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Abstract

We have developed a high-throughput fluorescence anisotropy screen, using a 384-well format, to identify small molecules that
disrupt the DNA binding of B-ZIP proteins. Binding of a B-ZIP dimer to fluorescently labeled DNA can be monitored by fluores-
cence anisotropy. We screened the National Cancer Institute diversity set of 1990 compounds to identify small molecules that dis-
rupt the B-ZIP|IDNA complex of CREB, C/EBPB, VBP, and AP-1 (FOS|JUND) bound to their cognate DNA sequence. We
identified 21 compounds that inhibited the DNA binding of at least one B-ZIP protein, and 12 representative compounds were
grouped depending on whether they displaced ethidium bromide from DNA. Of the 6 compounds that did not displace ethidium
bromide, 2 also inhibited B-ZIP binding to DNA in a secondary electrophoretic mobility shift assay screen with some specificity.
Thermal stability monitored by circular dichroism spectroscopy demonstrated that both compounds bound the basic region of
the B-ZIP motif. NSC13778 preferentially binds C/EBPa 1000-fold better than it binds C/EBPB. Chimeric proteins combining
C/EBPo. and C/EBPf mapped the binding of NSC13778 to three amino acids immediately N terminal of the leucine zipper of
C/EBPa. These experiments suggest that the DNA binding of B-ZIP transcription factors is a potential target for clinical
intervention.

Published by Elsevier Inc.
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The identification of small molecules that disrupt the
function of specific cellular proteins is a powerful meth-
od to develop new pharmacological agents. Currently,
certain classes of proteins have a rich collection of small
molecules that disrupt their function, whereas other
classes of proteins have no known small molecule inhib-
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itors. For example, although several compounds that
disrupt enzymatic activity have been identified, the
search for small molecules that disrupt protein—protein
interactions has proved to be more difficult. A recent re-
port of the inhibition of p53 binding to MDM?2 demon-
strates the potential for small molecules to disrupt
protein—protein interfaces [1].

The B-ZIP class of transcription factors are a group
of 63 genes in the human genome [2] that mediate a
variety of signaling pathways by binding to DNA as
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homo- or heterodimers and regulating gene expression.
The AP-1 (activator protein-1)' [3,4], CREB (cyclic
AMP response element binding protein) [5,6], and C/
EBP (CCAAT/enhancer binding protein) families [7] of
B-ZIP proteins have been identified as potential molecu-
lar targets for a variety of human pathologies, including
cancer and diabetes. Unfortunately, there are no known
small molecules that can disrupt the DNA binding of indi-
vidual members of the B-ZIP family of 63 genes. This has
hindered our ability to ascertain whether these proteins
are potential targets for clinical intervention.

We have developed a high-throughput screen to
identify small molecules that disrupt the DNA binding
of the B-ZIP proteins. Fluorescence anisotropy/fluores-
cence polarization is a spectroscopic technique that
measures the tumbling rate of a sample. It uses polar-
ized light to excite a fluorophore and measures the
polarization characteristics of the fluoresced light (for
a review, see [8]). If the sample tumbles slowly relative
to the fluorescence lifetime, the fluoresced light retains
some polarization. However, if the sample tumbles rap-
idly, the fluoresced light loses its polarization. Thus,
the degree of anisotropy (polarization) of the fluo-
resced light emitted from a sample gives a measure of
the rotational speed of the sample. This technique
can be used to monitor the binding of two molecules
to each other. The observed fluorescence is a weighted
average of the bound or unbound states of the excited
fluorophore and can be presented as fluorescence
polarization or fluorescence anisotropy, two mathemat-
ical descriptions that can easily be converted to one an-
other. Fluorescence polarization assays have been
developed for a variety of biochemical interactions,
including actin binding proteins [9], tyrosine kinases
[10], protease activity [11], G protein-coupled receptors
[12], and signal transducer and activator of transcrip-
tion (STAT)-receptor interactions [13]. We show here
that this type of assay can be adopted for identifying
small molecules that disrupt B-ZIP protein binding to
DNA. To the best of our knowledge, this is the first
high-throughput screen that uses fluorescence polariza-
tion to study the ability of small molecules to disrupt
the DNA binding of the B-ZIP class of transcription
factors.

Typically, to monitor a change in fluorescence anisot-
ropy caused by a binding reaction, the fluorescently la-
beled protein is smaller than the unlabeled protein.

U Abbreviations used: AP-1, activator protein-1; CREB, cyclic AMP
response element binding protein; C/EBP, CCAAT/enhancer binding
protein; STAT, signal transducer and activator of transcription; NCI,
National Cancer Institute; EMSA, electrophoretic mobility shift assay;
CD, circular dichroism; VBP, vitellogenin gene binding protein;
SREBP-1, sterol regulatory element binding protein; SAIC, Science
Applications International Corporation; DTT, dithiothreitol; DMSO,
dimethyl sulfoxide.

However, a B-ZIP dimer binding to a similar-sized la-
beled DNA oligonucleotide caused a dramatic slowing
in tumbling, presumably due to the T-shaped structure
of the B-ZIP|IDNA complex.

