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H igh-throughput screening (HTS) of compound
collections is now a staple of modern drug dis-
covery. In the most common incarnation, in vitro

enzyme inhibition screens of large (�100,000 mem-
bers) compound libraries are conducted using sub-
strates that provide an easily quantified chromogenic/
fluorescent readout. Such screens have led to the
discovery of many novel enzyme inhibitors and drug
leads (1, 2). Unfortunately, many potential drug targets
are not enzymes, and thus for these systems high-
throughput methods are needed that go beyond en-
zyme inhibition assays and directly report on small
molecule�protein binding events.

One area in which small molecule ligands for nonen-
zyme proteins would be useful is in the disruption of
protein�macromolecule interactions. The identification
of compounds that perturb protein�protein or
protein�nucleic acid interactions is extremely challeng-
ing (3–6), and this is partly due to the paucity of good
high-throughput screens. Successes in modulating
protein�protein and protein�nucleic acid interactions
with small molecules fall into a few classes: surface
receptor�ligand interactions (integrins (7–9), IL-1/2
(10, 11), TNF� (12)), cytoplasmic targets (iNOS (13),
HIV protease (14), Bcl-2/xL (15), XIAP (16)), and
transcription-related targets (17). This last class of com-
pounds can elicit their action by inhibiting transcription
factor dimerization/DNA-binding (B-ZIP (18), Zn-finger
proteins (19), STAT3 (20, 21), c-Myc/Max (22, 23), HIF-1
(24), GLI (25)), by relieving inhibitory proteins (p53/
MDM2 (26)), or by recruiting transcription factors or co-
activators to certain DNA sequences by using poly-
amides (27, 28) or small molecules (29–31). In order
to further facilitate the identification of inhibitors of
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ABSTRACT Protein�DNA interactions are essential for fundamental cellular pro-
cesses such as transcription, DNA damage repair, and apoptosis. As such, small
molecule disruptors of these interactions could be powerful tools for investigation
of these biological processes, and such compounds would have great potential
as therapeutics. Unfortunately, there are few methods available for the rapid iden-
tification of compounds that disrupt protein�DNA interactions. Here we show
that photonic crystal (PC) technology can be utilized to detect protein�DNA inter-
actions, and can be used in a high-throughput screening mode to identify com-
pounds that prevent protein�DNA binding. The PC technology is used to detect
binding between protein�DNA interactions that are DNA-sequence-dependent (the
bacterial toxin�antitoxin system MazEF) and those that are DNA-sequence-
independent (the human apoptosis inducing factor (AIF)). The PC technology was
further utilized in a screen for inhibitors of the AIF�DNA interaction, and through
this screen aurin tricarboxylic acid was identified as the first in vitro inhibitor of AIF.
The generality and simplicity of the photonic crystal method should enable this
technology to find broad utility for identification of compounds that inhibit
protein�DNA binding.
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protein�nucleic acid interactions, we sought to de-
velop a high-throughput screening method that would
directly report on the inhibition of protein�nucleic acid
complexes.

There are several techniques utilized to measure
protein�nucleic acid binding. Current methodologies
include DNA microarrays (32), fluorescence anisotropy
(33), electrophoretic mobility shift assays (EMSA) (34),
DNA/RNA footprinting (35, 36), chromatin immunopre-
cipitation (ChIP) (37), isothermal titration calorimetry
(ITC) (38), and surface plasmon resonance (SPR) (38,
39); each is able to measure the degree and/or specific-
ity of protein�DNA/RNA binding. While the aforemen-
tioned techniques are useful in determining binding af-
finities, few are optimal for HTS and drug discovery. DNA
microarrays and emerging SPR microscopy techniques
may ultimately be suitable for HTS, and the technology
reported herein may be viewed as complementary to
these assays. However, DNA microarray and SPR micros-
copy based screening has generally been applied to
the identification of optimal promoter binding sites for
transcription factors (33, 40–42) and not in drug discov-
ery. Fluorescence anisotropy (also termed fluorescence
polarization, or FP) has been widely used for the mea-
surement of protein�protein and protein�nucleic acid
interactions (33), as well as the screening of compound
libraries for inhibitors of these interactions (43–45). Al-
though fluorescence anisotropy is a popular method for
such experiments, there are some limitations on fluores-
cence anisotropy as a HTS method. One limitation is
the recommended �10-fold mass excess of the nonflu-
orescent binding partner (46), although there are ex-
amples showing that fluorescence anisotropy can be
effective below this limit (47). Another limitation is
the potential for false positives due to fluorescent
compounds, which is an inherent limitation of any
fluorescence-based HTS method. Given the largely unex-
plored pharmacological realm that is protein�nucleic
acid interactions, HTS assays independent of fluores-
cent tags would be extremely useful, especially in those
cases where fluorescence anisotropy is not possible. In
this report we describe the first use of photonic crystal
technology for the development of an assay capable of
detecting protein�DNA binding and further apply it in a
high-throughput screening mode for discovery of inhibi-
tors of a protein�DNA interaction.

RESULTS AND DISCUSSION
As stated above, fluorescence polarization has been
successfully utilized in multiple high-throughput
screens, including some whose goal was the identifica-
tion of inhibitors of protein�DNA interactions (18, 23).
Thus, in our search for inhibitors of the apoptosis induc-
ing factor (AIF)�DNA interaction, we initially attempted
to develop an FP-based HTS. Unfortunately, DNA se-
quences with two different fluorescent tags did not give
a noticeable change in fluorescence polarization upon
incubation with AIF (see Supplementary Figure 1). We
ascribed the failure of the FP method in this case to the
low affinity of AIF for any DNA sequence, as demon-
strated by the molar ratios required in EMSA (48, 49).
In addition, the FP assay with AIF is complicated by the
fact that AIF itself is fluorescent due to the presence of
its flavin cofactor. We thus sought to develop a general
and high-throughput technique for the identification of
inhibitors of protein�DNA interactions that would be
able to avoid these complications.

