CIS

A RTTCUL E S

Published on Web 06/17/2009

Direct Inhibition of Hypoxia-Inducible Transcription Factor
Complex with Designed Dimeric Epidithiodiketopiperazine

Katherine M. Block,"* Hui Wang," Lajos Z. Szabo," Nathan W. Polaske,’
Laura K. Henchey,® Ramin Dubey,’ Swati Kushal," Csaba F. LaszI6,"
Joshua Makhoul,™ Zuohe Song," Emmanuelle J. Meuillet,"-* and
Bogdan Z. Olenyuk* ™!

Department of Chemistry and Biochemistry, The University of Arizona, 1306 East University
Boulevard, Tucson, Arizona 85721, College of Pharmacy, The University of Arizona, 1295 North
Martin Street, Tucson, Arizona 85721, Arizona Cancer Center, 1515 North Campbell Avenue,
Tucson, Arizona 85724, Department of Chemistry, New York University, 100 Washington Square
East, New York, New York 10003, Department of Nutritional Sciences, The University of
Arizona, 1177 East Fourth Street, Tucson, Arizona 85721, and Department of Molecular and
Cellular Biology, 1007 East Lowell Street, Tucson, Arizona 85721

Received September 24, 2008; E-mail: olenyuk @ email.arizona.edu

Abstract: Selective blockade of hypoxia-inducible gene expression by designed small molecules would
prove valuable in suppressing tumor angiogenesis, metastasis and altered energy metabolism. We report
the design, synthesis, and biological evaluation of a dimeric epidithiodiketopiperazine (ETP) small molecule
transcriptional antagonist targeting the interaction of the p300/CBP coactivator with the transcription factor
HIF-1o.. Our results indicate that disrupting this interaction results in rapid downregulation of hypoxia-
inducible genes critical for cancer progression. The observed effects are compound-specific and dose-
dependent. Controlling gene expression with designed small molecules targeting the transcription factor-
coactivator interface may represent a new approach for arresting tumor growth.

Introduction

Hypoxia, the state of reduced oxygen levels, is characteristic
of most solid malignancies and is involved in promoting
aggressiveness and rapid progression of neoplastic disease.' >
The cellular response to hypoxia is primarily mediated by
hypoxia inducible factor 1 (HIF-1), a heterodimeric basic
helix—loop—helix (bHLH) protein of the Per-Arnt-Sim (PAS)
family. The HIF-1a subunit is an oxygen-sensitive transcription
factor that regulates the expression of hypoxia-responsive genes
and represents a major point of amplification in oncogenic
signaling. Under well-oxygenated conditions, HIF-1o is poly-
ubiquitinated by the E3 ubiquitin ligase pVHL and targeted for
proteosomal degradation.* ® Under hypoxia, HIF-1o is stabi-
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lized and translocates to the nucleus where it dimerizes with
its S-subunit, aryl hydrocarbon receptor nuclear translocator
(ARNT, HIF-1p). Upon binding to its cognate DNA sequences,
hypoxia response elements (HREs), it recruits the p300/CBP
and SRC-1 family of coactivators to initiate transcription of a
diverse group of genes involved in the adaptive response to
hypoxia. Of particular significance are the gene encoding
vascular endothelial growth factor (VEGF), a potent mitogen
that mediates sprouting of new blood vessels and contributes
to metastasis>® !> and genes whose protein products are
involved in extracellular matrix remodeling, such as matrix
metalloproteinases (MMPs) and lysyl oxidase (LOX).13713
Given the involvement of HIF-1ow in multiple cellular pathways
critical for cancer progression,'® 2 direct antagonism of HIF-
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Figure 1. Targeting the HIF-1o. C-TAD/p300 CH1 complex with ETP antagonists. (a) NMR-derived structure of p300 CH1 domain in complex with the
HIF-10. C-TAD, with Zn>" ions depicted as cyan spheres. (b) Structures of chaetocin 1 (isolated from Chaetomium globosum) and chetomin 2 (from Chaetomium
cocliodes). (¢) Comparison of distances between the centers of the two disulfide bridges in 2 and 3, derived from molecular modeling. (d) Structures of

control DKP 4 and ETP 5.

la-induced transcriptional activity could be an effective means
of therapeutic intervention.