We have developed a high-throughput fluorescence
anisotropy screen in 384-well plates to identify small
molecules that disrupt the DNA binding of B-ZIP pro-
teins to DNA. Our initial screen used the National Can-
cer Institute (NCI) diversity set of 1990 compounds, a
group of compounds that represent a wide variety of
chemical structures [14-16]. We ran the screen in paral-
lel, using four B-ZIP proteins binding to their cognate
DNA sequence, and identified 21 compounds that dis-
rupted the B-ZIP|DNA complex. We used three second-
ary screens to reject compounds that either bound to
DNA or showed no selectivity in B-ZIP binding, ethi-
dium bromide displacement assay, electrophoretic
mobility shift assay (EMSA), and circular dichroism
(CD) spectroscopy. We identified 2 compounds that
bind to the basic region of the B-ZIP dimer and disrupt
DNA binding.

Materials and methods
Proteins

The majority of the B-ZIP domain proteins used in
this study have been described elsewhere: VBP (vitello-
genin gene binding protein) [17], C/EBP [18], CREB
[19], c-FOS [20], and SREBP-1 (sterol regulatory ele-
ment binding protein) [21]. All proteins used in this
study have 13 amino acid Phi 10 epitopes at their N ter-
minal. The c-JUND protein has the following amino
acid sequence: SPIDMESQERIKAERKRMRNRIAA
SKCRKRKLERIARLEEKVKTLKAQNSELASTAN
MLREQVAQLKQKVMNHVNSGCQLMLTQQLQT
F. The sequence of C/EBPB is KAKKTVDKHSDEY
KIRRERNNIAVRKSRDKAKMRNLETQHKVLET
AENERLQKKEVQLSRELSTLRNLFKQLPEPLLAS
AGHC. For PCR amplifications, the following overlap-
ping primers were used:

C/EBPB(a): 5'-CAGCGCAACGTGGAGACGCA
GCAGAAGGTCCTG-3' and 5-GTTGCGCTGC
TTGGCCTTGTC-3

C/EBPo(B): 5-GTGCTGCGTCTCCAGGTTGCG
CATTTTGGCTTTATC-3’ and 5'-ATGCGCAAC
CTGGAGACGCAGCACAAGGTGTTGGAG

PCR-amplified DNAs were cloned as BamHI-Hin-
dIII insert in pT5 plasmid. Proteins were expressed in
Escherichia coli BL-21 Lys(E) and purified as described
previously [18]. For fluorescence anisotropy experi-
ments, the sequences of the four 28-bp-long double-
stranded DNAs were as follows:
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CREB: 5-F-GTCAGTCAGATGACGTCATATCG
GTCAG-3

FOS|JJUND: 5-F-GTCAGTCAGAATGACTCAT
ATCGGTCAG-3'

VBP: 5-F-GTCAGTCAGATTACGTAATATCGG
TCAG-3’

C/EBP: 5-F-GTCAGTCAGATTGCGCAATATC
GGTCAG-3’

In these sequences, F is a fluorescein molecule at-
tached to 5’ end of both strands of DNA. All DNAs
were ordered from Sigma-Genosys and were HPLC
purified.

High-throughput screen

Fluorescein-labeled DNA containing a consensus-
binding site for each B-ZIP protein was added at 5 nM
to a black 384-well polypropylene plate with a Biomek
2000 automated pipetting instrument. The correspond-
ing B-ZIP protein was added at 300 nM for FOS|JUND,
400 nM for CREB, and 1000 nM for both C/EBPJ and
VBP by the Biomek 2000. The test compounds were di-
luted to the required concentrations and transferred
from the 96-well storage plates to the test plate by the
Biomek 2000. After incubation for 60 min at room tem-
perature, fluorescence polarization was measured on a
Tecan Ultra plate reader with excitation at 485 nm
and emission at 535nm. Incubation longer than
this does not change the fluorescent signals; thus, equi-
librium is assumed to be reached in 1h. Changes in
fluorescent (anisotropy/polarization) values of fluoresce-
in-labeled DNA were used to study binding events in the
presence of small molecules. The resulting polarization
data were used to calculate percentage control for each
test compound and protein.

Ethidium bromide displacement assay

This assay, essentially following the method de-
scribed by Boger et al. [22], examines the capacity for
a small molecule to displace ethidium bromide from a
hairpin of DNA as evidenced by a loss of fluorescence.
This indicates that the small molecule could interact
with DNA. Three DNA hairpins were prepared by the
Molecular Technology Laboratory, Science Applica-
tions International Corporation (SAIC)-Frederick,
and NCI-Frederick with the following sequences:

CREB: TGACGTCAAAAAATGACGTCA
AT rich: TTAATTAAAAAAATTAATTAA
GC rich: GGCCGGCCAAAAAGGCCGGCC

Each of these hairpins was added to a separate test
plate with the Biomek 2000 at a concentration of

2 uM. Ethidium bromide was added at a concentration
of 1 uM. Test compounds were diluted on a 96-well
plate and added to the test plate (final concentrations
of 191 pM to 100 uM). The test plate was read for fluo-
rescence on a Tecan Ultra plate reader with excitation at
530 nm and emission at 590 nm.

