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The pharmacological potential of transcription factor-DNA
interactions remain untapped because DNA binding do-

mains are generally perceived as challenging targets.1-3 The
challenge is posed because transcription factors lack the hydro-
phobic and deep ligand binding pockets characteristic for en-
zymes and cell surface receptors.4 Instead, transcription factors
possess an extended and positively charged recognition interface
to dock to polyanionic DNA elements. Moreover, the DNA
binding domains are often subjected to structural rearrange-
ments upon DNA binding, whereas the ligand binding pockets of
enzymes are largely preformed.4 Despite these difficulties, several
studies demonstrated that transcription factors can be directly
targeted by small molecules. For example, small molecule
microarrays have been employed to target yeast transcription
factor subunits.5 By using fluorescence anisotropy based screens,
inhibitors of the DNA binding activity of estrogen receptor ER-
R, B-zip, and Hoxa13 were identified.6-8 Furthermore, an
inhibitor of the apoptosis inducing factor (AIF) was identified
using photonic crystal biosensors.2 The structure activity rela-
tionships often remain elusive but could be established for some
electrophilic compounds that inhibit zinc finger transcription
factors by ejecting the coordinated Zinc ion leading to a collapse
of the protein’s structural integrity as shown for HIV-NCP7 and
ER-R.9,10 Other notable examples that affect DNA binding

include inhibitors of c-Myc/Max, HIF (hypoxia inducible factor)
and E2F.4,11-13 Approaches wherein small molecules modulate
transcription by binding to DNA sequences face the challenge of
achieving target DNA specificity.14We chose Sox2 for our screen
on the basis of its critical roles in stem cell and cancer biology.
Sox2 is required for the maintenance of pluripotency and self-
renewal of embryonic stem (ES) cells.15 Consistently, knock-
down of Sox2 results in the loss of the undifferentiated state.16,17

By featuring in a cocktail of four transcription factors required for
generating induced pluripotent stem (iPS) cells Sox2 gained
further prominence.18 To induce and maintain pluripotency
Sox2 directly interacts with Oct4 when bound to its DNA targets
mediated by a small and charged protein interaction surface.19

The oncogenic potential of Sox2 was recognized after elevated
expression levels were detected in several tumors such as lung
cancer, gastric carcinoma, malignant glioma and in breast
cancer.20-22 It has therefore been hypothesized that the aberrant
upregulation of Sox2 promotes tumorigenesis by stimulating self-
renewal, dedifferentiation, proliferation, and cell survival remi-
niscent of its role in stem cell biology.20 Indeed, Sox2 was
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ABSTRACT: Aberrant expression of transcription factors is a frequent
cause of disease, yet drugs that modulate transcription factor protein-
DNA interactions are presently unavailable. To this end, the chemical
tractability of the DNA binding domain of the stem cell inducer and
oncogene Sox2 was explored in a high-throughput fluorescence aniso-
tropy screen. The screening revealed a Dawson polyoxometalate
(K6[P2Mo18O62]) as a direct and nanomolar inhibitor of the DNA
binding activity of Sox2. The Dawson polyoxometalate (Dawson-POM)
was found to be selective for Sox2 and related Sox-HMG family members
when compared to unrelated paired and zinc finger DNA binding domains.
[15N,1H]-Transverse relaxation optimized spectroscopy (TROSY) experiments coupled with docking studies suggest an interaction site
of the POM on the Sox2 surface that enabled the rationalization of its inhibitory activity. The unconventional molecular scaffold of the
Dawson-POM and its inhibitory mode provides strategies for the development of drugs that modulate transcription factors.
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reported to be a lineage survival oncogene in squamous cell
carcinomas and was found to be highly expressed in cancer stem
cells leading to myeloma.22,23 Together, these studies suggest
that Sox2 acts at the onset of carcinogenesis as well as in cancer
stem cells with a high proliferative potential that are top priority
targets for anticancer therapy. In the light of the importance of
Sox2 in stem cell and cancer biology, we envisage small molecule
inhibitors of Sox2 to have two areas of application: (i) as
anticancer drugs and (ii) as tools to direct differentiation for
tissue engineering.24 DNA binding by Sox2 is mediated by a∼80
residue high mobility group (HMG) domain that binds to a
consensus C(T/A)TTG(T/A)(T/A) motif.25 Its angular inner
surface binds to the minor groove of the DNA and inserts a
phenylalanine-methionine wedge intoDNA base pairs inducing a
∼70� kink. The HMG domain consists of a three-helix bundle,
exhibiting a L-shaped structure composed of flexible major and
minor wings that are subject to some structural rearrangements
upon DNA binding.19,26-28 This structural flexibility may pose a
challenge due to the absence of a preformed small-molecule
binding pocket and context-dependent conformational adapt-
ability. Alternatively, we hypothesized that the flexibility and
“clamp”-like architecture of the Sox-HMG domain might enable
it to wrap around inhibitor molecules in an induced-fit type of
mechanism.