The interaction between the HIF-1ow C-terminal activation
domain (C-TAD) and the cysteine-histidine rich 1 (CH1) region
of the coactivator p300 or its ortholog, CREB binding protein
(CBP), is critical for transactivation. Disruption of this interac-
tion suppresses transcriptional activity.?'** The contact surface
between p300/CBP and HIF-1a is extensive; it spans an area
of 3393 A2>>?* and hence, direct blockade of this interaction
with small molecules is challenging. Instead, inducing a
structural change in one of the binding partners may be a more
effective means of disrupting the complex. For example, altering
the global fold of p300/CBP could render the coactivators
incapable of binding to HIF-la and thereby prevent their
recruitment for subsequent chromatin remodeling and transcrip-
tional initiation. Herein we report the design, synthesis, and
evaluation of biological activity of a synthetic small molecule
capable of inhibiting HIF-1a inducible transcription via disrup-
tion of the HIF-1o. C-TAD-p300/CBP interface.
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Our design was inspired by the natural products chaetocin
1*° and chetomin 2%° (Figure 1b) that have been recently
identified as inhibitors of the HIF-1a-p300/CBP interaction,
although the exact mechanism of this inhibition remains
unclear.?? Despite initial encouraging activity reports, 2 induced
coagulative necrosis, anemia, and leukocytosis in experimental
animals.??

Chaetocin and chetomin are epidithiodiketopiperazine (ETP)
metabolites from the filamentous fungi of the Chaetomium
species that have been previously characterized as having
antimicrobial activity. These molecules contain two epidithiodike-
topiperazine (ETP) rings connected via a rigid central scaffold.”’
Under physiological conditions, the bridging disulfide moieties
can exist either in an oxidized, disulfide form or a reduced,
dithiol form and are thought to be essential for biological activity
of this class of natural products. Recent studies have shown
that ETPs accumulate in cells in a glutathione-dependent manner
even under well-oxygenated conditions and exist in the cyto-
plasm almost exclusively in the reduced form.>®
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Scheme 1. Synthesis of Dimeric ETP (+)-3
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To probe the importance of the bridging disulfides for the
biological activity of ETPs, we designed and synthesized
inhibitor 3 (Figure 1c¢). Dimeric ETP 3 was designed to match
the conformationally averaged distance between the bridging
disulfide groups in 2 which is approximately 10 A. Because
diketopiperazines have been shown to be metabolic products
of ETPs,*® compound 4 (Figure 1d),*® which lacks bridging
disulfides, was designed as a negative control to test if the
bridging disulfides are required for ETP function and to ascertain
if products of ETP metabolism are inactive as transcriptional
inhibitors. Finally, monomeric ETP § was introduced as an
additional control to ensure that dimeric ETPs have enhanced
binding affinity and biological activity.

Results and Discussion

Synthesis of Dimeric ETP 3. Our strategy involved three key
transformations (Scheme 1): (i) synthesis of a monomeric ETP
precursor having bridging disulfides protected in the form of
dithioacetals, (ii) functionalization of the C-3 and C-6 positions
of the dithioacetal rings via carbanion chemistry, and (iii)
regeneration of the disulfide bridges. The dithioacetal 6 was
obtained from sarcosine anhydride 5 by the method reported

by Kishi et al.’*® Regioselective deprotonation of 6 at the
bridgehead carbon with a strong base and subsequent reaction
with benzyloxymethyl chloride afforded monosubstituted dithio-
acetal 7 in good yield. Similarly, deprotonation of the bridgehead
position in dithioacetal 7, followed by reaction with 0.5 equiv
of a,a’-diiodo-p-xylene produced a diastereomeric mixture of
dithioacetal dimers 8. After separation of (£)-8 from the meso-
product, removal of the benzyl groups was performed by
treatment of (4)-8 with boron trichloride. The conversion of
the protected dithioacetal into dimeric racemate ETP (4)-3
(hereafter simply abbreviated as 3) was carried out by initial
oxidation with m-chloroperbenzoic acid followed by treatment
with 70% perchloric acid in methanol. A fraction of the racemate
3 was subjected to chiral separation, during which two enan-
tiomers, denoted as ent/-3 and ent2-3, were obtained (see
Supporting Information and Figure S1 for details). Due to the
small amount of the chiral material on hand, we opted not to
determine their signs of optical rotation. The conversion of
meso-8 into meso-3 was carried out in a similar manner. Control
DKP 4% and monomer ETP 5°° were synthesized according to
previously published procedures.