A new class of disposable microplate-based optical
biosensors based on the unique properties of photonic
crystals (PC) have been recently developed by Cunning-
ham et al. (50). Like other optical biosensors, including
those utilized in SPR, PC biosensors detect biomolecular
interactions on the surface of a transducer through
changes in dielectric permittivity with respect to the liq-
uid media. A PC is composed of a periodic arrangement
of dielectric material that effectively prevents propaga-
tion of light at specific wavelengths and directions.
When illuminated with white light, appropriately config-
ured photonic crystals are able to reflect narrow band
light whose wavelength is directly dependent on the lo-
cal density of adsorbed biomolecules (Figure 1). Asso-
ciation of macromolecules to the sensor surface modu-
lates the peak wavelength value (PWV) of the reflected
light, allowing for detection of binding by a shift in the
PWV. Photonic crystal biosensors incorporated onto
standard format 96-, 384-, or 1536-well microplates
have been used to detect antibody�antigen, small
molecule�protein, and whole cell interactions on the
biosensor surface without the use of fluorescent labels
(50). In the work described herein, photonic crystal tech-
nology is applied to the detection and analysis of
protein�DNA interactions. To demonstrate the scope
of this method, we chose two very different protein�

DNA interactions: the bacterial MazEF complex, which
binds to its promoter DNA in a sequence-specific man-
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ner, and the human AIF, a protein that binds nonspecif-
ically to chromosomal DNA.

MazEF is a bacterial toxin�antitoxin system thought
to be responsible for the maintenance of resistance-
encoding plasmids in certain infectious bacteria (51–

53). Originally identified on the E. coli chromosome,
MazEF is a heterohexameric, �77 kDa complex consist-
ing of 1 MazE (antitoxin) dimer, and two MazF (toxin)
dimers (54). MazF is an RNase which is released from
MazE upon plasmid loss, resulting in inhibition of bacte-
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Figure 1. a) Schematic of the PC biosensor. A broadband LED illuminates the biosensor from the bottom, and reflected light is collected and trans-
ferred to a spectrometer where the PWV is measured. b) Image of PC biosensor films adhered to the bottom of black 384-well plates. c) Diagram of
protein�DNA binding experiments performed with PC biosensors. Streptavidin-coated biosensors are used to bind biotinylated DNA oligomers, and
a distinct peak wavelength of the reflected light is observed. After the addition of Starting Block (Pierce Biotechnologies), a DNA-binding protein is
added, and a shift in the wavelength of reflected light is observed.
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rial growth (55). In addition to its toxic action, the MazEF
complex also regulates its expression by binding to its
own promoter sequence (55).

AIF is a mammalian mitochondrial NADH-
oxidoreductase that also has a key role in caspase-
independent cell death (56, 57). The 67 kDa form of
AIF is produced in the cytoplasm, where it then translo-
cates to the mitochondria and carries out its oxidoreduc-
tase function as well as possible upkeep of complex I
(58). Upon cellular insults (such as DNA damage), AIF is
cleaved off the inner mitochondrial membrane and re-
leased into the cytoplasm as a 57 kDa protein. Once in
the cytoplasm, AIF translocates to the nucleus and binds
to DNA in a sequence-independent fashion, causing
stage I chromatin condensation, eventually leading to
cell death. AIF is thought to contact DNA through electro-
static interactions, as mutations of surface lysine and
arginine residues abrogate DNA binding in vitro and in
cell culture (49). These surface residues are contained
within the FAD-binding domain and the C-terminal do-
main of AIF, and it is proposed that 12 base pairs of
double-stranded DNA (dsDNA) can be bound in this
stretch of AIF (49). Although the crystal structure of AIF
has been solved (49, 59), no cocrystal structure has
been obtained for AIF and DNA. Small molecule inhibi-
tors of the AIF�DNA interaction are of great interest due
to the involvement of AIF in multiple disease state mod-
els including Parkinson’s disease (60), ischemia/reper-
fusion injury (61), amyotrophic lateral sclerosis (62), and
Huntington’s disease (63); however, no small molecule
inhibitors of the AIF�DNA interaction have been
reported.

Sensor Fabrication. The PC optical biosensors used
in this work have been described previously (50). Briefly,
the sensor contains a one-dimensional surface grating
structure with a period of 550 nm (Figure 1, panel a). It
is produced via a room-temperature replica molding pro-
cess using a UV-curable polymer on a transparent poly-
ester sheet. The low refractive index polymer grating
structure is subsequently coated with a film of high re-
fractive index TiO2 to achieve the final sensor structure.
The completed sensor is cut from the polyester sheet
and attached to the bottom of a standard 384-well mi-
croplate (Figure 1, panel b). The readout instrument
(SRU Biosystems BIND Reader) (50, 64, 65) illuminates
microplate wells from below with a broadband light
source coupled to eight optical fibers, each illuminat-
ing a �2 mm diameter region of the PC surface at nor-

mal incidence. Reflected light is collected by a second
optical fiber, bundled next to the illuminating fiber, and
measured by a spectrometer. An automated motion
stage enables parallel collection of reflectance data at
timed intervals to acquire kinetic information from all
384 wells. In Figure 1, panel c illustrates the general ex-
perimental setup of DNA-binding assays performed us-
ing PC biosensors.

Sequence-Dependent DNA Binding: MazEF. MazEF
was shown previously to bind to its own promoter se-
quence using an electrophoretic mobility shift assay
(EMSA) (55). MazE has some intrinsic DNA binding abil-
ity, while formation of the MazEF complex dramatically
increases DNA binding (55). For the experiments de-
scribed herein, the same promoter sequence used by
Zhang and co-workers (55) was purchased with one end
functionalized with biotin. The sensor surface was
coated with 12 �L of 1 �M biotinylated DNA (12 h at
4 °C) and blocked with Starting Block (Pierce Biotechnol-
ogy) for 2 h at 4 °C. MazEF was expressed and purified
as described (76) and then added to DNA-containing
wells at the specified concentration (Figure 2, panel a)
for 1 h at 25 °C. In Figure 2, panel a shows the associa-
tion of the MazEF protein complex with biosensors
coated with promoter DNA. This association was inhib-
ited by preincubating MazEF with increasing concentra-
tions of free promoter DNA for 15 min (Figure 2, panel b).
The binding of MazEF to its promoter sequence was
also specific; when a control sequence of GC-rich DNA
with one end biotinylated was complexed to the PC bio-
sensor, MazEF exhibited only minimal binding (Figure 2,
panel c). The kinetics of MazEF binding to the promoter-
bound biosensor were also monitored over the course of
30 min (Figure 2, panel c).

