from 40 mM to 1 M imidazole in
50 CV. The fractions containing Pax6(DBD) were concen-
trated using a centrifuge filtration device Vivaspin 20 (Sar-
torius Stedim Biotech, Goettingen, Germany). The proteins
were then moved to buffer E (25 mM Tris–HCl, pH 7.5, 500
mM NaCl, 1 mM DTT).

Irradiation set up. HM-3 hypermonochromator (Jasco)
was used for irradiation at 280 nm. The eppendorf tube con-
taining the sample (DNA and protein) was attached verti-
cally with the light fiber using a holder so that the light can
pass through the sample and placed in an ice box. The de-
scription of the machine used in this study can be found at
reference (32).

Photoreaction scheme. DNA and protein were mixed in a
buffer containing 10 mM Tris–HCl pH 7.5, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 50 mM KCl, 100 �g/ml
bovine serum albumin, 5% v/v glycerol and 200 mM iPrOH.
The sample was incubated at 4◦C for minimum 1 h and then
irradiated using 280 nm UV transilluminator. The sample
was treated with UDG enzyme (1.25 U), incubated at 37◦C
for 1 h. After the enzymatic digestion the sample was dried
up completely using high vacuum pump and to it about 10
�L of loading dye (containing of 300 �l of 0.5 M EDTA,
200 �l of Milli-Q water, 10 ml of formamide and 2.5 mg of
new fuchsin) were added and finally heated at 95◦C for 10
min. The sample was then analysed by denaturing polyacry-
lamide gel electrophoresis (PAGE) (20%).

Fluorescence measurements. Steady-state fluorescence
measurements of photoirradiated Sox2 and Pax6 samples
were conducted with a Jasco FP-6300 spectrofluorometer.
Measurements were performed by using a fluorescence cell
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with a 0.5-cm path length. Fluorescent intensity of Sox2
was quenched when it forms a complex with DNA2, it was
difficult to estimate the conversion of the Trp in Sox2. To
overcome this trouble, we added a high concentration of
NaCl (2 M final concentration) to the reaction mixture
after the photo irradiation and checked the fluorescent
intensity after keeping the solution in ice for at least 30
min. Gradually, the fluorescence intensity of the Trp is
recovered (∼90–95%) because Sox2 cannot bind to DNA
in such high-salt conditions. The fluorescence intensity of
the Trp of Sox2 was not affected in these conditions. A
similar condition was used for Pax6.

PAGE. After photoreaction cleaved DNA was analysed in
a 20% polyacrylamide denaturing gel (7 M Urea). The con-
dition of electrophoresis was 200 V and 250 mA for 140 min.
For EMSA, the electrophoresis condition was 80 V and 140
mA for 80 min. The gel was analysed by FLA-3000 (Fuji-
film) and the cleavage amount was measured by using multi-
gauge v3.1 software.

Model building

The model of hSox2(HMG) bound to DC5 element was
made using coordinates of hSox2(HMG) in the structure
of hSox2/FGF4 (PDB ID: 1GT0) and the DNA corre-
sponding to DC5 Sox2 DNA element in the structure of
SRY(HMG)/DC5 (PDB ID: 2GZK) by superposing the
hSox2(HMG) on SRY in 2GZK followed by manual mod-
elling and energy minimization to get a pose of possible in-
teraction of hSox2(HMG) with DC5 Sox2 DNA element.

RESULTS

Designing DC5 by incorporating BrU and hypoxanthine (I) to
capture an electron from Sox2(HMG) or Pax6(DBD)

We first designed DNA1, a double strand DC5 element
containing BrU residues at the binding site of Sox2 and
Pax6 (Figure 1B). We expected that DNA1 would cap-
ture electrons at the respective protein binding sites due
to close proximity of any of the tryptophan residues of
the binding protein when incubated with proteins under
UV irradiation (Figure 1D). But it is known that specific
sequences in the BrU substituted DNA, for instance, 5′-
G/C[A]n = 1,2,3