Synthetic ETP Binds to p300 CH1 Domain under
Reducing Conditions. Prior to undertaking more rigorous
biophysical and biological characterization of dimeric ETP 3,
it was important to first characterize its thermodynamic binding
properties toward the target, p300 CH1 domain. We conducted
SPR experiments in the presence of DTT to mimic the reducing
environment that would be found in the intracellular milieu.
From the SPR sensorgrams (Figure 2), it is clear that both
chetomin 2 and dimeric ETP 3 bind directly to the GST-tagged
CH1 domain of human p300 (aa residues 323—423) with
submicromolar affinity. The measured Kp values were 5.4 x
1077 M for chetomin 2, and 7.5 x 1077 M for ETP 3. With
regard to the rates of association and dissociation, chetomin 2
and ETP 3 show similar binding kinetics with on-rates (K,s) of
6.1 x 10° M~ 's™'and 5.1 x 103 M’ !s~! and off-rates (Kgs) of
3.3 x 1073 s7" and 3.8 x 1073 s7!, respectively. On the basis
of these data, both chetomin 2 and ETP 3 reversibly bind to
p300-CH1-GST and exhibit a rapid on-rate and a slow off-rate
with gradual dissociation from the protein immobilized on the
chip surface. Control DKP 4 did not bind at any concentration
tested up to 5.0 x 1075 M.

Because of the possibility that each of the two enantiomers,
entl-3 and ent2-3, could bind p300 CH1 domain with different
affinity, we evaluated the binding thermodynamics of each
enantiomer obtained after chiral separation and compared them
to the binding affinities of meso-3 and racemate 3. Despite the
difficulties encountered in chiral separation, the obtained
amounts of ent/-3 and ent2-3 produced acceptable, albeit low
signal-to-noise, SPR curves sufficient to calculate their equi-
librium thermodynamic binding characteristics. We found that
both enantiomers of ETP 3 and the meso-isomer have similar
binding affinities (Supporting Information, Figure S2). The K,s
are within the range of 1.7 x 103 to0 5.0 x 10> M~'s™! and Kgs
are averaging from 1.9 x 1073 to 1.1 x 1072 s™!. These binding
affinities are comparable to the constants obtained for the
racemate 3 and chetomin 2. Given that the structure of ETP 3
has two freely rotating ETP rings, one could hypothesize that
the conformational space of the two disulfides is similar for
entl-3 and ent2-3 and for meso-3, resulting in a similar binding
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Figure 2. SPR sensorgrams for binding of compounds 2—4 to surfaces
modified with p300-CH1-GST fusion protein. Curves represent the con-
centration of compound tested ranging from 50 nM, 200 nM, 500 nM, 1
uM, 10 uM, to 50 uM; all concentrations were tested in duplicate. (a)
Chetomin 2 and (b) synthetic ETP 3 exhibit reversible binding with
submicromolar equilibrium dissociation constants. (c) Control DKP 4 does
not bind immobilized p300-CH1-GST fusion protein at micromolar
concentrations.

interaction with the target protein. Therefore, we opted to use
the more readily accessible ETP racemate 3 for further cell-
based studies.

Because DTT reduces disulfide bonds and has been previously
shown to reduce ETPs under certain conditions,®' we also
examined the reduction state of dimeric ETP 3 in the presence
of 100 uM DTT by mass spectrometry. The mass spectra (Figure
S3, Supporting Information) clearly show an ion with m/z =
575, indicating the presence of a fully reduced tetrathiol form
of 3, along with several peaks resulting from the loss of sulfur
(m/z = 541, 507, and 473), and one peak at m/z = 592,
presumably from oxidative hydroxylation of 3 under conditions
of the experiment. Analysis of the LC—MS total ion chromato-
gram (TIC) indicated that over 90% of compound 3 remains in
the reduced state.