Sequence-Independent DNA Binding: AIF. Analyses
of the DNA binding properties of the 57 kDa form of AIF
(AIF�1-121) have been performed previously using
EMSA (48). AIF binds DNA nonspecifically, as different
sequences of free oligomer are able to prevent AIF bind-
ing to a DNA ladder (48). Therefore, a biotinylated, ran-
domized 30 bp sequence of dsDNA was chosen as the
DNA target of AIF; it has been shown that AIF is capable
of binding DNA of this length (48). Preparation of the
biosensor surface was analogous to the MazEF experi-
ments described above, except the specified concentra-
tions of AIF were incubated with biotinylated DNA for
30 min at 25 °C. As monitored by the PC biosensor, the
association of AIF with biotinylated DNA was found to be
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pH dependent (Figure 3, panel a), and a pH of
6.3 was found to give modest PWV shifts while
maintaining protein stability. This pH depen-
dence is not surprising due to the fact that the
pI of AIF�1-121 is 7.8, and a pH lower than the
pI would favor binding to a DNA substrate. In
Figure 3, panel b shows the association of AIF
with biotinylated DNA; this interaction is also in-
hibited by a 15 min preincubation with free DNA
(Figure 3, panel c). AIF is thought to bind DNA in
a cooperative fashion, due to the fact that a large
molar excess of AIF is required to detect binding
(48). Because MazEF binds to its promoter se-
quence specifically, and no known cooperative
interaction has been postulated, we propose the
difference in PWV shift values between MazEF
and AIF are because of the difference in the rela-
tive affinities of these proteins for their DNA
targets.

Demonstration of HTS Potential: Screening
for Inhibitors of the AIF�DNA Interaction. The
data in Figures 2 and 3 demonstrate that the PC
biosensor can be successfully used to detect
protein�DNA interactions. With these experi-
ments in place, we moved to develop a high-
throughput screen that could be used to iden-
tify compounds that prevent the AIF�DNA
interaction. As with previous experiments, a
1 �M solution of biotinylated DNA was immobi-
lized on streptavidin-coated PC biosensors, and
Starting Block was then added to reduce non-
specific interactions between AIF and the biosen-
sor surface. AIF (3.51 �M) and putative small
molecule inhibitors (25 �M) were incubated to-
gether for 15 min at 25 °C in a clear 384-well
plate (Falcon); reference wells for each com-
pound were also prepared in the same 384-well
plate. These solutions were then transferred to
the DNA-containing 384-well biosensor plate.
Compounds that inhibit the AIF�DNA interac-
tion would prevent the PWV shift observed in the
AIF�DNA binding event. In this fashion, approxi-
mately 1000 compounds (obtained from an in-
house compound collection (66)) were screened
in duplicate at a concentration of 25 �M. All ex-
perimental wells were normalized against the
following two reference wells: AIF with no biotin-
ylated DNA (to account for the nonspecific inter-
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Figure 2. a) MazEF associates with its promoter sequence bound to
the PC biosensor surface in a dose-dependent fashion. b) Prein-
cubation of MazEF (1.8 �M) with its nonbiotinylated promoter se-
quence reduces the association of MazEF with the promoter-bound
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served upon MazEF addition to the promoter-bound biosensor sur-
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alternating GC control DNA of the same length as its promoter se-
quence, similar to its association blocked sensor surface (no DNA).
All error bars represent the calculated standard error (n � 3).
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actions of AIF with the streptavidin coated biosensor),
and biotinylated DNA with compounds (to account for
nonspecific interactions with the DNA or biosensor sur-
face). The quality of the screen was assessed via the Z=-
factor (see eq 2 in Methods), a unitless coefficient reflec-
tive of the assay’s signal dynamic range and data
variability. This particular assay attained a median score
of 0.65, regarding this as an “excellent” assay (67).
Most wells showed very little variation in the PWV shift,
implying no prevention of the AIF�DNA interaction
(Figure 4, panels a�c). However, one compound in this
collection, aurin tricarboxylic acid (ATA, Figure 4,
panel d), was found to inhibit the AIF�DNA interaction
(Figure 4, panels b and c). In the screen ATA displayed
�80% inhibition of AIF�DNA binding and was the only
compound to exhibit significant inhibition out of the
�1000 compounds screened. Representative PWV val-
ues are shown for a group of compounds not containing
ATA (Figure 4, panel a) and the group of compounds
that contains ATA (Figure 4, panel b). The PWV shifts
were then converted to a percent inhibition of AIF, and
these data are graphed for all �1000 compounds
(Figure 4, panel c). The PC biosensor was then used to
assess the effect of a range of concentrations of ATA;
this analysis revealed that ATA inhibits AIF�DNA bind-
ing with an IC50 of 23 �M (Figure 5, panel a).

As there are no known small molecule inhibitors of
AIF, we sought to confirm the results of the high-
throughput PC biosensor screen. Thus, EMSA was used
to probe the ability of ATA to inhibit the AIF�DNA inter-
action. The migration of linearized pUC19 plasmid DNA
was retarded by increasing concentrations of AIF
(Figure 5, panel b). Holding the concentration of AIF con-
stant and increasing the amount of ATA prevented the
association of AIF with the plasmid DNA, as measured
by this gel-shift assay (Figure 5, panel c). ATA inhibited
AIF�DNA binding with an IC50 of approximately 50 �M
in this assay, as determined by densitometry (Figure 5,
panel d). A structurally related analogue of ATA, p-rosolic
acid, was unable to inhibit AIF�DNA binding in the gel
assay (Figure 5, panel c). The binding of ATA to AIF was
then confirmed by ITC. ATA was shown to bind to AIF
with a Kd � 19 � 5 �M (Figure 6, panel a), while
p-rosolic acid showed little affinity for AIF (Figure 6,
panel b). ATA is the first small molecule known to bind
to AIF and to prevent the AIF�DNA interaction.

Given the difficulty in identifying inhibitors of
protein�nucleic acid interactions, a facile, general,
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method for identifying them would be of great value to
the chemical biology and medicinal chemistry commu-
nity. The data presented herein indicate that the pho-
tonic crystal biosensor assay is suitable for the rapid
identification of inhibitors of protein�nucleic acid inter-
actions. Photonic crystal technology is analogous to
SPR-based methods of detecting binding events, with
the key advantage of full compatibility with the standard
384-well format, allowing for high-throughput screen-
ing of large compound libraries. In its current incarna-
tion, the biosensor readout instrument allows for the
screening of �120 plates per 8 h, translating to a maxi-

mum of �22,000 individual wells per day. Notably, the
PC biosensor was able to identify a relatively weak AIF li-
gand (Kd � 19 �M) that inhibits the AIF�DNA interac-
tion. As with other optical biosensors, detection of bind-
ing is ultimately based on differences in molecular
weight; thus a decreased signal will be obtained if the li-
gand is much smaller than its protein or nucleic acid
binding partner. While only demonstrated herein for
protein�DNA interactions, analogous experiments with
protein�RNA and protein�protein interactions can
easily be envisioned. In addition to applications in
protein�DNA disruption, screens for compounds that
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enhance protein�DNA interactions would also be fea-
sible with this technology.