BrUBrU-3′ sequences, called hot-spots can in-
duce intra-strand electron transfer under UV irradiation
condition (33,34). Since G has the lowest oxidation poten-
tial among the four bases (The oxidation potentials of G,
A, T, C are 1.24, 1.69, 1.9, 1.9 V, respectively (35)), an elec-
tron from G transfers to BrUBrU residues through interven-
ing A bridges adjacent to BrU (as shown in the Figure 1B)
and A bridges in this case helps in forward and backward
electron transfer process (33,34). A same hot-spot sequence,
CABrUBrU was found in the Sox2 binding sequence while
in the Pax6 binding site (in both cases DC5 and DC5con)
no such sequences was noticed (even though there are many
G’s but lacks A bridges between G and BrUBrU). To quench
this intra-strand electron transfer from G to BrU BrU in the
Sox2 binding site of DNA1 and to eliminate unintended
false positives, we constructed DNA2 (Figure 1B) in which
G was replaced by hypoxanthine (I), a modified purine base,

in its complementary strand (indicated by an arrow) only in
the Sox2 site. We hypothesized that this modification would
prevent any intra-strand electron transfer due to the higher
oxidation potential of I than that of G (1.4 versus 1.24 V)
as depicted in a schematic representation shown in Figure
1B (down) (35). To test this principle, we irradiated DNA1
and DNA2 at 280 nm for 30 min and analysed the resulting
samples by denaturing gel electrophoresis (Supplementary
Figure S1). While DNA1 got cleaved, almost no cleavage
was observed in DNA2, suggesting the absence of intra-
strand electron transfer. Therefore, this method was em-
ployed in other assays to eliminate any false readout in the
hot spot. This exercise was not necessary for Pax6 binding
site due to lack of similar hot spots (Figure 1A). To exam-
ine whether DNA2 limits DNA binding capacity of Sox2,
we performed EMSA using Sox2(HMG) on DNA2 and
compared with unmodified DC5. We observed Sox2(HMG)
binds to DNA2 in almost similar stoichiometric ratio to un-
modified DC5 (Supplementary Figure S2).

Capturing an electron from Sox2(HMG) upon binding to
DNA

We checked the photoreactivity of DNA2 upon treatment
of Sox2(HMG) at a molar ratio of 2:1 and 5:1 (pro-
tein:DNA) under irradiation at 280 nm for 15 min at 0◦C in
a buffer containing Tris–HCl pH 7.5 and 200 mM iPrOH.
After irradiation, the sample was subjected to UDG treat-
ment for converting U into the heat-labile abasic site (AP
site). When the sample was heat treated at 95◦C for cleavage
and analysed by 20% denaturing PAGE, two distinct DNA
fragments was observed (lane 5 in Figure 2). Based on the
size of the fragments, they were expected to be the cleav-
age products at the Sox2-binding site (indicated by arrows
in Figure 2). This interpretation is further confirmed by the
increased band intensity when DNA2 was incubated with
the higher concentration of Sox2(HMG) (lane 6 in Figure
2). Interestingly, no DNA cleave was detected other than at
the Sox2-binding site, manifesting that Sox2 binding to the
DC5 element is sequence specific. It should be noted that
there was no strand cleavage in absence of Sox2(HMG) un-
der the same reaction condition (lane 4 in Figure 2). Taken
together, it can be concluded that the photoinduced electron
transfer from protein to DNA and subsequent cleavage of
DNA can be used for investigating sequence specific bind-
ing of transcription factors to their corresponding DNA el-
ements.