To better understand the role of disulfide reduction in
maintaining the high affinity interaction of dimeric ETP 3 with
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Figure 3. CD spectra of the p300-CH1-GST fusion protein in the presence
of chetomin 2 at a concentration of 1 uM, ETP 3, and control DKP 4 (both
at concentrations of 10 uM).

its target, p300 CH1 domain, we measured its binding affinity
in SPR assays under conditions of higher concentration of DTT
(500 uM) and in the absence of DTT (see Figure S4, Supporting
Information). The SPR sensorgrams show that compound 3
binds the p300 CH1 domain in the presence of 500 uM DTT
with a Kp value of 1.9 x 107° M, which is within 2.2-fold from
the Kp value measured in buffer with 100 «uM DTT (7.5 x 107’
M). In contrast, when the binding affinity of 3 was measured
in buffer without DTT, a much lower Kp value of 2.7 x 107
M was found. The 36-fold decrease in the binding affinity of
the oxidized form of dimeric ETP 3 toward p300 CH1 domain
in SPR assays indicates that a reduction step is required for its
high-affinity binding interaction.

Synthetic ETP Alters the Global Fold of p300 CHI1
Domain. Because chetomin 2 has been previously reported to
alter the global fold of p300,** we utilized CD spectroscopy to
ascertain if dimeric ETP 3 would have a similar effect. Purified,
expressed, and natively folded p300-CH1-GST fusion was
exposed to increasing concentrations of either chetomin 2, ETP
3, or DKP 4. Both ETP 3 and chetomin 2 significantly affected
the fold of p300-CH1-GST as evidenced by the modified spectra
observed in the presence of these compounds. Chetomin 2
resulted in structural changes at a concentration of 1 uM, while
dimeric ETP 3 induced protein unfolding at 10 #M.(Figure 3)
The greater effect of 2 on the folding of p300-CH1-GST at lower
concentrations is somewhat surprising, but given the complexity
of its structure, is not totally unexpected. Treatment with control
DKP 4 did not affect the structure of p300-CHI1-GST. Taken
together with the SPR data, these results suggest that compounds
2 and 3 with bridging disulfides both specifically bind to p300
CH1 domain and are capable of altering its global fold.

Synthetic ETP Disrupts the HIF-1a/p300 CH1 Complex in
vitro. We employed a previously described fluorescence polar-
ization (FP) competition assay with ETP and controls to
determine their effect on the HIF-1a/p300-CH1 complex.** The
assay consisted of p300-CHI1-GST and the fluorescein-labeled
C-TAD domain of human HIF-1a (residues 786—826). First, a
saturation binding curve for the interaction of HIF-1a C-TAD
with p300-CH1-GST was measured (see Figure S5 in Supporting
Information). Next, the ability of synthetic ETP and controls to
inhibit the association of the HIF-1a. C-TAD with p300-CH1-
GST was determined.

Competition binding assays confirmed that both 2 and 3 are
capable of disrupting the p300-CH1-GST/HIF-1a. C-TAD
complex (Figure 4). The calculated ICs, for chetomin 2 was

(31) Isham, C. R.; Tibodeau, J. D.; Jin, W.; Xu, R. F.; Timm, M. M.; Bible,
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Figure 4. Dimeric ETP 3 disrupts the HIF-1ot C-TAD/p300 CH1 complex.
Chetomin 2 (a) and ETP 3 (b) bind to p300-CH1-GST with ICs, values in
the 500—1500 nM range; control DKP 4 (c¢) does not bind this protein with
high affinity. Values for ICs, were determined by fluorescence polarization
competition experiments with fluorescein-labeled HIF-1o. C-TAD as a
fluorescent probe; each data point represents an average of 5 experiments;
error bars are standard error of the mean (£ s.e.m.).

540 £ 180 nM under our experimental conditions. Dimeric ETP
3 had an IC5; of 1500 =+ 200 nM toward the complex, whereas
control DKP 4 did not bind with significant affinity (ICs, > 81
uM).

Synthetic ETP 3 is Less Toxic than Chetomin. Before
evaluating ETP 3 in cell culture assays, it was important to first
determine its impact on overall cell viability to be certain that
any observed biological effects were not due to cytotoxicity.
ETPs were tested over a concentration range of 25 nM to 1 uM
in the MCF7 cell line using cell viability assay to measure
toxicity (see Experimental Section). Chetomin 2 is considerably
more toxic than dimeric ETP 3 (Figure 5) with a mean Gl
value of 180 £ 40 nM as compared to 520 + 100 nM for ETP
3. Control DKP 4 did not show any impact on cell viability.
These Gls, values were used to determine the upper concentra-
tion limit for chetomin and ETP 3 in cell-based assays.