DNA binding assay

For EMSA, six protein samples (final concentration
of 20 nM dimer/1 ng dimer)—CREB, VBP, FOS|JUND,
C/EBPa, C/EBPB, and SREBP-1—were mixed with the
required concentrations of compounds at room temper-
ature and then added to 20 pl of gel shift reaction buffer
(25mM Tris (pH 8.0), 50 mM KCl, 0.5mM EDTA,
2.5 mM dithiothreitol (DTT), 1% bovine serum albumin,
and 10% glycerol), incubated for 10 min, and then mixed
with 7 pg **P-radiolabeled double-stranded oligonucleo-
tides containing a single consensus binding site for pro-
teins. (Sequences were the same as those used for
fluorescence anisotropy experiments except that for
EMSA they were not fluorescein labeled and for SREBP
the following sequence containing underlined SRE site
was used: 5'-GTCAGTCAGACACCCCACTATCGGT
CAG-3'.) This reaction mixture was incubated at 37 °C
for 30 min and then at room temperature for 20 min
and was resolved on 7.5% native gel using 25 mM
Tris-borate running buffer (pH 8.0) with 0.3 mM EDTA
at 150 V potential (11 mA current) for 90 min.

Circular dichroism spectroscopy

Typically, all stock solutions of compounds were
prepared in 100% dimethyl sulfoxide (DMSO), and ini-
tial dilutions were made in CD buffer (12.5 mM phos-
phate buffer (pH 7.4), 150 mM KCI, 0.25 mM EDTA,
and 1 mM DTT) without KCI. CD spectra were re-
corded at 6 °C on a JASCO J-720 spectropolarimeter
in a 5-mm quartz cuvette using a scanning rate of
100 nm/min with a 1-nm interval at the spectral band-
width of 2 nm. Each spectrum was an average of 10
individual spectra. All protein samples were in CD
buffer with 0.1% DMSO and were equilibrated with
different concentrations of compound at room temper-
ature for at least 2 h. For thermal denaturation studies
in the presence and absence of compounds, protein
samples were heated from 6 to 85/90 °C with a heating
rate of 1°C/min, and changes in ellipticity were re-
corded at 227 nm. Each thermal denaturation curve
was analyzed for T, (midpoint of thermal transition)
and AH,, (enthalpy change at T},), as described previ-
ously [21]. Values of T, and AH,, with a predeter-
mined AC, (heat capacity change on dimer
formation) value of —1.2 kcal mol ™' dimer ™' K™' [23]
were used to obtain AGp; (Gibbs free energy change
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on dimer formation) according to the Gibbs—Helm-
holtz equation.

Results

Fig. 1A presents the X-ray structure of a B-ZIP
homodimer bound to DNA [24]. Fig. 1B presents the in-
crease in fluorescence polarization after a 28-bp double-
stranded DNA, labeled with fluorescein at the 5’ ends of
both DNA strands, binds to a FOS|JUND heterodimer.
This indicates a slowing of the tumbling rate of the
DNA on protein binding. Normally, the binding be-
tween two entities of similar mass does not produce an
easily observable change in fluorescent anisotropy.
However, in the case of B-ZIP binding to double-
stranded DNA (molecular weights of all B-ZIP proteins
used in this study fall in the range of 18,000-23,000, and
the molecular weight of 28-bp fluorescein-labeled dou-
ble-stranded DNA is approximately 19,000), we suggest
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Fig. 1. (A) X-ray structure of 16-bp-long double-stranded DNA and a
GCN4 B-ZIP domain bound to DNA [24]. The fluorescein molecule
attached to the 5’ end of DNA is depicted to scale. The leucines in the
“d” position are shown. (B) Fluorescence polarization data: (1) 5 nM
of the 28-bp-long DNA containing the canonical AP-1 sequence
labeled with fluorescein; (2) 5nM of DNA bound by the 100-nM
FOS|JJUND heterodimer; (3) 5SnM DNA + 100 nM FOS|JJUND
heterodimer + 1000 nM A-FOS dominant negative protein.

that the tumbling of the rod-like DNA is changed due to
the T shape of the B-ZIP[DNA complex. To examine
whether the slow tumbling rate of DNA could be re-
versed and thus useful as a high-throughput screen, we
added A-FOS, a dominant negative protein that forms
a stable A-FOS|JUND heterodimer and prevents JUND
from binding to DNA [20]. The remaining FOS protein
is unable to bind to DNA without its partner JUND.
The addition of A-FOS causes the fluorescence polariza-
tion to decrease nearly back to the baseline DNA-only
value, suggesting that A-FOS disrupts the complexes be-
tween DNA and FOS[JUND (Fig. 1B).