We have utilized the PC biosensor technology to dis-
cover the first inhibitor of AIF�DNA binding, although
the relatively weak potency of ATA and its documented
promiscuity (ATA has been found to inhibit targets
including von Willebrand factor (68) gp120 and
interferon-� (69), and other DNA binding proteins (70–
72)) will likely preclude its use as a cytoprotectant. In ad-
dition, the proposed polymeric nature of ATA (73) corre-
lates well with the mechanism of AIF binding, as AIF
also binds to a negatively charged polymer. This is fur-
ther shown by the fact that AIF is not inhibited by car-
boxylic acid containing compounds that are not known
to polymerize (see Supplementary Figure 2). However,
there are very few disruptors of protein�nucleic acid in-
teractions, and cases that are well described typically in-
volve nucleic acid binding, not protein binding, as the
mechanism of inhibition (4, 74, 75).

Interestingly, our data indicate that ATA inhibits the
AIF�DNA interaction by binding directly to AIF. Although

in this particular case ATA inhibits the AIF�DNA interac-
tion by binding to the protein, PC technology would
also be able to detect compounds that inhibit
protein�DNA interactions through DNA binding, as
small molecule binding to macromolecular targets in-
duces a much smaller shift in PWV (�0.1 nm) (50) than
the PWV shift upon protein binding to DNA (�1.0�3.0
nm, see Figures 3 and 4).

In summary, a PC biosensor assay was developed
for the purpose of detecting protein�nucleic acid inter-
actions, and this assay was utilized in HTS mode to dis-
cover a novel inhibitor of the AIF�DNA interaction. Pho-
tonic crystal technology is able to detect both low- and
high-affinity protein�DNA interactions, as demon-
strated for AIF and MazEF, respectively. In the case of
AIF, the photonic crystal biosensor technology avoids
problems due to the intrinsic fluorescence of the pro-
tein itself, which complicate analogous fluorescence po-
larization experiments. PC biosensors in the microplate
format retain all the advantages of SPR biosensors in the
flow cell format except for determination of kinetic on/
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without any AIF added, while “A” represents pUC19 plasmid DNA incubated with 15 �M AIF. All other wells contain increasing
concentrations of ATA or p-rosolic acid (1�200 �M) in addition to pUC19 and AIF. d) Analysis of the ATA�AIF gel in panel c by
densitometry reveals that ATA inhibits AIF in this assay with an IC50 of �50 �M. Percent inhibition was calculated by using
densitometry software (Image J). All error bars represent the calculated standard error (n � 2).
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off rate information, with the highly valuable addition
of being readily compatible with high-throughput
screening platforms. This technology should find gen-

eral applicability in high-throughput screens for inhibi-
tors of protein�nucleic acid and protein�protein
interactions.

METHODS
DNA Oligomers. Randomized dsDNA (5=Bio-CCGGTACGATACG

ACGATCGATAGTAGGCC-3=, and its complement: 5=-GGCCTACTAT
CGATCGTCGTATCGTACCGG-3=) and DNA containing the promoter
binding site of MazEF (5=Bio-GCTCGTATCTACAATGTAGATTGATATA
TACTGTATCTACATATGATAGC-3= and its complement 5=-GCTATCA
TATGTAGATACAGTATATATCAATCTACATTGTAGATACGAGC-3=) were
purchased from Integrated DNA Technologies (IDT). Control alter-
nating GC DNA (5=Bio-GCGCGCGCGCGCGCGCGCGCGCGCGCGCG
CGCGCGCGCGCGCGCGCGCGC-3= and 5=-CGCGCGCGCGCGCGCGC
GCGCGCGCGCGCGCGCGCGCGCGCGCGCGCGCG-3=) and
nonbiotinylated oligomers identical in sequence to those above
were also purchased from IDT.

Purification of MazEF. MazEF was expressed and purified as
described previously (76) with the specified modifications. A
pET28a plasmid (Novagen) harboring the mazEF gene was trans-
fected into E. coli BL21 (Invitrogen) and expressed by 1 mM
IPTG (RPI) induction. MazEF was then purified by Ni-NTA affinity

chromatography (Qiagen). In a deviation of the procedure of
Wang et al. (76), Ni-NTA purified MazEF was additionally puri-
fied by Sepharose SP cation-exchange chromatography (GE Bio-
sciences). MazEF was then dialyzed into PBS (7.8).

Purification of AIF and pUC19 Plasmid DNA. AIF�1-121 was
cloned into pET28a (Novagen) and expressed in E. coli Rosetta
2 (Invitrogen). AIF�1-121 was purified by Ni-NTA affinity chroma-
tography (Qiagen) and dialyzed into PBS (7.8). pUC19 plasmid
DNA was propagated in E. coli DH5� (Invitrogen) and isolated us-
ing a plasmid miniprep kit (Qiagen). pUC19 plasmid DNA was
then linearized using Nde I (NEB) and purified using a plasmid
miniprep kit, pUC19 was stored in 10 mM Tris (pH 8.0).

Electrophoretic Mobility Shift Assays (EMSA). AIF�DNA bind-
ing assays were performed in 50 mM Tris (pH 8.0) 100 mM
NaCl with a final reaction volume of 25 �L. A 60 ng amount of
linearized pUC19 was incubated with AIF for 15 min at 25 °C. A
5 �L volume of loading dye was then added, and 12.8 �L of the
mixture was then loaded onto a 1% agarose gel and electro-
phoresed for 1 h at 120 V. Assays utilizing ATA were also per-
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Figure 6. ITC measurements of AIF binding to either ATA or p-rosolic acid. a) ATA binds to AIF with a Kd � 19 � 5 �M, while
b) p-rosolic acid shows little affinity for AIF. The affinity of AIF for ATA was calculated using a single-site model using Origin software.
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formed in similar conditions with the addition of 4% DMSO.
ATA was part of an in-house library; ATA and p-rosolic acid were
purchased (Aldrich) for secondary analyses. Gels were post-
stained with SYBR Green I (Cambrex) and visualized on a Bio-
Rad gel imager. Densitometry was performed using Image J, and
analysis by TableCurve2D v 5.01.