In this study, we identified a Dawson polyoxometalate as a
nanomolar inhibitor of the DNA binding activity of Sox2. This
binding is direct and selective for HMG domains in comparison
to other DNA binding domains. We further mapped the inter-
action surface of Sox2 with the Dawson-POM by NMR and in
silico docking. Together, we demonstrate that challenging mo-
lecular architectures like the DNA binding domains are tractable
drug targets and propose Dawson polyoxometalates as molecular
scaffolds for transcription factor inhibition.

’RESULTS AND DISCUSSION

Primary Screening and Identification of a Polyoxometa-
late Hit.TheCCND1 gene encoding cyclin D1 is linked to breast
cancer progression and upregulated by Sox2.29 We therefore
utilized Sox2 binding to the cis-regulatory element of CCND1 as
the basis for a fluorescence anisotropy based screen. When Sox2-
HMG binds the 22bp FAM labeled CCND1 DNA element, the
larger size of the protein-DNA complex causes a slower rotation
resulting in a relatively higher anisotropy (Figure 1, panel a).
Addition of unlabeled competitor DNA to the complex results in
complete displacement of the labeled CCND1-Sox2-HMG com-
plex (Figure 1, panel b). The large signal window separating Sox2
bound and unbound DNA facilitated the upscaling of the assay
into a robust high-throughput format to identify inhibitors that
can disrupt Sox2-HMG DNA complex formation (Figure 2,
panel a). Compound screening was carried out using the
mechanistic and the challenge diversity libraries obtained from
the National Cancer Institute (NCI, http://dtp.nci.nih.gov/
index.html). TheMechanistic diversity library (825 compounds)
is derived from 37,836 compounds that have been tested on the
NCI human tumor 60 cell line and represents compounds that
exhibit a broad range of growth inhibition effects. The Challenge
diversity set (1364 compounds) was derived from a 140,000
compound collection to create a structurally diverse library. In
total, 2,189 compounds were screened in duplicates in 384-well
plates. Measurements obtained from the positive and negative
control samples in each microplate were used to calculate the Z0

factor. For all microplates the Z0 factor was >0.60 (Figure 2, panel
b), and replicate screens showed high reproducibility (Figure 2,
panel c). Compounds with composite Z-score less than or equal
to -3 and reproducibility less than -0.98 were identified as
primary hits (Figure 2, panel d). This way, we identified 51
compounds as potential primary hits (Supplementary Table 1).
Many hits included planar and aromatic compounds with
possible DNA intercalator activity and were not analyzed further.
One candidate inhibitor was a Dawson polyoxometalate K6-
[P2Mo18O62] (NSC 622124), henceforth referred to as Daw-
son-POM. POMs are nanometer sized oxyanions made up of
group 5 and group 6 transition metals such as molybdenum and
tungsten.30,31 Despite being anionic, large, and highly charged,
POMs have a well-documented antiviral, antibacterial, and anti-
tumorigenic property.32 For example, HPA-23, a heteropoly-
tungstate, was initially used in clinical trials to treat AIDS
patients.33 Although the mechanism of POM action remains
largely obscure, a number of studies suggested that POMs
directly inhibit proteins such as HIV-1 reverse transcriptase, E.
coliKlenowDNA pol I, and eukaryotic DNA pol β.32,34,35 Due to
the high negative charge density it was suggested that the poly-
oxometalates I [(O3POPO3)4W12O36]

16- and II [(O3PCH2PO3)4-
W12O36]

16- interact and compete with the DNA binding
domains of HIV-1 RT and the DNA polymerases through
electrostatic forces.36 Indeed, the potential of the POM scaffold
to bind to DNA binding domains was illustrated by the crystal
structure of Rad51 with sodium metatungstate revealing a
competitive mode inhibiting its DNA binding activity.37 The
Dawson-POM has recently been reported to selectively bind and