Locating the tryptophan residues of Sox2(HMG)

To get a clear view of placement of electron donor–acceptor
couples within the protein–DNA complex, a model of
human Sox2(HMG) bound to 5′-CABrUBrUGBrUBrU-
3′/5′-GTAACAA-3′ was constructed by placing the
hSox2(HMG) to the DC5 element (5′-CATTGTT-3′/5′-
GTAACAA-3′) after replacing thymine with BrU (see
‘Materials and Methods’ section). The complex model
reveals that the first two helices comprising 45 residues in
the HMG domain are involved in the sequence-specific
binding to the minor-groove of DNA (Figure 3). Inspection
of the crystal structure inferred that both W51 and W79
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Figure 2. Analyses of the DNA cleavage as a result of photoinduced elec-
tron transfer from Sox2(HMG) to the modified DC5 element (DNA2) us-
ing 20% polyacrylamide denaturing gel (7 M urea). The gel electrophoresis
was performed at 200 V and 250 mA for 140 min and checked by Fujifilm
(FLA-3000). Lanes 1, 2 and 3 are DNA size markers with sizes of 45, 10
and 13 mer respectively. Lane 4, DNA2 with UV irradiation at 280 nm
for 15 min; lane 5, UV irradiation at 280 nm for 15 min on Sox2(HMG):
DNA2 at 2.5:1.25 �M ratio, lane 6, UV irradiation at 280 nm for 15 min
on Sox2(HMG): DNA2 at 6.25:1.25 �M ratio. Concentration of DNA was
1.25 �M. Reaction was performed in a buffer containing 10 mM Tris–HCl
pH 7.5, 1 mM EDTA, 50 mM KCl, 100 �g/ml bovine serum albumin, 5%
v/v glycerol and 200 mM iPrOH. Each sample was incubated with 1.25 U
of UDG at 37◦C for 1 h after irradiation and finally heated at 95◦C for 10
min.

located near the DNA–protein interface are in close prox-
imity to each other (Figure 3A). As a result, tryptophan
residues, W51 and W79, are located close to the electron
acceptor BrU (B1 and B2) at distances of 17.5 and 13.0
Å, respectively, which are within the range of distance for
potent electron transfer. We anticipate that both the trypto-
phan residues are putative electron donors but W79 might
play a major role in the photoreactivity considering their
orientation and distance. From the surface representation
of Sox2(HMG) in the model, it can be inferred that W79
located on the DNA-protein interface is in close proximity
to the electron acceptor BrU (B1 and B2) at distances of
13 and 11 Å, respectively (Figure 3B). In addition, W79
seems to also transfer the electrons to B3 and B4 as well,
since distances from indole nitrogen of W79 to bromine
are 10 and 14 Å, respectively (Figure 3B). However, W51
appears to be located on the surface opposite to that of
protein–DNA interface and thus it might have less electron
transfer propensity.

Capturing an electron from Pax6(DBD) upon complex for-
mation with Sox2(HMG) and DNA3

We then designed DNA3 to capture the transferred elec-
trons from Pax6 by substituting thymine with BrU in the
Pax6 binding region (Figure 1C). The photoreactivity of
DNA3 was examined similarly in the presence of either
Pax6(DBD) alone or in combination of Pax6(DBD) with

Figure 3. (A) Ribbon diagram of hSox2(HMG) bound to 5′-
CAB1B2GB3B4-3′/5′-AACAATG-3′ which was constructed based
on the structure of human Sox2(HMG) and structure of DC5 Sox2 DNA
element shown below. B base represents BrU. Tryptophan residues (W51
and W79) and BrU nucleosides (B1–B4) are drawn as green and blue
stick models, respectively, and Br and oxygen atoms in BrU are shown in
yellow and red, respectively. (B) Surface representation of hSox2(HMG)
bound to 5′-CAB1B2GB3B4-3′/5′-AACAATG-3′. B represents BrU.
Tryptophan residue (W79) and BrU nucleotides (B1-B4) are coloured in
green and blue, respectively, and Br and oxygen atoms in BrU are shown
in yellow and red, respectively. The sequence is shown below.