Synthetic ETP Inhibits HIF-1o Induced Transcription. After
establishing the potential of synthetic ETP to disrupt the HIF-
la C-TAD/p300 CHI interaction, we conducted a preliminary
evaluation of these molecules in a luciferase reporter system to
determine their ability to reduce HIF-1a inducible promoter

18082 J. AM. CHEM. SOC. = VOL. 131, NO. 50, 2009

50 100 200 400 1000 10000
Concentration (nM)

Figure 5. Synthetic ETP 3 is considerably less toxic than chetomin 2.
Cell viability data for MCF7 cells treated with (a) chetomin 2, (b) ETP 3,
and (c) DKP 4. All samples contain 0.1% DMSO as a vehicle; error bars
represent + s.e.m. of 4 independent experiments.

activity. A luciferase construct was obtained*-* in which five

tandem repeats of the HRE consensus sequence found in the
VEGF promoter (TACGTGGG) were used to drive luciferase
expression. This construct was stably transfected into MDA-
MB-231 cells which were subsequently treated with our
compounds. Hypoxia was mimicked with an iron chelator,
desferrioxamine mesylate (DF0).*> We first measured levels
of HIF-1a in normoxic and hypoxic cells treated with ETP 3,
chetomin 2, and DKP 4 by Western blotting. The results clearly
showed that in hypoxic cells, the levels of HIF-1o. remained
constant regardless of the type of compound used in the
treatment, whereas in normoxic cells, as expected, the levels
of HIF-1a were below the detection limit (Figure S7, Supporting
Information).

To measure the activity of each of the individual enantiomers
of ETP 3, an experiment was conducted where the hypoxic cells
were treated with the two ETP enantiomers ent/-3 and ent2-3

(33) Shibata, T.; Akiyama, N.; Noda, M.; Sasai, K.; Hiraoka, M. Int. J.
Radiat. Oncol. Biol. Phys. 1998, 42, 913-916.

(34) Shibata, T.; Giaccia, A. J.; Brown, J. M. Gene Ther. 2000, 7, 493—
498.

(35) Myllyla, R.; Tuderman, L.; Kivirikko, K. I. Eur. J. Biochem. 1977,
80, 349-357.
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MCF7 cells after 24 h of treatment with chetomin 2 and ETP 3. (b)
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For all experiments, chetomin 2 and ETP 3 were applied at 200 nM
concentrations. Hypoxia was mimicked with 300 uM DFO. Error bars are
=+ s.e.m. of the experiment repeated in quadruplicate. *, P < 0.05, t test.

at 100 nM concentrations and the results were compared to the
activity of racemate 3. To observe a dose response for
the treatment and a possible additive effect of each enantiomer,
the concentration of racemate 3 (200 nM) was chosen to be
double of the concentration of enantiomers. Both ent/-3 and
ent2-3 showed nearly identical reduction in HIF-1a inducible
promoter activity (Figure 6a). The double-concentration race-
mate 3 included in the study showed a double reduction in
activity. These results correlate with our earlier observations

J. AM. CHEM. SOC. = VOL. 131, NO. 50, 2009 18083



ARTICLES

Block et al.

from SPR assays, indicating that both enantiomers of ETP 3
are nearly equal in binding affinity and activity.

Next, racemic ETP 3 and a panel of controls 2, 4, and 5 were
further evaluated for dose dependence (Figure 6b). On the basis
of the Gls values for 2 and 3 (Figure 5), maximum concentra-
tions of 200 nM for 2 and 600 nM for 3 were chosen. Treatment
with 3 reduced luciferase expression in a dose-dependent manner
by 85% at 200 nM and 94% at 600 nM concentrations,
respectively (Figure 6b). In contrast to dimeric ETP 3, control
DKP 4 showed significantly lower activity and did not exhibit
dose dependence. ETP 5, which contains only one set of
bridging disulfides, had only a modest effect on luciferase
expression and resulted in 31% inhibition. Because treatment
with ETP § did not reduce luciferase expression by 50% or
more, this compound did not meet our minimum criteria for
efficacy and was therefore excluded from further biological
evaluation. Overall, the data from luciferase reporter assays
indicated that ETP 3 was very effective in significantly
disrupting HIF-1a mediated transcription and underscores the
role of bridging disulfides for biological activity and the
importance of the dimeric nature of ETP 3.