Fig. 2 presents four titrations of increasing concentra-
tions of the four B-ZIP proteins (CREB, FOS|JUND,
VBP, and C/EBPB) binding to 5 nM of a 28-bp fluores-
cein-labeled double-stranded DNA containing the con-
sensus site for each B-ZIP dimer [23]. In all cases,
there is an increase in fluorescence polarization. The
C/EBPB sample is saturated at 500 nM; however, the
other three proteins show a dose-dependent increase in
fluorescence polarization. The dissociation constant
(Kp) calculated using this method is much larger than
that observed using EMSA, with the latter being closer
to 10 nM [23]. We suggest that somewhere in the fluores-
cence polarization assay, the B-ZIP protein is lost due to
adsorption, a notorious problem with these proteins. B-
ZIP proteins have an extended hydrophobic interface
that has a tendency to stick to surfaces, leading to loss
of material. A variety of attempts were made to lower
the protein concentration needed to reach DNA binding
saturation, including using siliconized plates and adding
bovine serum albumin, but these attempts were
unsuccessful.

High-throughput screen

Fig. 3 presents the outline for the high-throughput
screen of four B-ZIP dimers, each binding a different
fluorescently labeled double-stranded DNA, executed
in parallel. Initially, 6.7 pl of B-ZIP dimer protein solu-
tion (protein stock solutions: FOS|JJUND = 0.9 uM,
CREB = 1.2 uM, C/EBPp and VBP = 3 uM) in TKxtra
buffer (pH 7.6, 50 mM Hepes, 150 mM NaCl, and 0.1%
bovine y-globulin) was dispensed. After 5 min, 6.7 pl of
fluorescein-labeled DNA from 15 nM stock was added
and incubated for an additional 5 min. Finally, 6.7 ul
of compound (3- or 150-uM stock concentrations that
were typically in 0.1% DMSO) was added. This mixture
of B-ZIP protein, fluorescein-labeled DNA, and
compound was further incubated for 60 min at room
temperature to allow any potential rearrangement of
B-ZIP and DNA to occur. Fluorescence polarization
of the solution was measured on a Tecan Ultra fluores-
cence reader.

Fig. 4 presents typical data from the screen for all
four B-ZIP proteins bound to DNA and treated with
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Fig. 2. DNA binding titration for four B-ZIP dimers (CREB, FOS|JUND, VBP, and C/EBPB) binding to fluorescein-labeled 28-bp double-stranded
DNA containing the consensus site for each B-ZIP dimer. Each DNA was added at 5 nM to a black 384-well polypropylene plate with a Biomek 2000
automated pipetting instrument. Each corresponding protein was added at five concentrations: 10, 100, 250, 500, and 1000 nM. After a 10-min
incubation, fluorescence polarization was measured on a Tecan Ultra plate reader with excitation at 485 nm and emission at 535 nm.
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Fig. 3. Schematic of the timeline for the high-throughput binding fluorescence anisotropy DNA screening assay.

experimental compounds at two concentrations: 1 and
50 uM. At 1 uM (Fig. 4A), the fluorescence polarization
shows little variation from sample to sample, often being
within 80% of the control sample. One clear active com-
pound is observed in this panel (NSC7223). At 50 uM
(Fig. 4B), there were considerably more active com-
pounds and more autofluorescent compounds. The fluo-
rescence polarization reader optimizes the signal it
receives from the fluorescent tag when measurements
are taken, creating a functional range of polarization
values. This optimization is based on the signal pro-
duced by fluorescein-labeled DNA. Some compounds
generate a fluorescent signal above the range of polari-
zation values. These compounds are designated autoflu-
orescent and cannot be analyzed. Because of the high
background fluorescence at 50 uM, we analyzed only
the 1-uM data. Included in Fig. 4 is the Z’ factor (a
dimensionless screening window coefficient that depicts
the assay range and data variation) calculated for the
four proteins on this assay plate. All values are well over
0.5, indicative of a statistically significant assay [25].
Fig. 5 presents a summary of the fluorescence polar-
ization change for fluorescein-labeled DNA bound by
C/EBPP when challenged with a 1-uM concentration
of the 1990 compounds in the diversity set. The vast
majority of compounds have little effect on fluorescence

polarization. Of the 1990 compounds tested at a single
concentration of 50 uM, 58 could not be evaluated due
to autofluorescence and high backgrounds. Similarly, 2
compounds from the 1-uM actives could not be evalu-
ated. In addition, 14 compounds were considered active
in the screen because they decreased fluorescence polar-
ization to less than 50% of control, returning the tum-
bling rate of the DNA to the faster mode observed
when the DNA twirls along its long axis. Similar distri-
butions are observed for the other three B-ZIP proteins.