Sox2(HMG) (Figure 4). It is well known that that most of
the transcription co-activators of Sox2 have low inherent
DNA binding affinity in the absence of Sox2 but gain affin-
ity when they form a ternary complex in the presence of
Sox2. As expected, Pax6(DBD) alone was not able to in-
duce any DNA cleavage, representing that electrons were
not transferred from the tryptophan residues of Pax6 to
DNA possibly due to the transient binding of protein to
DNA (lane 5 in Figure 4). However, in the presence of both
Sox2(HMG) and Pax6(DBD), electron transfer from Pax6
led to strand cleavage (lane 6 in Figure 4). Pax6(DBD) con-
tains three Trp residues, and thus it cannot be concluded
that which residues are involved in electron transfer due to
the lack of high resolution model of Pax6/DC5 complex.
However, it is obvious that one of Trp residues of Pax6 ap-
proaches to proximal position to BrU by forming a stable
complex with DNA due to the conformation change accom-
panied by Sox2 binding. The cooperative binding of Sox2–
Pax6 on DNA3 and increased DNA binding affinity of Pax6
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Figure 4. Analyses of DNA cleavage by photoinduced electron transfer
from Pax6(DBD) to DNA3 in the Sox2–Pax6–DNA3 complex using 20%
polyacrylamide denaturing gel (7 M urea). Lane 1, 45 mer DNA marker;
lane 2, 20 mer DNA marker; lane 3, UV irradiated DNA3 at 280 nm for
30 min; lane 4, UV irradiated DNA3 with 6.25 �M of Sox2, lane 5, UV
irradiated DNA3 with 6.25 �M of Pax6; lane 6, UV irradiated DNA3 with
6.25 �M of Sox2 and Pax6; The concentration of DNA3 was 1.25 �M in
all samples. The reaction conditions are same as Figure 3.

were also confirmed by a conventional EMSA (Supplemen-
tary Figure S3), which validated the result of EET assay.

Validating the influence of Pax6(DBD) on Sox2(HMG) bind-
ing by electron transfer

It has been demonstrated that Pax6 enhances the bind-
ing affinity of Sox2 to DC5 by AFM on a DNA origami
frame (14). To confirm the enhanced binding affinity of
Sox2 upon cooperative binding of Pax6 using EET as-
say, we investigated the electron transfer from Sox2 to
DNA2 in the presence and absence of Pax6 under irradi-
ation conditions by examining the DNA cleavage (Figure
5). DNA2 was incubated with Sox2(HMG) alone or with
Sox2(HMG)/Pax6(DBD) and irradiated for 15 min follow-
ing the similar photoreaction procedure in Figure 2, and
the amount of the cleavage DNA was compared. To assess
the extent of any synergistic effect, we added a minimum
amount of Pax6 (0.5 equiv.) to a sample containing two
equivalent Sox2, thus to ensure that at this amount it should
not cleave the DNA at its binding site. Consistently with
the previous report confirmed by AFM, the DNA binding
affinity of Sox2 was enhanced about two folds by Pax6 bind-
ing as manifested by the increased cleavage content from
42.1 to 82.5% before and after Pax6 binding, respectively.
It is to be noted that Pax6 alone (lane 2) at 2 equiv. was
unable to give any cleavage. This result suggests that, like
Sox2, Pax6 also plays an important role in stabilizing the
protein/DNA complex. Given that strand cleavage through
electron transfer from Sox2–Pax6 to DNA is more extensive
than that from Sox2 or Pax6 alone, it is clear that a cooper-
ative binding partnership is in operation.

Figure 5. (A) The analyses of the DNA cleavage by photoelectron trans-
fer from Sox2 to DNA in the presence of Pax6. The photoreaction pro-
cedure is described in Figure 3. Lane 1, DNA2 irradiated by UV 280
nm for 15 min; lane 2, Pax6(DBD) (2.5 �M) in lane 1 condition; lane 3,
Sox2(HMG) (2.5 �M) in the lane 1 condition; Lane 3, Sox2(HMG) (2.5
�M) and Pax6(DBD) (0.625 �M) in the lane 1 condition. The concentra-
tion of DNA2 was 1.25 �M in all samples. (B) Quantification of the extent
of strand cleavage shown in lanes 2, 3 and 4.