Isothermal Titration Calorimetry (ITC). AIF and ATA were di-
luted in 50 mM Tris (pH 8.0) 100 mM NaCl to 5 and 500 �M, re-
spectively. ITC data were collected on a VP-ITC Microcalorime-
ter (Microcal). Data were fitted using a single site binding model
using Origin software provided with the calorimeter.

Protein�DNA Binding Assays and Screen. Biotinylated DNA oli-
gomers were diluted to 1.0 �M in 50 mM HEPES and 150 mM
NaCl (pH 7.0). MazEF and AIF were diluted to the appropriate
concentrations in PBS, pH 7.8 and 6.3, respectively.

The 384-well microplate streptavidin-coated sensors (SRU Bi-
osystems) were washed with HEPES buffer and stabilized at RT.
A 1 �M solution of biotinylated DNA oligomers was added, the
microplate was covered with a thermal seal (Fisher Scientific)
and incubated overnight at 4 °C. All wells were blocked for 2 h
at 4 °C with Starting Block (Pierce Biotechnology). Protein dilu-
tions were transferred to the PC biosensor plate utilizing a Bi-
omek NxP liquid handler (Beckman Coulter). Kinetic data were
measured with the biosensor readout instrument (SRU Biosys-
tems BIND Reader) every 3 min for 1 h. Data were fitted utiliz-
ing GraphPad Prism (Graphpad Software).

For measuring the inhibitory action of free promoter DNA,
MazEF and AIF were diluted to 1.84 and 7.02 �M, respectively.
Nonbiotinylated DNA oligomers were diluted to the appropriate
concentration in PBS pH 7.8 or pH 6.3, depending on their bind-
ing partner. Nonbiotinylated DNA oligomers were incubated
with MazEF or AIF for 15 min prior to addition to the DNA-
containing sensor plate.

Screening conditions were similar to those described above,
including buffer conditions (with the addition of 0.05% Tween
20 (Sigma) and biotinylated DNA concentrations. The final con-
centration of AIF was 3.51 �M, and the final concentration of the
nonbiotinylated DNA used as a positive control was 6.25 �M.
All compounds were stored at 4 °C in DMSO at 2.5 mM. Com-
pounds were diluted to 50 �M in PBS (pH 6.3 0.05% Tween) and
added to AIF giving a final concentration of 25 �M. After a
15 min RT incubation, AIF and compounds were added to the
DNA-containing sensor plate read for 30 min.

Data Analysis. The PWV shift (shift in peak wavelength value
of reflectance) of screening compounds at 30 min was normal-
ized for every plate via percent inhibition

%Inhibition � 100 � �1 �
PI � (NSBI � NSBP)

P � NSBP � (1)

where NSBP (the nonspecific binding of the protein to a blocked
surface without DNA) was measured on wells with a blocked sur-
face. P represents the protein binding signal and PI is the sig-
nal from wells with protein preincubated with compounds. NSBI

was the nonspecific binding of the test compounds to a blocked
surface without DNA. The Z= factor

Z ’ � 1 �
3(�P � �n)

|�P � �n|
(2)

was calculated to determine quality of the screening assay,
with 	 the standard deviation, and � the mean, of positive and
negative controls (67).

Acknowledgment: We are grateful to the National Institutes
of Health (R01 CA118562) for funding this work. The authors
thankfully acknowledge SRU Biosystems for providing the pho-

tonic crystal biosensor microplates and N. Wang (University of Il-
linois) for providing the MazEF gene. The authors also extend
their gratitude to the support staff of the Micro and Nanotech-
nology Laboratory at the University of Illinois at Urbana�
Champaign.

Supporting Information Available: This material is free of charge
via the Internet.

REFERENCES

1. Robertson, J. D., Orrenius, S., and Zhivotovsky, B. (2000) Review: nu-
clear events in apoptosis, J. Struct. Biol. 129, 346–358.

2. Wesche, H., Xiao, S. H., and Young, S. W. (2005) High throughput
screening for protein kinase inhibitors, Comb. Chem. High Through-
put Screening 8, 181–195.

3. Arkin, M. R., and Wells, J. A. (2004) Small-molecule inhibitors of
protein-protein interactions: progressing towards the dream, Nat.
Rev. Drug Discovery 3, 301–317.

4. Boger, D. L., Desharnais, J., and Capps, K. (2003) Solution-phase
combinatorial libraries: modulating cellular signaling by targeting
protein-protein or protein-DNA interactions, Angew. Chem., Int. Ed.
42, 4138–4176.

5. Fry, D. C. (2006) Protein-protein interactions as targets for small mol-
ecule drug discovery, Biopolymers 84, 535–552.

6. Redell, M. S., and Tweardy, D. J. (2005) Targeting transcription fac-
tors for cancer therapy, Curr. Pharm. Des. 11, 2873–2887.

7. Chen, L., Tilley, J., Trilles, R. V., Yun, W., Fry, D., Cook, C., Rowan, K.,
Schwinge, V., and Campbell, R. (2002) N-acyl-L-phenylalanine deriv-
atives as potent VLA-4 antagonists that mimic a cyclic peptide con-
formation, Bioorg. Med. Chem. Lett. 12, 137–140.

8. Hartman, G. D., Egbertson, M. S., Halczenko, W., Laswell, W. L., Dug-
gan, M. E., Smith, R. L., Naylor, A. M., Manno, P. D., Lynch, R. J.,
Zhang, G., Chang, C. T.-C., and Gould, R. J. (1992) Non-peptide fibrin-
ogen receptor antagonists. 1. Discovery and design of exosite in-
hibitors, J. Med. Chem. 35, 4640–4642.

9. Kallen, J., Welzenbach, K., Ramage, P., Geyl, D., Kriwacki, R., Legge,
G., Cottens, S., Weitz-Schmidt, G., and Hommel, U. (1999) Struc-
tural basis for LFA-1 inhibition upon lovastatin binding to the CD11a
I-domain, J. Mol. Biol. 292, 1–9.