Figure 1. Fluorescence anisotropy based assay for Sox2-HMG DNA
binding. (a) Binding isotherm of Sox2-HMG with 1 nM (FAM)-
CCND1. Increasing concentrations of Sox2-HMG increases the fluor-
escence anisotropy indicating Sox2-HMG DNA complex formation.
Data represent the average of 3 independent measurements. (b) A
preformed Sox 2-HMG/(FAM)-CCND1 complex was titrated with
unlabeled CCND1 competitor resulting in the return of anisotropy
readings to the baseline.
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inhibit the protein kinase CK2 and certain kinesins.38,39 Given
the inhibitory potential of POMs, we decided to further study the
Sox2-HMG POM interactions.
Effect of Different POMs on Sox2-HMG DNA Binding. To

compare inhibition by different POMs, various structurally
diverse POMs were tested for Sox2 binding. We found that the
originally identified Dawson-POM (K6[P2Mo18O62]) was most
potent among all tested POMs (Table 1). Sodiummetatungstate,
known previously to competitively bind to Rad51, exhibits
moderate inhibitory activity followed by the Dawson-phospho-
tungstate. Keggin POMs were inactive at the concen-
trations tested in this study. The Dawson-phosphomolybdate
[P2Mo18O62]

6- is known to undergo multiple condensation-
hydrolysis equilibria in solution depending on the pH and
temperature.40 For example, phospho-molybdic Dawson-type
POMs like (NH4)6[P2Mo18O62] decompose into the lacunar
Keggin-type anion HxPMo11O39

(7-x)-, pentamolybdodipo-
sphate HxMo5P2O23

(6-x)-, phosphate, and oxomolybdate de-
pending on the acidity-basicity of the solution.40 However, the
degradation products molybdate ([MoO4]

2-) the phosphate
([HPO4]

2-) and Keggin phosphomolybdate ([PMo12O40]
2-)

were found to be insufficient to inhibit the Sox2-HMG (Figure 3,
panel a and b). We therefore concluded that a structurally intact
Dawson structure interacts with the Sox2-HMG.

The Dawson-POM Directly Inhibits Sox2-HMG but Not
Unrelated Transcription Factors. To assess the selectivity of
the Dawson-POM for the Sox2-HMG, we tested its inhibitory
potential to unrelated transcription factors Pax6 and REST. Pax6
contains a bipartite paired domain and REST binds DNA via
eight Cys2/His2 Zinc-finger domains.41,42 Using EMSAs, we
found that the Dawson-POM inhibits Sox2-HMG DNA binding
with an IC50 value of 98.6 ( 22.1 nM, whereas the Pax6 paired
domain activity is not affected by the POM even at very high
concentrations (Figure 3, panels c and d). REST retains nearly all
of its DNA binding activity at POM concentrations inhibiting
Sox2, although some inhibition was observed at very high
concentrations (Supplementary Table 2). The varying inhibition
profiles of the Dawson-POM to unrelated structural classes of
transcription factors suggest that the Dawson-POM is selective
for certain transcription factor targets.
Next we verified that the Dawson-POM directly binds the

Sox2-HMG domain. First, limited trypsin digestion of the Sox2-
HMG revealed that the Dawson-POM confers sustained resis-
tance to proteolytic digestion (Figure 4, panel a). Second, a
comparison of the thermal unfolding of the Sox2-HMG domain
in the absence and presence of the Dawson-POM revealed
differences that can be attributed to a stabilization effect of the
POM on the melting profile of Sox2-HMG. The addition of

Figure 2. Fluorescence anisotropy based screen to identify inhibitors of Sox2-HMGDNA binding. (a) Assays were carried out in a 384-well microplate
depicted schematically as a heatmap (color coded by anisotropy values). Compounds were added to each well, while the positive and negative controls
were alternately added to the peripheral columns. (b) The dimensionless Z0 factor was used to evaluate the performance of the controls of the assay in a
screening setup. The challenge diversity library required screening in five 384-well microplates, whereas the mechanistic diversity library screening was
performed in three 384-well microplates. An average Z0 factor from duplicate screens (Screen 1 and Screen 2) of the challenge and mechanistic diversity
libraries revealed a value above 0.6, indicating a sufficiently large signal window for robust hit identification. (c) Z-scores from duplicate screens correlate
well highlighting the reproducibility of the assay. (d) Screening results are shown as histograms of composite Z-scores. Primary hits were defined as
having a composite Z-score e3 and reproducibility below -0.98. Eighteen compounds from the challenge diversity and 33 compounds from
mechanistic diversity were classified as primary hits.
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increasing concentrations of the Dawson-POM transformed the
melting profile and increased the unfolding transition, suggesting
that the Dawson-POM directly binds and stabilizes the Sox2-
HMG domain (Figure 4, panel b).
Studies of Sox2-Dawson-POM Interaction by NMR. To