Electron transfer from Pax6(DBD) on DC5con: determin-
ing the structure–function relationship between DC5 and
DC5con

Because it has been found that DNA molecule commonly
plays an active role in cooperative interactions thus we
were interested to see whether EET can help in finding the
structure–function relationship or not (36). One such ex-
ample is the replacement of Pax6 binding sequence from
the DC5 enhancer with Pax6 binding consensus as shown
in Figure 1A, results in the disruption of cooperation be-
tween Pax6 and Sox2. As a result the complex could not
activate the reporter gene (7). In order to probe this cru-
cial structure–function relationship using EET we modi-
fied the DC5con by DNA5 and DNA6 (Figure 1A and C).
We designed DNA5 by replacing thymine with BrU in the
DC5con sequence to confirm EET by Sox2. Our results re-
vealed that Sox2 alone was able to cleave DNA5 as shown
in Figure 6 (lane 6). Since there is a possibility that Sox2
may degrade by the electron injection (oxidation of trypto-
phan) to DNA5 thus it may disturb the formation of ternary
complex. That is why we decided to design DNA6 in which
thymine was replaced with BrU only in the Pax6 binding site.
A similar strategy was applied with DNA2 (DC5 sequence)
which was used for Sox2 (Figure 2) while a different DNA3
was used for Pax6 induced EET (Figure 4). Interestingly in
the DC5con, we revealed that Pax6 alone cleaved the DNA6
at 17.5% at its binding site (Figure 6, lane 8) while in case of
DC5 no such cleavage was seen (Figure 4, lane 5). When we
added Sox2 and Pax6 with DNA6 we observe that it induces
strand cleavage higher than Pax6 alone (lane 9) which indi-
cates that still the cooperativity is active but less compare to
DC5.
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Figure 6. Analyses of DNA cleavage by photoinduced electron transfer
from Sox2(HMG) and Pax6(DBD) to DC5Con sequence (DNA5-6) us-
ing 15% TBE-Urea Gel (Invitrogen), 180 V, 90 min. Lane 1, 20 mer DNA
marker; lane 2, 14 mer DNA marker; lane 3, 11 mer DNA marker; lane 4,
45 mer marker, lane 5, UV irradiated DNA5 at 280 nm for 30 min; lane 6,
UV irradiated DNA5 with 6.25 �M of Sox2, lane 7, UV irradiated DNA6
with 6.25 �M of Pax6; lane 8, UV irradiated DNA6 with 6.25 �M of Sox2
and Pax6. The concentration of DNA was 1.25 �M in all samples. Asterisk
represents an impurity and it is not generated by photoreaction (because
it is seen in control lane 4).

Examining the fate of tryptophan residues after electron in-
jection

Finally, we examined the fate of the tryptophan residues
of Sox2 after electron injection into the DNA. Previously,
we reported that the fluorescence intensity of tryptophan in
Sso7d was quenched after electron transfer to DNA (26).
We were thus interested to know the fate of the tryptophan
residues of both proteins after irradiation at 280 nm. Upon
excitation at 295 nm both Sox2(HMG) and Pax6(DBD)
release a characteristic emission peak from tryptophan at
330 and 350 nm, respectively. Interestingly, a significant
loss of fluorescence intensity of tryptophan residues of
Sox2(HMG) was observed after irradiation for 15 min, as
shown in Figure 7A. The loss of emission at 330 nm indi-
cates the photo-degradation in tryptophan residues. In con-
trast, no significant loss of fluorescence intensity except a
little quenching caused by the direct binding was observed
in the tryptophan residues of Sox2(HMG) after irradiating
the DC5 DNA element that has no BrU residues. The fluo-
rescent intensity of tryptophan was recovered after adding
high concentration of NaCl (2.0 M) into the reaction mix-
ture. This result suggests that electron transfer occurs from
Sox2(HMG) to the BrU residues of DNA2. In contrast, the
intensity of fluorescence of Pax6 with DNA2 was not af-
fected even after 30 min irradiation, confirming that no elec-
tron transfer from the protein occurs due to the weak bind-
ing affinity of Pax6 to DNA2.