Also, 39 compounds decreased fluorescence polariza-
tion to less than 50% of controls for at least one B-ZIP
protein, and 21 were active when titrated in the four
fluorescence anisotropy screens at 20 concentrations of
each compound, ranging from 9.54 x 107> to 50 uM, a
confirmation rate of 50%. Table 1 shows that most of
the compounds that decreased fluorescence to less than
50% for multiple B-ZIP proteins were confirmed in mul-
tiple-dose titrations. Compounds affecting only one pro-
tein at 1 pM had only a 26% confirmation rate. Thus,
the initial screening using multiple proteins yielded ro-
bust reproducible data. Table 2 presents the ECs, (com-
pound concentration (in micromolars) at which
fluorescence polarization value falls to 50% of the con-
trol) values for the 21 compounds that were active in this
rescreen, an approximate 50% confirmation rate. These
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Table 1
Summary of confirmation testing of primary screen actives

Number of B-ZIP  Number of

Number of Percentage

proteins where active compounds  actives on confirmation
compounds were at 1 pM retesting

active

4 3 3 100

3 8 8 100

2 5 4 80

1 23 6 26

Table 2

ECs, values (uM) of 21 actives from rescreen for four B-ZIP proteins
NSC number ECso
C/EBPS CREB

FOS|JUND VBP

119911 24.7 1.6 0.1 10.4
119913 23.2 33 0.1 5.9
12155 2.5 0.6 — —
13778 15.3 13.9 2.5 153
146443 3.2 23.0 — 16.1
172033 — — — 5.2
176327 4.7 — 0.8 43
210627 4.5 18.7 1.1 —
211736 — — 3.1 —
270718 7.8 20.7 2.7 —
292213 — — 7.4 —
293161 323 322 7.5 —
306698 — — — 1.4
306711 12.9 22.1 4.6 —
311152 5.5 — 3.4 —
328481 — — 25.0 13.0
45576 24.1 11.9 — —
50155 — — 0.8 —
65828 342 28.0 8.9 —
223 3.7 3.5 2.1 0.7
73101 — — 9.9 8.1

21 compounds were the ones that were active in more
than one of the four primary screens.

Ethidium bromide displacement assay

The inhibition of B-ZIP binding to DNA could be
caused by the organic compound binding to either
the DNA or the protein. To help ascertain whether
the compound is interacting with the DNA, 12 repre-
sentative compounds identified as active in the titration
analysis were used in an ethidium bromide displace-
ment assay [22]. This assay assumes that if the com-
pound binds to DNA, it will displace prebound
ethidium bromide that can be measured by a decrease
in fluorescence. Fig. 6 shows data for 2 compounds
tested in both the fluorescence polarization and ethi-
dium bromide displacement assays. NSC270718 dis-
rupts the DNA binding of all four B-ZIP proteins at
a concentration in the range of 5-10 uM; however, it

does not displace ethidium bromide. In contrast,
NSC311152 displaces all four B-ZIP proteins from
DNA and also displaces ethidium bromide from
DNA at similar concentrations, suggesting that the dis-
placement of B-ZIP proteins from DNA is an indirect
effect of binding to DNA. This assay shows that of the
12 active compounds from the fluorescence polariza-
tion assay that were tested, 6 displaced ethidium bro-
mide, suggesting that they bind to DNA, and 6 were
inactive in this assay, suggesting that they may bind
to the B-ZIP protein. Fig. 7 summarizes the data for
12 compounds tested in both assays. (For a description
of the physical and chemical properties of the mole-
cules, visit http://129.43.27.140/ncidb2.)

DNA binding assay

EMSA was used as a secondary screen to identify
compounds that could inhibit the DNA binding of pro-
tein| DNA complexes. We examined all six compounds
that were positive in the primary screen and negative
in the ethidium bromide screen as well as two com-
pounds that were positive in the ethidium bromide
screen (NSC176327 and NSC7223) for the ability to in-
hibit the DNA binding of five B-ZIP proteins or one B-
HLH-ZIP domain protein bound to their cognate site.
SREBP-1 is a B-HLH-ZIP protein that is structurally
similar to the B-ZIP proteins used in the primary screen
[21]. The ability of small molecules to inhibit the DNA
binding of B-ZIP and B-HLH-ZIP protein was initially
tested by adding 20 uM compound to 20 nM protein
bound to radiolabeled DNA. Of the six compounds that
were negative in the ethidium displacement assay, two
(NSC13778 and NSC146443) were able to inhibit
DNA binding. We titrated these two compounds against
protein| DNA complexes to examine their activity and
specificity of action. NSC13778 showed some specificity
in which B-ZIP protein it could inhibit (Fig. 8A); for
example, the DNA binding of C/EBPa is abolished at
100 nM, whereas the related protein C/EBPB took
500 nM. In contrast, NSC146443 showed little specific-
ity, with 200 nM compound being required to inhibit
the DNA binding of four proteins and 500 nM being re-
quired to inhibit the DNA binding of two proteins (Fig.
8B).