understand the inhibitory mechanism and to facilitate the follow-
up chemistry aimed at optimizing the selectivity and potency of
the Dawson-POM, we assigned Sox2-HMG backbone reso-
nances using TROSY spectroscopy and tracked the chemical
shift perturbations in Sox2 after addition of the Dawson-POM.
TROSY-line HNCA, HNCACB, and CBCAcoNH spectra were
recorded using 13C- and 15N-labeled Sox2-HMG. Approximately
90% of the 114 residues of the Sox2-HMG construct were
unambiguously assigned, with the unassigned residues predomi-
nantly located in the structurally flexible termini. Importantly,
resonances stemming from residues comprising the helical core

of the Sox2-HMG domain and DNA contacting residues are
sufficiently dispersed and can be used for POM binding studies
(Figure 5, panel a). POM binding to Sox2-HMG was monitored
in a series of [15N,1H]-TROSY spectra recorded in the absence
and presence of the Dawson-POM.When theDawson-POMwas
added to 0.65 mM protein, backbone resonances of several
residues in Sox2-HMG were significantly perturbed, indicating
direct and specific interactions (Figure 5, panel a). Chemical shift
perturbations were quantified by using overall weighted chemical
shift values (Δδ = [Δδ2HNþ (0.2ΔδN)2]1/2) and displayed on
a Sox2 model derived from the Sox2-Oct1/DNA structure
(Figure 5, panel b). On the basis of distribution of the weighted
chemical shift values, residues were classified into (i) those that
undergo significant chemical shift changes (Δδ g 0.065 ppm),
(ii) those that undergo moderate chemical shift changes (0.04
ppmgΔδ < 0.065 ppm), and (iii) those with low chemical shift

Table 1. Inhibition of a Saturated Sox2-DNAComplex (∼95% bound) byDifferent POMsMonitored by Fluorescence Anisotropy

formula M (g mol-1) residual DNA binding activity at 1 μM compound (%) type

K6[P2Mo18O62] 3015 31( 1.5 Dawson

K6[P2W18O62] 4597.8 76( 4 Dawson

Na3[PW12O40] 2946 91( 1 Keggin

Na3[PMo12O40] 1891.2 99( 3 Keggin

Na6[H2W12O40] 2986.13 51( 3 metatungstate

Na3MoO4 120 92( 4 molybdate

NaH2PO4 205.92 99( 5 phosphate

Figure 3. Effect of POM fragments on Sox2-HMG inhibition and selectivity of the Dawson-POM (K6[P2Mo18O62]) in disrupting protein-DNA
complexes. (a) Fluorescence anisotropy assay showing that degradation products of K6[P2Mo18O62], namely, the phosphate ([HPO4]

2-), the molybdate
([MoO4]

2-), and the Keggin phosphomolybdate ([PMo12O40]
3-), do not disrupt a half-saturated Sox2-HMG DNA complex. (b) Ball and stick

representation of the Dawson and Keggin POMs. Small light gray spheres are oxygen atoms and the bigger dark spheres are transition metals likeMo andW.
The central phosphate atoms are labeled. (c) EMSAs using varying POM concentrations show that K6[P2Mo18O62] inhibits the Sox2-HMG with an IC50