10. Sarabu, R., Cooper, J. P., Cook, C. M., Gillespie, P., Perrotta, A. V., and
Olson, G. L. (1998) Design and synthesis of small molecule
interleukin-1 receptor antagonists based on a benzene template,
Drug Des. Discovery 15, 191–198.

11. Braisted, A. C., Oslob, J. D., Delano, W. L., Hyde, J., McDowell, R. S.,
Waal, N., Yu, C., Arkin, M. R., and Raimundo, B. C. (2003) Discovery
of a potent small molecule IL-2 inhibitor through fragment assem-
bly, J. Am. Chem. Soc. 125, 3714–3715.

12. He, M. M., Smith, A. S., Oslob, J. D., Flanagan, W. M., Braisted, A. C.,
Whitty, A., Cancilla, M. T., Wang, J., Lugovskoy, A. A., Yoburn, J. C.,
Fung, A. D., Farrington, G., Eldredge, J. K., Day, E. S., Cruz, L. A., Cach-
ero, T. G., Miller, S. K., Friedman, J. E., Choong, I. C., and Cunning-
ham, B. C. (2005) Small-molecule inhibition of TNF-alpha, Science
310, 1022–1025.

13. McMillan, K., Adler, M., Auld, D. S., Baldwin, J. J., Blasko, E., Browne,
L. J., Chelsky, D., Davey, D., Dolle, R. E., Eagen, K. A., Erickson, S.,
Feldman, R. I., Glaser, C. B., Mallari, C., Morrissey, M. M., Ohlmeyer,
M. H., Pan, G., Parkinson, J. F., Phillips, G. B., Polokoff, M. A., Si-
gal, N. H., Vergona, R., Whitlow, M., Young, T. A., and Devlin, J. J.
(2000) Allosteric inhibitors of inducible nitric oxide synthase dimer-
ization discovered via combinatorial chemistry, Proc. Natl. Acad.
Sci. U.S.A. 97, 1506–1511.

14. Shultz, M. D., Bowman, M. J., Ham, Y. W., Zhao, X., Tora, G., and
Chmielewski, J. (2000) Small-Molecule Inhibitors of HIV-1 Protease
Dimerization Derived from Cross-Linked Interfacial Peptides, An-
gew. Chem., Int. Ed. 39, 2710–2713.

J VOL.xxx NO.xx • 000–000 • XXXX www.acschemicalbiology.orgCHAN ET AL.



15. Oltersdorf, T., Elmore, S. W., Shoemaker, A. R., Armstrong, R. C., Au-
geri, D. J., Belli, B. A., Bruncko, M., Deckwerth, T. L., Dinges, J., Ha-
jduk, P. J., Joseph, M. K., Kitada, S., Korsmeyer, S. J., Kunzer, A. R., Le-
tai, A., Li, C., Mitten, M. J., Nettesheim, D. G., Ng, S., Nimmer, P. M.,
O’Connor, J. M., Oleksijew, A., Petros, A. M., Reed, J. C., Shen, W., Ta-
hir, S. K., Thompson, C. B., Tomaselli, K. J., Wang, B., Wendt, M. D.,
Zhang, H., Fesik, S. W., and Rosenberg, S. H. (2005) An inhibitor of
Bcl-2 family proteins induces regression of solid tumours, Nature
435, 677–681.

16. Oost, T. K., Sun, C., Armstrong, R. C., Al-Assaad, A. S., Betz, S. F.,
Deckwerth, T. L., Ding, H., Elmore, S. W., Meadows, R. P., Olejnic-
zak, E. T., Oleksijew, A., Oltersdorf, T., Rosenberg, S. H., Shoe-
maker, A. R., Tomaselli, K. J., Zou, H., and Fesik, S. W. (2004) Discov-
ery of potent antagonists of the antiapoptotic protein XIAP for the
treatment of cancer, J. Med. Chem. 47, 4417–4426.

17. Darnell, J. E., Jr (2002) Transcription factors as targets for cancer ther-
apy, Nat. Rev. Cancer 2, 740–749.

18. Rishi, V., Potter, T., Laudeman, J., Reinhart, R., Silvers, T., Selby, M.,
Stevenson, T., Krosky, P., Stephen, A. G., Acharya, A., Moll, J., Oh,
W. J., Scudiero, D., Shoemaker, R. H., and Vinson, C. (2005) A high-
throughput fluorescence-anisotropy screen that identifies small
molecule inhibitors of the DNA binding of B-ZIP transcription fac-
tors, Anal. Biochem. 340, 259–271.

19. Nguyen-Hackley, D. H., Ramm, E., Taylor, C. M., Joung, J. K., Dervan,
P. B., and Pabo, C. O. (2004) Allosteric inhibition of zinc-finger bind-
ing in the major groove of DNA by minor-groove binding ligands,
Biochemistry 43, 3880–3890.

20. Song, H., Wang, R., Wang, S., and Lin, J. (2005) A low-molecular-
weight compound discovered through virtual database screening in-
hibits Stat3 function in breast cancer cells, Proc. Natl. Acad. Sci.
U.S.A. 102, 4700–4705.

21. Turkson, J., Ryan, D., Kim, J. S., Zhang, Y., Chen, Z., Haura, E., Lau-
dano, A., Sebti, S., Hamilton, A. D., and Jove, R. (2001) Phosphoty-
rosyl peptides block Stat3-mediated DNA binding activity, gene
regulation, and cell transformation, J. Biol. Chem. 276, 45443–
45455.

22. Berg, T., Cohen, S. B., Desharnais, J., Sonderegger, C., Maslyar, D. J.,
Goldberg, J., Boger, D. L., and Vogt, P. K. (2002) Small-molecule an-
tagonists of Myc/Max dimerization inhibit Myc-induced transfor-
mation of chicken embryo fibroblasts, Proc. Natl. Acad. Sci. U.S.A.
99, 3830–3835.

23. Kiessling, A., Sperl, B., Hollis, A., Eick, D., and Berg, T. (2006) Selec-
tive inhibition of c-Myc/Max dimerization and DNA binding by small
molecules, Chem. Biol. 13, 745–751.

24. Jones, D. T., and Harris, A. L. (2006) Identification of novel small-
molecule inhibitors of hypoxia-inducible factor-1 transactivation
and DNA binding, Mol. Cancer Ther. 5, 2193–2202.