Encouraged by our preliminary results, we next evaluated
the ability of designed ETP 3 to downregulate transcription of
endogenous HIF-1a inducible genes in cell culture (Figure 7).
We used quantitative real time PCR (qQRT-PCR) to determine
relative mRNA expression levels of select HIF-1a inducible
genes in MCF7 cells. ETP 3 reduced VEGF expression levels
by greater than 50% at 200 nM and showed dose-dependent
inhibition. We found ETP 3 to be almost as effective as
chetomin 2 in downregulating the expression of this gene,
whereas control DKP 4 did not inhibit VEGF at either 200 nM
or 600 nM concentrations (Figure 7a).

Next, we examined if other therapeutically relevant genes
within the HIF-1o signaling pathway could be downregulated.
We measured the expression of LOX, a HIF-1a target gene
which has recently been shown to promote metastasis in breast
cancer.'*'> In MCF7 cells under hypoxic conditions, ETP 3
showed dose-dependent inhibition of LOX at levels comparable
to 2 (Figure 7b). At a concentration of 600 nM, 94% inhibition
of LOX expression was observed. Control DKP 4 reduced LOX
expression by only 10—15% and did not show dose dependence.
In summary, synthetic ETP 3 effectively downregulated the
transcriptional activity of HIF-1a and reduced mRNA levels
of hypoxia-inducible genes in the MCF7 cell line. Control DKP
4 did not inhibit the expression of either VEGF or LOX. Taken
together, these findings confirm our observations from fluores-
cence polarization experiments and luciferase assays, and
indicate that bridging disulfides are important for the biological
activity of dimeric ETP 3. In summary, synthetic dimeric ETP
effectively downregulated the transcriptional activity of HIF-
la and reduced mRNA levels of hypoxia-inducible genes
implicated in growth and metastasis of solid tumors. Importantly,
control DKP 4 did not inhibit the expression of either VEGF or
LOX.

Because ETP 3 and DKP 4 share a similar skeletal structure,
the observed lack of biological activity of DKP 4 could be
attributed to the absence of the bridging disulfides in 4 or to
the difference in the stereochemistry of its side chains (trans in
4 vs cis in 3). While a detailed mechanism of the biological
activity awaits further elucidation, based on our observations
that reducing conditions were required for ETP 3 to bind to
p300 CH1 domain in SPR, CD and FP experiments, we
hypothesize that bridging disulfides may interact with the CH1
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Table 1. Number of Transcripts Affected (P < 0.01) in MCF7 Cells
As Compared to Cells Treated with 300 x«M DFO

treatment
vehicle only 3 (600 nM) 4 (600 nM)

No DFO with DFO with DFO
Up-regulated (fold change >2.0) 240 290 1
Down-regulated (fold change >2.0) 340 113 34
Up-regulated (fold change >4.0) 12 40 0
Down-regulated (fold change >4.0) 36 6 7

domain of p300/CBP and alter its structure so that it can no
longer bind HIF-1o with high affinity.

Synthetic ETP Downregulates Levels of Endogenous
VEGF Protein. To assess the ability of ETP 3 to downregulate
the levels of secreted VEGF protein, we conducted Western
blot analysis in MCF7 cells. The data from this assay show
~40% decrease in VEGF protein levels in cells treated with
ETP 3 at a concentration of 200 nM (Figure 8). Notably, ETP
3 at the same concentration (200 nM) was more effective than
2 (chetomin), which has been previously shown to inhibit
vascularization in mice.?* Importantly, the results of the Western
blot and gene expression experiments closely parallel data from
the SPR and fluorescence polarization assays. The transcriptional
blockade of VEGF gene correlates with decreased levels of its
secreted protein product, suggesting that compensatory cellular
stress response mechanisms such as internal ribosome entry sites
(IRES) or mechanisms enhancing protein translation do not
override the observed downregulation in expression. Therefore,
reducing the cellular mRNA levels of HIF-1a target genes with
ETP 3 could be an effective means of attenuating hypoxia-
inducible oncogenic signaling.

Gene Expression Profiling with  Oligonucleotide
Microarrays. Because the target proteins p300 and CBP are
pleiotropic multidomain coactivators, their CHI regions
contain binding sites for multiple transcription factors. One
potential limitation of the use of ETPs for gene regulation is
specificity, because inhibiting the interaction between CBP/
p300 and transcription factors other than HIF-1o may result
in large numbers of affected genes. To probe the genome-
wide specificity of ETPs, the global effects of ETP treatment
on hypoxia-induced gene expression were evaluated using
Affymetrix Human Gene ST 1.0 Arrays containing oligo-
nucleotide sequences representing 28,869 transcripts. For
comparison, the effects of control DKP 4 were also measured.
Experiments were conducted in MCF7 cells in triplicate, and
gene expression levels were normalized to DFO-treated cells
as controls.