value of 98.6( 22.1 nM but does not inhibit Pax6. (d) Representative EMSA experiment showing dose-dependent titrations of K6[P2Mo18O62] with 40 nM
Sox2-HMG and 1 nM CCND1 (∼50-80% fraction bound) and 0.5 nM Pax6 and 1 nM consensus pax6 DNA element (∼50% fraction bound).
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Figure 4. The Dawson-POM physically interacts with the Sox2-HMG domain. (a) Limited proteolysis reveals that interaction of Sox2 with
K6[P2Mo18O62] confers resistance to proteolytic digestion by trypsin. Sox2-HMG was incubated with trypsin in the presence (lanes 3-6) and absence
(lanes 8-11) of the Dawson-POM. Reactions were stopped after different time points and analyzed by 4-12% SDS-PAGE. Lanes 1 and 7 contain
markers, and lane 2 contains the Sox2-HMG incubated without trypsin. (b) Thermal melting profiles of Sox2-HMGmonitored in the presence of sypro-
orange at increasing concentrations of the Dawson-POM. As the POM concentration is increased the initially high fluorescence at lower temperatures
(37-50 �C) decreases, suggesting POM-mediated stabilization.

Figure 5. Interaction of Sox2-HMG with Dawson-POM analyzed by [15N,1H]-TROSY and docking studies. (a) Superposition of two-dimensional
TROSY spectra of free Sox2 (pink) and Sox2 bound to POM (blue). Peaks that undergo significant shifts upon complex formation are highlighted. (b)
The weighted change in chemical shift perturbations (Δδ = [Δδ2HNþ (0.2ΔδN)2]1/2) obtained from the [15N,1H]-TROSY experiments are mapped
on the Sox2-HMG surface (PDB: 1GT0). Residues which are significantly shifted are labeled. The colored bar displays the extent of NMR chemical shift
perturbations in ppm. Unassigned residues are colored in gray. (c) Changes in chemical shift upon POM binding is plotted as a function of the Sox2
amino acid sequence (numbered according to Sox2: PDB 1GT0). Threshold windows indicating significant (S: Δδ g 0.065 ppm), moderate (M:
0.04 ppmgΔδ < 0.065 ppm), and low (L:Δδ < 0.04 ppm) chemical shift perturbations are marked with horizontal lines. Green colored bars indicate
residues implicated in direct binding to POM based on docking studies. Residues that are not perturbed in TROSY experiments are indicated with an
asterisk (/). Unassigned residues are marked with a blue bar. Sox2-HMG residues involved in DNA binding are colored in blue in the one letter
aminoacid sequence. Secondary structural elements are depicted and colored to indicate the corresponding major and minor wing structural
domains.
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changes (Δδ < 0.04 ppm) (Figure 5, panel c). The residues
Met7, His29, Glu66, and Asp69 were found to be most sig-
nificantly shifted with Met7 being known to be directly involved
in DNA binding (Figure 5, panel c). Among the significantly
shifted residues, Met7, Glu66, and Asp69 are in spatial proximity,
whereas His29 is located in loop 1 of the HMG’s major wing
(Figure 5, panel c). The contribution of these residues to POM
binding was investigated further by docking studies and was
aided by comparison with solution structures of Sox17 (PDB:
2YUL), Sox5 (PDB: 1I11) and the DNA bound structure of Sox2
(PDB: 1GT0). Buried core residues like Trp13, Ala22, Lys27,
and Ile33 mediating the stacking of helices 1 and 2 were least
perturbed upon POM binding, suggesting that the structural
integrity of the HMG domain is retained upon inhibitor binding
(Supplementary Figure 1, panel a). Many of Sox2-HMG residues
exhibited moderate chemical shift changes, suggesting global
structural perturbation of Sox2 upon POM binding due to
allosteric effects.43,44