Both compounds that were active in the ethidium
bromide displacements assay were also active in the
EMSA assay. NSC176327 has some specificity in which
protein binding reaction is inhibited. Only 100 nM
inhibits the DNA binding of SREBP-1, whereas
500 nM is needed to inhibit the DNA binding of the
majority of the other proteins. As an example of a com-
pound that was inactive in the fluorescence polarization
assay, NSC328481 did not show any ability to inhibit
the DNA binding activity of any protein used in this
study, even at 20 uM (Fig. 8D).
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Fig. 6. Identification of compounds that bind to DNA. From the initial screen, 12 actives were tested at 20 dilutions in both the fluorescence
polarization B-ZIP binding assay and the ethidium bromide displacement assay. For example, NSC311152 is active in both assays, indicating that the
compound is likely binding to the DNA. In contrast, NSC270718 is active only in the fluorescence polarization B-ZIP displacement assay, indicating

that the compound may be binding to the protein.
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Fig. 8. EMSA examining the inhibition of six protein| DNA complexes
by small molecules, showing that 20 nM (dimer) of CREB, VBP,
FOS|JUND, C/EBPa, C/EBPB, and SREBP-1 bound to 7 pg of 28-bp,
5’-end, radiolabeled double-stranded DNA containing their cognate
binding site (see text for details): (A) NSC13778; (B) NSC146443; (C)
NSC176327; (D) NSC328481. For panels A, B, and D, compound
concentration in lane 3 =100 nM, in lane 4 = 200 nM, and in lane
5 =500 nM. For the polymer NSC146443, 5, 10, and 25 ng were added
to lanes 3, 4, and 5, respectively.

Circular dichroism spectroscopy

We used CD spectroscopy to determine whether these
molecules bind the B-ZIP domain, as assayed by a
change in the a-helical structure of the B-ZIP domain
or its thermal stability. Many of the compounds tested
needed to be dissolved in DMSO and were used in both
the high-throughput screen and EMSA at a DMSO con-
centration of 0.1%. However, the presence of DMSO
produces a large scatter in the far-UV CD spectra,
obscuring the 222-nm signal that is typically used to
estimate a-helical content of a protein and monitor the
stability as it is thermally denatured. Fig. 9A presents
far-UV CD spectra of C/EBPq in the absence and pres-
ence of increasing concentrations of DMSO. A DMSO
concentration as low as 0.05% totally obscured the opti-
cal signal under 217 nm. However, CD signals remain
unchanged at 227 nm in DMSO concentrations between
0.05 and 0.2%, enabling us to study the thermal denatur-
ation of proteins at this wavelength. Fig. 9B shows
thermal denaturation curves of C/EBPa at 227 nm in
the absence and presence of 0.1% DMSO. These curves
overlap, validating our efforts to study thermal denatur-
ation under these conditions. Thermodynamic stability
parameters obtained when thermal transition curves
were fitted according to a nonlinear equation that as-
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Fig. 9. Effect of DMSO on CD spectrum and thermal stability of C/
EBPa. (A) Far-UV CD spectra of 2 uM dimer C/EBPa at 6 °C in the
absence and presence of increasing concentrations of DMSO (0.05—
0.2%). Asterisk indicates the wavelength (227 nm) at which thermal
denaturation of protein was monitored. (B) Thermal stability curves of
C/EBPu in the absence and presence of 0.1% DMSO at 227 nm.

sumes the transition between dimer and 2 monomer to
be of a two-state type [18] were independent of wave-
length used (222/227 nm) to monitor denaturation and
were not affected by the presence of 0.1% DMSO.

The two compounds that were positive in the flores-
cence anisotropy screen and EMSA but negative in the
ethidium bromide displacement assay (NSC13778 and
NSC146443) were further tested for their ability to bind
to the B-ZIP domain using CD spectroscopy. No change
in the CD spectrum was observed by the addition of
75 uM NSC13778 to five of the proteins tested by
EMSA (FOS|JUND was not tested). However, CD ther-
mal denaturation indicates that NSC13778 binds C/
EBPa and stabilizes the protein (Fig. 10A). In addition,
2 uM of the C/EBPa B-ZIP domain dimer is stabilized
by 2.8 kcal mol™! dimer™' by 75 uM of NSC13778 (Ta-
ble 3). This stability arises due to increased melting tem-
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Fig. 10. CD thermal denaturation of C/EBPa in 0.1% DMSO in the
presence of small molecules obtained by following changes in CD
optical signal at 227 nm. (A) Temperature-induced unfolding of 2 pM
dimer C/EBPua in the presence of NSC13778: 0 uM (O), 10 uM (@),
25uM (O), S0 uM (M), and 75 uM (A). Solid lines through the
transition curves are the nonlinear fit, assuming protein denaturations
to be two-state. The inset shows the T, versus NSC13378 concentra-
tion. (B) Temperature-induced unfolding of 2 pM dimer (45 pg) C/
EBPua in the presence of NSC146443 concentrations: 0 ug (O), 45 g
(0), 90 ug (M), and 135ug (A). The curve at 25 pg NSC146443
concentration is not shown. The inset shows the T, versus NSC146443
concentration. (C) Thermal denaturation curve of 2 uM dimer C/
EBPu in the absence and presence of 50 uM NSC176327.

perature as well as a favorable enthalpy change on com-
pound binding. The inset in Fig. 10A shows the increas-
ing Ty, of C/EBPa with increasing concentrations of
NSC13778. Saturation of binding sites seems to occur
at 75 uM of NSC13778, with higher concentrations of
NSC13778 producing increased noise-to-signal ratios
and resulting in an uninterpretable scatter at higher tem-
peratures. CD thermal denaturations with additional B-
ZIP proteins and SREBP-1 indicate that NSC13778 also
binds these proteins (Table 3), as is expected from the
EMSA data.