25. Lauth, M., Bergstrom, A., Shimokawa, T., and Toftgard, R. (2007) In-
hibition of GLI-mediated transcription and tumor cell growth by
small-molecule antagonists, Proc. Natl. Acad. Sci. U.S.A. 104, 8455–
8460.

26. Vassilev, L. T., Vu, B. T., Graves, B., Carvajal, D., Podlaski, F., Filipo-
vic, Z., Kong, N., Kammlott, U., Lukacs, C., Klein, C., Fotouhi, N., and
Liu, E. A. (2004) In vivo activation of the p53 pathway by small-
molecule antagonists of MDM2, Science 303, 844–848.

27. Kwon, Y., Arndt, H. D., Mao, Q., Choi, Y., Kawazoe, Y., Dervan, P. B.,
and Uesugi, M. (2004) Small molecule transcription factor mimic,
J. Am. Chem. Soc. 126, 15940–15941.

28. Mapp, A. K., Ansari, A. Z., Ptashne, M., and Dervan, P. B. (2000) Ac-
tivation of gene expression by small molecule transcription factors,
Proc. Natl. Acad. Sci. U.S.A. 97, 3930–3935.

29. Lin, Q., Barbas, C. F., 3rd, and Schultz, P. G. (2003) Small-molecule
switches for zinc finger transcription factors, J. Am. Chem. Soc. 125,
612–613.

30. Minter, A. R., Brennan, B. B., and Mapp, A. K. (2004) A small mole-
cule transcriptional activation domain, J. Am. Chem. Soc. 126,
10504–10505.

31. Rowe, S. P., Casey, R. J., Brennan, B. B., Buhrlage, S. J., and Mapp,
A. K. (2007) Transcriptional up-regulation in cells mediated by a
small molecule, J. Am. Chem. Soc. 129, 10654–10655.

32. Bulyk, M. L. (2006) DNA microarray technologies for measuring
protein-DNA interactions, Curr. Opin. Biotechnol. 17, 422–430.

33. Lundblad, J. R., Laurance, M., and Goodman, R. H. (1996) Fluores-
cence polarization analysis of protein-DNA and protein-protein inter-
actions, Mol. Endocrinol. 10, 607–612.

34. Hellman, L. M., and Fried, M. G. (2007) Electrophoretic mobility shift
assay (EMSA) for detecting protein-nucleic acid interactions, Nat.
Protoc. 2, 1849–1861.

35. Galas, D. J., and Schmitz, A. (1978) DNAse footprinting: a simple
method for the detection of protein-DNA binding specificity, Nucleic
Acids Res. 5, 3157–3170.

36. Petri, V., and Brenowitz, M. (1997) Quantitative nucleic acids foot-
printing: thermodynamic and kinetic approaches, Curr. Opin. Bio-
technol. 8, 36–44.

37. Kim, T. H., and Ren, B. (2006) Genome-wide analysis of protein-
DNA interactions, Annu. Rev. Genomics Hum. Genet. 7, 81–102.

38. Oda, M., and Nakamura, H. (2000) Thermodynamic and kinetic
analyses for understanding sequence-specific DNA recognition,
Genes Cells 5, 319–326.

39. Majka, J., and Speck, C. (2007) Analysis of protein-DNA interac-
tions using surface plasmon resonance, Adv. Biochem. Eng. Bio-
technol. 104, 13–36.

40. Boozer, C., Kim, G., Cong, S., Guan, H., and Londergan, T. (2006)
Looking towards label-free biomolecular interaction analysis in a
high-throughput format: a review of new surface plasmon reso-
nance technologies, Curr. Opin. Biotechnol. 17, 400–405.

41. Shumaker-Parry, J. S., Aebersold, R, and Campbell, C. T (2004) Par-
allel, quantitative measurement of protein binding to a 120-
element double-stranded DNA array in real time using surface plas-
mon resonance microscopy, Anal. Chem. 76, 2071–2082.

42. Sakanyan, V. (2005) High-throughput and multiplexed protein ar-
ray technology: protein-DNA and protein-protein interactions,
J. Chromatogr., B: Anal. Technol. Biomed. Life Sci. 815, 77–95.

43. Degterev, A., Lugovskoy, A., Cardone, M., Mulley, B., Wagner, G.,
Mitchison, T., and Yuan, J. (2001) Identification of small-molecule in-
hibitors of interaction between the BH3 domain and Bcl-xL, Nat.
Cell Biol. 3, 173–182.

44. Pope, A. J., Haupts, U. M., and Moore, K. J. (1999) Homogeneous flu-
orescence readouts for miniaturized high-throughput screening:
theory and practice, Drug Discovery Today 4, 350–362.

45. Trinquet, E., and Mathis, G. (2006) Fluorescence technologies for
the investigation of chemical libraries, Mol. BioSyst. 2, 380–387.

46. Gribbon, P., and Sewing, A. (2003) Fluorescence readouts in HTS:
no gain without pain? Drug Discovery Today 8, 1035–1043.

47. Ng, P. Y., Tang, Y., Knosp, W. M., Stadler, H. S., and Shaw, J. T. (2007)
Synthesis of diverse lactam carboxamides leading to the discovery
of a new transcription-factor inhibitor, Angew. Chem., Int. Ed. 46,
5352–5355.

48. Vahsen, N., Cande, C., Dupaigne, P., Giordanetto, F., Kroemer, R. T.,
Herker, E., Scholz, S., Modjtahedi, N., Madeo, F., Le Cam, E., and
Kroemer, G. (2006) Physical interaction of apoptosis-inducing fac-
tor with DNA and RNA, Oncogene 25, 1763–1774.

49. Ye, H., Cande, C., Stephanou, N. C., Jiang, S., Gurbuxani, S., Laro-
chette, N., Daugas, E., Garrido, C., Kroemer, G., and Wu, H. (2002)
DNA binding is required for the apoptogenic action of apoptosis in-
ducing factor, Nat. Struct. Biol. 9, 680–684.

50. Cunningham, B. T., Li, P., Schulz, S., Lin, B., Baird, C., Gersten-
maier, J., Genick, C., Wang, F., Fine, E., and Laing, L. (2004) Label-
free assays on the BIND system, J. Biomol. Screening 9, 481–490.

51. Hayes, F. (2003) Toxins-antitoxins: plasmid maintenance, pro-
grammed cell death, and cell cycle arrest, Science 301, 1496–
1499.