DISCUSSION

Multi-protein alliances of specific transcription factors play
an important role in mammalian development. However,
their characterization suffers from serious hurdles due to
the absence of simple and accurate tools to analyse the in-
teraction among the partner transcription factors in max-
imum cases. Here, we introduced an EET assay that is ap-
plied for the first time to characterize the cooperativity be-
tween Sox2 and Pax6, key transcription factors involved
in development, on the regulatory element DC5. We pro-
posed that EET from protein to DNA could be an alter-
native way to study such cooperativity. Because of pro-
teins containing tryptophan residues can act as an efficient
electron donor under irradiation condition. On the other
hand, previously we studied UV irradiated BrU substituted
DNA, and our results revealed photoinduced intra-strand
electron transfer process from G to BrU residue through
intervening A bridges in the hot-spot sequences (31,33–
34). However, this intra-strand electron transfer is blocked
by the incorporation of hypoxanthine residue (I) instead
of G. This breakthrough finding opens up the application
of BrU labelled DNA to capture an electron from protein
like Sox2(HMG) which binds to a hot-spot containing se-
quence (Figure 1 and Supplementary Figure S1). From the
result it was evident that our designed DNA2 could suc-
cessfully trap an electron from the tryptophan residues of
Sox2(HMG) (Figures 1–3). Again to show electron transfer
from Pax6(DBD) we designed DNA3 which contain BrU
only at the Pax6(DBD) binding site. From our result it is
further confirmed a photoinduced electron transfer from
tryptophan residues of Pax6(DBD) to DNA3 only in the
presence of its partner Sox2(HMG) (Figure 5). By elec-
tron transfer we also confirmed their increased occupancy
on DC5 regulatory element as a result of their cooperative
binding than Sox2(HMG) or Pax6(DBD) alone. This new
tool of detecting crucial biological events is highly sensi-
tive. The current approach also can provide critical infor-
mation of protein–nucleic acid interactions. Since it is evi-
dent that DNA4 exhibited no photo-reactivity, which con-
tain BrU only on its complementary strand thus it infer a
weak interaction in that strand. Further we extended our
study by performing photoreaction on DC5con sequence.
The results revealed a low cooperativity in DC5con. Thus,
altogether these results suggest that EET can be a useful
tool for studying such dynamic protein–nucleic acid inter-
actions.

CONCLUSIONS

To summarize, we demonstrate the characteristic features of
cooperativity of Sox2 and its partner Pax6 during the for-
mation of a functional ternary complex with DC5 DNA
element by examining electron transfer processes. This
approach involved selected substitution of thymine with
BrU residues at the protein-binding sites on the DC5 ele-
ment and confirmation of binding by the cleavage of the
BrU-substituted DNA. Since Trp is frequently involved in
protein–DNA interaction, Trp-induced EET assay can be
a powerful tool for investigating protein–DNA interaction
and possibly applied to many cases. To our knowledge, this
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Figure 7. (A) Fluorescence intensity of tryptophan residues of Sox2. Fluorescence emission spectra of Sox2 before irradiation (blue) and after irradiation
(dark blue) at 280 nm for 15 min. Emission spectra of Sox2 incubated with DNA2 (green) and with DC5 (orange), after irradiation for 15 min (excitation
at 295 nm, 10 nm slit width). (B) Fluorescence emission spectra of Pax6 alone before irradiation (blue), after irradiation (green) and Pax6 when incubated
with DNA2 irradiated at 280 nm for 30 min (orange) (excitation at 295 nm, 5 nm slit width). Photoreaction procedure for Sox2 and Pax6: reaction mixture
was prepared using 20 mM sodium cacodylate buffer pH 7.50 and 2 �M of each protein and DNA in 50 �l (final volume), irradiated at 0◦C.

is the first time to observe a crucial biological event such
as cooperative binding of transcription factors to DNA us-
ing the EET assay. This study opens up ample opportunity
to use EET as an efficient photosensitive method to prob-
ing DNA–protein interactions. Consequently, the applica-
tion repertoire of this method can be expanded to various
important biological events accompanied by a dynamic as-
sembly of macromolecular complexes.
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