CD thermal denaturation studies show that C/EBPa
domains are stabilized in the presence of NSC146443, as
expected from the EMSA data (Table 3). Because this
molecule is a polymer, all concentration measurements
were in grams of equivalent weight. Increasing concen-
trations of NSC146443 increased both the T, and en-
thalpy change of C/EBPa (Fig. 10B). The inset in Fig.
10B presents the 7, of C/EBPa at different
NSC146443 concentrations. The binding seems to be
less saturable, at least in the concentration range used
in this study, than that observed for NSC13778. We
could not study thermal denaturation of C/EBPa at
higher NSC146443 concentrations (>135ug) due to
the increase in noise-to-signal ratio, especially at higher
temperatures.

The four compounds that were active in florescence
anisotropy experiments but negative in both ethidium
bromide displacement assay and EMSA (NSC45576,
NSC270718, NSC172033, and NSC293161) were also
tested using CD spectroscopy. These four compounds,
at 50 uM, did not increase the 7}, of any of the proteins
used in the EMSA (FOS|JUND was not tested). The
putative DNA binder NSC176327 that was active in
EMSA was also tested in our CD spectroscopy screen.
Thermal denaturation was carried out in the absence
and presence of 50 uM NSC176327 (Fig. 10C). As ex-
pected, there was no change in the thermal stability of
C/EBPua in its presence, suggesting that the protein has
no binding site for this molecule.

We mapped the binding of NSC13778 to the basic re-
gion of the B-ZIP domain using two proteins.
NSC13778 did not bind a protein having the basic re-
gion replaced with an acidic sequence (A-C/EBPa)
[18], suggesting that the binding site is in the basic region
(results not shown). Similar results were obtained with
OH-C/EBPa, a protein lacking the DNA binding basic
region [18] (results not shown).

A more detailed mapping of the binding of
NSC13778 to the basic region of the B-ZIP domain used
two similar proteins: C/EBPa and C/EBP. At 25 uM,
NSC13778 preferentially binds C/EBPa, increasing the
Tm by 8 °C. The C/EBPB B-ZIP domain has a Ty, of
65 °C, the highest T}, for any described B-ZIP domain.
We presume that C/EBPp is more stable than C/EBPa
due to the glutamic acid instead of aspartic acid in the
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Table 3
Thermodynamic parameters associated with thermal denaturation of B-ZIP and B-HLH-ZIP proteins in the presence of small molecules
Protein [NSC13778] Tm AH,, AGp; (37 °C) [NSC146443] Ty, AH,, AGp; (37°C)
(uM) (°C)  (kcal mol~! dimer™")*  (kcal mol™" dimer")b (ng) (°C)  (kcal mol™! dimer’l) (kcal mol ™! dimer™")
C/EBPua. 0 405 -45+4 -8.6+£0.2 0 40.5 -45+4 -8.6+£0.2
10 432 49+2 -9.1+0.1 10 429 -53+2 -9.1+0.1
25 487 -46+3 -98+0.2 25 479 -96+3 -11.4+02
50 509 5542 -10.5+0.1 90 50.8 -102+4 -12.5+0.2
75 532 -65+3 -11.4+02 135 553 -96+3 -13.5+02
C/EBPB 0 655 5545 -124+04
C/EBPB(a) 0 66.5 —-69+5 -13.9+0.3
25 69.8 —67+3 -14.1+£0.2
C/EBPo(p) 0 440 -36+4 -8.5+0.1
50 445 -29+6 -83+0.1
CREB 0 490 -60+2 -10.4+0.4
25 496 -54+3 -10.3+£0.2
75 545 -61+6 -11.5+04
VBP 0 427 -54+2 -9.1+0.1
25 429 -57+4 -9.1+£02
75 442 -60+2 -9.4+£0.1
SREBP-1 0 495 -51+3 -10.1+£0.1
25 515 -55+5 -10.6 £0.2
75 533 -57+4 -11.0+£0.2

% Each AH,, value is the mean of three independent measurements ( = standard error).

® The error in values of AGp; is due to error in AH,, and AC,, values.