Preferential Binding Site of the Dawson-POM on the
Sox2-HMG Surface. To identify the site of interaction of the
Dawson-POM with the Sox2-HMG, autodock searches were
undertaken using the docking server methodology.45,46 First, a
blind docking search was set up such that the POM can explore
the entire surface of a Sox2-HMG model derived from a crystal
structure.19 The second search was restrained to the area defined
by the cluster of the residuesMet7, Glu66, and Asp69 which were
identified to be shifted from [15N,1H]-TROSY NMR. Both
docking calculations identified a common binding mode indicat-
ing that this binding site is highly preferred by the POM. The
binding pocket is formed by the C-terminus of helix-3 and the
N-terminal region of the minor wing of the Sox2-HMG structure
(Figure 6, panel a). Both shape and charge complementarities are
favorable for ligand binding (Supplementary Figure 1, panel b).
The negatively charged surface of POM can formmany favorable
electrostatic interactions when bound to Sox2, evident from the
very low docking energy of -10.6 kcal/mol (Supplementary
Figure 1, panel b). The positively charged side chains of Lys4,
Arg5, Arg15, His63, and His67 can form hydrogen bonds or
electrostatic interactions with the negatively charged oxygens of
POM. The backbone amide of Lys4 forms an additional hydro-
gen bond with POM (Figure 6, panel a). In accordance with the
docking studies, the positively charged residues Lys4, Arg5, and
Arg15 exhibit moderate chemical shift changes, whereas His63
and His67 exhibit insignificant perturbation. Solvent accessibility
analysis of apo-Sox2-HMG reveals that His63 and His67 are
partially buried (13-30% exposure, Supplementary Figure 1,
panel a) providing a likely reason for the lack of significant
chemical perturbation for these residues. Glu66 of the POM
binding cavity was most strongly shifted following POM addition
(Figure 6, panel a). Although a protonated state of Glu66 could
be envisaged to form a hydrogen bond with a terminal POM due
to a slightly altered pH microenvironment, it is unlikely at the
experimental conditions. Rather, the POM binding might repel
Glu66 due to unfavorable electrostatic repulsion causing it to
structurally reorient with respect to the apo-Sox2-HMG. Asp69
is a residue strongly perturbed in TROSY but is not present in the
POM docking site. Asp69 is located in the C-terminal of helix 3,
which is a region subject to inherent conformational changes due
to protein flexibility as shown in NMR studies on apo Sox4 and
Sox5.47,48 Following DNA binding, however, the C-terminus is
markedly rearranged to participate in the DNA interaction.27

Thus, the pronounced perturbation detected for Asp69 likely

illustrated the dynamics of this region and its structural adjust-
ments accompanying molecular recognition events. The strongly
perturbed His29 emanating from loop1 is another residue that is
not located in the POMdocking (Figure 5, panel c). This loop was
found to exhibit themost pronouncedCRRMSDdeviationwithin
the helical core of the HMG domain when the DNA-bound Sox17
was compared with apo-Sox5 and Sox17 and also between
individual structures from the apo-Sox5 NMR ensemble.27 By
inspecting the different conformers of the solution structure of
Sox17 (PDB: 2YUL), it is evident that theN-terminal region of the
minor wing is dynamic adopting conformations where the minor
wing approaches loop1 indicating the potential of a cross-talk
between the major and minor wings. The Sox2-HMG construct
employed here contains an N-terminus extended by 13 amino
acids as compared to the homologous Sox17 structure (PDB:
2YUL). Thus, it is conceivable that a longer dynamic Sox2
N-terminus would come into contact with His29 in loop1 due
to conformational reorganization of the HMG wings induced by
POM binding. In addition to charged amino acids, hydrophobic
residues like Val3, Met7, Leu59, and Leu62 shape the cavity of the
POM docking site (Figure 6, panel b). Consistently, Met7
exhibited a significant chemical shift in the TROSY experiment
while Val3, Leu59, and Leu62 are moderately affected.

Figure 6. Sox2 Dawson-POM interactions at the docking site. (a) The
lowest energy Sox2-HMG-POM complex structure from autodock
searches shows that the POM is positioned within a pocket of the minor
wing of Sox2-HMG. Lys4, Arg5, Arg15, His63, andHis67 are involved in
electrostatic or hydrogen bond interactions. Glu66 could donate hydro-
gen bonds in a protonated form. Leu52, Leu62, Met7, and Val3 shape
the binding cavity. (b) Comparison of the docked model with the Sox2
X-ray structure (PDB: 1GT0) reveals that binding of POM would
directly interfere with DNA binding due to charge repulsion.
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Together, NMR and docking studies suggest a model illustrat-
ing how the Dawson-POM brings about the inhibition of the
Sox2-HMG DNA interaction. First, a comparison of the Sox2-
POM docked structure with the X-ray structure of the ternary
Oct1.Sox2.DNA complex (PDB: 1GT0) reveals that the binding
of POM to this site would repel the phosphate backbone of DNA
and compete with the positively charged residues in Sox2
(Figure 6, panel b). Second, the binding of POM could induce
structural rearrangements of the N-terminal Sox2-HMG minor
wing favoring a closed conformation. Together, the POM would
occupy a site and cause structural rearrangements incompatible
with DNA binding. An atomic structure of a Sox2-HMG/POM
complex would provide valuable insights into the mechanism of
POM inhibition. By analyzing a multiple sequence alignments it
was observed that the bulk of the POM contacting residues are
conserved within the Sox family (Supplementary Figure 1, panel
c). We therefore tested whether the Dawson-POM can also
inhibit the divergent Sox5, Sox7, and Sox17 proteins
(Supplementary Table 2). Indeed, these experiments revealed
a comparable reduction of the residual DNA binding activities for
all tested Sox-HMG proteins. Thus, we propose the Dawson-
POM as a potent lead scaffold for inhibiting the Sox family and
that its selectivity could be fine-tuned by organic modifications.
Conclusion. The DNA binding domains of transcription