52. Mittenhuber, G. (1999) Occurrence of mazEF-like antitoxin/toxin
systems in bacteria, J. Mol. Microbiol. Biotechnol. 1, 295–302.

ARTICLE

www.acschemicalbiology.org VOL.xxx NO.xx • 000–000 • XXXX K



53. Moritz, E. M., and Hergenrother, P. J. (2007) Toxin-antitoxin sys-
tems are ubiquitous and plasmid-encoded in vancomycin-resistant
enterococci, Proc. Natl. Acad. Sci. U.S.A. 104, 311–316.

54. Kamada, K., Hanaoka, F., and Burley, S. K. (2003) Crystal structure
of the MazE/MazF complex: molecular bases of antidote-toxin rec-
ognition, Mol. Cell 11, 875–884.

55. Zhang, J., Zhang, Y., and Inouye, M. (2003) Characterization of the
interactions within the mazEF addiction module of Escherichia coli,
J. Biol. Chem. 278, 32300–32306.

56. Modjtahedi, N., Giordanetto, F., Madeo, F., and Kroemer, G. (2006)
Apoptosis-inducing factor: vital and lethal, Trends Cell Biol. 16,
264–272.

57. Heeres, J. T., and Hergenrother, P. J. (2007) Poly(ADP-ribose) makes
a date with death, Curr. Opin. Chem. Biol. 11, 644–653.

58. Miramar, M. D., Costantini, P., Ravagnan, L., Saraiva, L. M., Haouzi,
D., Brothers, G., Penninger, J. M., Peleato, M. L., Kroemer, G., and
Susin, S. A. (2001) NADH oxidase activity of mitochondrial
apoptosis-inducing factor, J. Biol. Chem. 276, 16391–16398.

59. Mate, M. J., Ortiz-Lombardia, M., Boitel, B., Haouz, A., Tello, D.,
Susin, S. A., Penninger, J., Kroemer, G., and Alzari, P. M. (2002) The
crystal structure of the mouse apoptosis-inducing factor AIF, Nat.
Struct. Biol. 9, 442–446.

60. Chu, C. T., Zhu, J. H., Cao, G., Signore, A., Wang, S., and Chen, J.
(2005) Apoptosis inducing factor mediates caspase-independent
1-methyl-4-phenylpyridinium toxicity in dopaminergic cells, J. Neu-
rochem. 94, 1685–1695.

61. Culmsee, C., Zhu, C., Landshamer, S., Becattini, B., Wagner, E., Pel-
lecchia, M., Blomgren, K., and Plesnila, N. (2005) Apoptosis-
inducing factor triggered by poly(ADP-ribose) polymerase and Bid
mediates neuronal cell death after oxygen-glucose deprivation and
focal cerebral ischemia, J. Neurosci. 25, 10262–10272.

62. Oh, Y. K., Shin, K. S., and Kang, S. J. (2006) AIF translocates to the
nucleus in the spinal motor neurons in a mouse model of ALS, Neu-
rosci. Lett. 406, 205–210.

63. Almeida, S., Brett, A. C., Gois, I. N., Oliveira, C. R., and Rego, A. C.
(2006) Caspase-dependent and -independent cell death induced
by 3-nitropropionic acid in rat cortical neurons, J. Cell. Biochem. 98,
93–101.

64. Lin, B., Qiu, J., Gerstenmeier, J., Li, P., Pien, H., Pepper, J., and Cun-
ningham, B. (2002) A label-free optical technique for detecting small
molecule interactions, Biosens. Bioelectron. 17, 827–834.

65. Cunningham, B. T., and Laing, L. (2006) Microplate-based, label-
free detection of biomolecular interactions: applications in proteom-
ics, Expert Rev. Proteomics 3, 271–281.

66. Hergenrother, P. J. (2006) Obtaining and screening compound col-
lections: a user’s guide and a call to chemists, Curr. Opin. Chem.
Biol. 10, 213–218.

67. Zhang, J. H., Chung, T. D., and Oldenburg, K. R. (1999) A Simple Sta-
tistical Parameter for Use in Evaluation and Validation of High
Throughput Screening Assays, J. Biomol. Screening 4, 67–73.

68. Phillips, M. D., Moake, J. L, Nolasco, L, and Turner, N (1988) Aurin tri-
carboxylic acid: a novel inhibitor of the association of von Will-
ebrand factor and platelets, Blood 72, 1898–1903.

69. Gan, Y. X., Weaver, J. L., Pine, P. S., Zoon, K. C., and Aszalos, A.
(1990) Aurin tricarboxylic acid, the anti-AIDS compound, prevents
the binding of interferon-alpha to its receptor, Biochem. Biophys.
Res. Commun. 172, 1298–1303.

70. Hallick, R. B., Chelm, B. K., Gray, P. W., and Orozco, E. M., Jr (1977)
Use of aurintricarboxylic acid as an inhibitor of nucleases during nu-
cleic acid isolation, Nucleic Acids Res. 4, 3055–3064.

71. Catchpoole, D. R., and Stewart, B. W. (1994) Inhibition of topoi-
somerase II by aurintricarboxylic acid: implications for mechanisms
of apoptosis, Anticancer Res. 14, 853–856.

72. Benchokroun, Y., Couprie, J., and Larsen, A. K. (1995) Aurintricar-
boxylic acid, a putative inhibitor of apoptosis, is a potent inhibitor
of DNA topoisomerase II in vitro and in Chinese hamster fibrosar-
coma cells, Biochem. Pharmacol. 49, 305–313.

73. Gonzalez, R. G., Haxo, R. S., and Schleich, T. (1980) Mechanism of
action of polymeric aurintricarboxylic acid, a potent inhibitor of
protein-nucleic acid interactions, Biochemistry 19, 4299–4303.

74. Pommier, Y., and Marchand, C. (2005) Interfacial inhibitors of
protein-nucleic acid interactions, Curr. Med. Chem. Anticancer
Agents 5, 421–429.

75. Dervan, P. B., and Edelson, B. S. (2003) Recognition of the DNA mi-
nor groove by pyrrole-imidazole polyamides, Curr. Opin. Struct. Biol.
13, 284–299.

76. Wang, N. R., and Hergenrother, P. J. (2007) A continuous fluoromet-
ric assay for the assessment of MazF ribonuclease activity, Anal. Bio-
chem. 371, 173–183.

L VOL.xxx NO.xx • 000–000 • XXXX www.acschemicalbiology.orgCHAN ET AL.