A Basic Region Leucine Zipper Nsc1377¢
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c/z:sp(x(ﬁ) SVDKNSNEYRVRRERNNIAVRKSRDKAKMRNLETQH KVLELTS DNDRLRK-- NO
C/EBPp TVDKHSDEYKIRRERNNIAVRKSRDKAKMRNLETQH KVLELTA ENERLQK-- NO
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Fig. 11. Binding of NSC13778 to C/EBP chimeric proteins as studied
by CD thermal denaturation at 227 nm. (A) Amino acid sequence of
the basic region and part of the leucine zipper of C/EBPa and C/EBPB
and their chimeric derivatives, C/EBPa(f) and C/EBPf(a). Underlined
amino acids in C/EBPo(B) are from C/EBPB, whereas those in C/
EBPp(«) are from C/EBPo. To the right is a summary of whether the
protein binds NSC13778. At the bottom is a consensus sequence for B-
ZIP proteins. (B) Thermal transition curve of 4 uM dimer C/EBPf(a)
in the absence and presence of 25 pM NSC13778. All solutions were in
CD buffer containing 0.1% DMSO. (C) C/EBP«(f) thermal stability
with or without 50 pM NSC13778.

g position of the second heptad [26,27]. The DNA bind-
ing basic regions of C/EBPa and C/EBP differ in seven
amino acids: four clustered in the N terminal of the basic
region and three clustered at the junction of the basic re-
gion and the leucine zipper (Fig. 11A). We produced
two chimeric proteins by placing the three amino acids
from C/EBPa (Q, V, and Q) at the junction region into
C/EBPB to produce C/EBPB(a). Likewise, the three
amino acids from C/EBPB (M, L, and H) were placed
into C/EBPua to produce C/EBPo(p) (Fig. 11A). These

A BT
W v N

Fig. 12. Co-crystal structure of C/EBPo and 21-bp double-stranded
DNA containing C/EBP binding site [28]. The protein and DNA are
shown in shades of gray. The positions of amino acids Q, V, and Qin a
helical dimer are indicated. The chimeric protein C/EBPa(p) has these
three amino acids replaced by M, L, and H. In chimeric C/EBPp(a),
M, L, and H are replaced by Q, V, and Q, respectively.
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chimeric proteins had stability similar to that of the
parental proteins, indicating that these amino acids do
not contribute to protein stability. NSCI13778 at
25 uM binds to C/EBP(a) but not to C/EBPo(p) (Figs.
11B and C). These data, plus the binding of NSC13778
to C/EBPa but not to C/EBPB, maps the binding to
these three amino acids (Q, V, and Q). Positions of these
three amino acids in the helical dimer are highlighted on
the crystal structure of C/EBPa [28] (Fig. 12).

Discussion

We have developed a high-throughput fluorescence
polarization screen to identify small molecules that dis-
rupt the DNA binding of B-ZIP proteins to DNA. We
screened the NCI diversity set of 1990 compounds using
four B-ZIP dimers (CREB, C/EBPB, VBP, and FOS|-
JUND) and identified 39 compounds that were active
against at least one protein| DNA complex. Confirmation
titrations identified 21 compounds that disrupted DNA
binding in the micromolar range. We used three second-
ary screens to evaluate 12 representative compounds iden-
tified in the fluorescent polarization screen: (i) an
ethidium bromide displacement assay to identify com-
pounds that bind to DNA, (ii) an EMSA to identify com-
pounds that disrupt the protein| DNA complex, and (iii) a
CD thermal denaturation assay to identify compounds
that bind and stabilize the B-ZIP motif. These assaysiden-
tified two compounds (NSC13778 and NSC146443) that
bound to the basic region of the B-ZIP domain, each with
some specificity, and stabilized the protein.

Unlike most protein—protein interactions, where each
protein has a well-defined structure in the absence of its
partner(s), the basic region of B-ZIP proteins is unstruc-
tured in the absence of DNA [29,30]. However, in the
presence of DNA, the basic region undergoes a structural
transition and becomes a-helical, and the protein is sta-
bilized [23]. Both active molecules, NSC13778 and
NSC146443, bind the basic region of the B-ZIP motif.
Like DNA, the binding of NSC146443 induces a small
increase in new a-helical structure, as may be expected
from a negatively charged polymer. NSC13778, in con-
trast, did not induce any new o-helical structure.
NSC13778 is a small molecule (MW 319) that contains
an antimony atom. At 500nM (25x protein),
NSC13778 abolished the DNA binding of all the
proteins examined, suggesting that it binds to the
basic region of the transcription factors. Surprisingly,
the EMSA data show the discrimination that this com-
pound displayed for binding C/EBPa and C/EBPp.
CD thermal denaturation experiments with 50 uM
NSC13778 indicate that C/EBPo is stabilized by
1.9 kcal mol ™! dimerfl, whereas C/EBPpB is not. By
using mutant chimeric proteins of C/EBP, C/EBPp(a)
and C/EBPo(p), we were able to map the specific region

of the basic motif of C/EBPa to which NSC13778 binds.
It prefers to bind the three amino acids (Q, V, and Q) that
are on the same side of the a-helical basic region of C/
EBPa and not M, L, and H from C/EBPp. It remains
to be determined whether these amino acids are in a-he-
lical structure when bound by NSC13778. The absence of
charged amino acids in the critical amino acids suggests
that the specificity is not primarily electrostatic.

The data presented here indicate that the unstruc-
tured basic region of both B-ZIP and B-HLH-ZIP pro-
teins is a potential molecular target for small molecule
binding. This is a different type of target from most cases
given that the target itself is unstructured and may be-
come structured on binding of the small molecule.
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