factors have previously been considered too impervious to be
tackled as drug targets, although upregulated transcription
factors are a major cause of cancer and other diseases.1,4,49 Here
we identified a Dawson-POM as an unconventional but potent
compound to inhibit the DNA binding activity of Sox2. The
scaffold of the inorganic POMs has many favorable properties
that could be fine-tuned to target the DNA binding domains of
transcription factors. The mode of interaction of the Dawson-
POM with the Sox2-HMG domain involves predominantly
electrostatic interactions at the pocket just outside of the DNA
binding region but still adequately positioned to compete with
the negatively charged DNA backbone. To achieve selectivity to
various classes of DNA binding domains, POMs can be modu-
lated by derivatization with organic groups or by themodification
of their charge distribution and dimensions.31,50 Moreover,
promising encapsulation techniques have been developed for
POMs using starch nanoparticles as well as liposomes.51,52 Such
encapsulation techniques have been found to increase the
efficacy of the delivery of the POMs to their target cell, resulting
in significantly increased stability and bioactivity. In summary,
the inhibitory mechanism of Sox2 by the Dawson-POM demon-
strated here could eventually spawn the development ofmodified
classes of POM-based drugs to specifically combat aberrant gene
expression.

’METHODS

Fluorescence Anisotropy Measurements. A fluorescence
anisotropy assay was utilized to identify inhibitors of Sox2-HMG
binding to its cognate DNA element. The 22bp fluorescein-labeled
DNA element was based on a cis-regulatory element of the CCND1
gene.29 The assays were carried out in 384-well microplates (Corning
NBS) in a buffer containing 10 mM Tris pH 8.0, 100 mM KCl, and 50
μMZnCl2. Fluorescence anisotropy was measured on a Spectramax M5
microplate reader (Molecular Devices) with excitation at 485 nm,
emission at 525 nm, and a cutoff filter of 515 nm. The effect of different
polyoxometalates on the residual DNA-binding activity of Sox2-HMG
was determined by adding 1 μMof different POMs to a reaction mixture

containing 85 nM Sox2-HMG and 1 nM fluorescein labeled CCND1
(∼95% fraction bound condition). The experiments were carried out in
triplicates, and the residual DNA binding activities at 1 μM POM are
reported as a percentage of the controls.
Automated Anisotropy Fluorescence Based Screening.

Liquid transfer steps were automated using the Caliper Life Sciences,
Inc.’s Sciclone ALH 3000 Liquid Handler Workstation, and data were
analyzed as outlined in the Supplementarty information.
NMR Spectroscopy and Data Processing. The NMR sample

preparation is detailed in the Supporting Information. NMR experi-
ments were performed on a Bruker AVANCE II 600 MHz NMR
spectrometer equipped with four RF channels and a 5 mm z-gradient
TCI cryoprobe. The spectra were collected at a regulated temperature of
298 K, and sweep widths for 1H and 15N were 9804 and 2412 Hz,
respectively. The residual HDO resonance signal was suppressed with
presaturation. A combination of experiments was used to derive the
assignments of the backbone for Sox2-HMG. 1H and 15N resonances
observed from the TROSY experiments were correlated with their
corresponding inter- and intraresidue spin systems from 3D experi-
ments, namely, HNCA, HNCACB, and CBCAcoNH, to sequentially
correlate the amino acids. Data were processed using TopSpin 2.1, and
the chemical shifts were referenced directly (1H) to the frequency of
DSS. Peak picking and spectral analysis was done using CARA.53

’ASSOCIATED CONTENT

bS Supporting Information. Protein purification, EMSAs,
proteolysis, thermo-fluor, screening data analysis and the dock-
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