Synthetic ETP 3 at a concentration of 600 nM affected the
expression of 403 transcripts by at least 2-fold (P < 0.01) (Table
1). At the same threshold, control DKP 4 affected expression
of only 35 transcripts, indicating that the disulfide bridge exerts
a much larger effect on transcription as compared to control
DKP 4. For comparison, DFO treatment alone affected the
expression of 580 transcripts. Clustering analysis was performed
to identify similarities in the expression profiles between the
different treatments (Figure 9a,b). The expression profile of cells
treated with control DKP 4 and DFO is similar to that of cells
treated only with DFO under the conditions of the analysis.
However, the expression profiles of ETP 3-treated cells are
divergent from the other treatments. Analysis of transcripts
affected by both ETP 3 and DKP 4 shows that only 13
transcripts are commonly down-regulated by at least 2-fold, and
1 transcript is commonly up-regulated by at least 2-fold (P <
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0.01). It is not entirely surprising that there is some overlap in
genes affected by both compounds given the complexity of
cellular signaling pathways involved in the hypoxic response.
We found that DFO induced the expression of a set of 43
transcripts by at least 4-fold (P < 0.01) (Figure 9c¢). Of this set,
only 4 genes were inhibited and 2 up-regulated by ETP 3 by at
least 2-fold (P < 0.01). In contrast, DKP 4 affected only 1
transcript whose function is currently unknown (Affymerix
cluster id 8100758). A representative set of hypoxia-inducible
genes is shown in Table 2. While ETP 3 affected almost all
genes in this set, DKP 4 had only a modest effect on the
expression of these genes. Finally, we analyzed the relative
levels of expression of select transcription factors commonly
upregulated in human cancers (p53, CREB1, ETS-2) and general
transcription factors (GTF2F1, GTF35C, TAF10, TAF13) in
hypoxic, DFO-treated cells in the presence of ETP 3 or control
DKP 4. Both 3 and 4 had shown no significant effects on the
levels of transcription of these factors or their downstream genes,
demonstrating that neither of these compounds is a nonspecific
transcriptional inhibitor or an inhibitor of the global activity of
p300/CBP (Figure 9c and Table S1 in the Supporting Informa-
tion).

Conclusions

Cellular pathways that give rise to a cancerous phenotype
involve a large number of signaling proteins that ultimately
converge upon a much smaller set of oncogenic transcription
factors.*® Because many of these transcription factors interact
with one or several domains of the p300/CBP coactivator,?”**
they are potentially direct targets for therapeutic intervention.
Toward this goal, several small molecule-based approaches have
emerged. Programmable DNA minor groove binding oligomers®>*°
provide the ability to regulate gene expression by targeting
transcription factor-DNA interactions.*"**> These molecules can
affect a select set of genes by separating the interactions of
transcription factors with different DNA response elements due
to the differences in the nucleotide composition of these
elements.** Designed small molecules targeting transcription
factor-coactivator interactions offer an alternative approach, by
preventing the transactivation domains of transcription factors
from contacting their cognate coactivators. Given a sufficient
degree of specificity within the desired pathway, they may open
an opportunity for selectively modulating a subset of genes
distinctly different from the subset affected by DNA binding
agents.

We have designed and synthesized an epidithiodiketopipera-
zine (ETP) antagonist of transcription that binds its p300/CBP
target with high affinity and disrupts the HIF-1o. C-TAD-p300/
CBP complex in vitro. Cell-based assays demonstrate significant
reduction in promoter activity and efficient downregulation of
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the expression of HIF-law inducible genes responsible for
promoting angiogenesis and metastasis. Reducing the cellular
mRNA levels of these HIF-1a target genes could be an effective
means of attenuating hypoxia-inducible oncogenic signaling.

Comparative analysis of the genome-wide effects of the ETP
3 and DKP 4 provided further insights into the transcriptional
activity of multiple hypoxia-inducible genes. Despite their
structural similarity, these compounds have a very different
impact on the levels of expression of hypoxia-inducible genes
and show distinct genome-wide effects. Treatment with 3 affects
403 genes (1.4% of the entire transcriptome) at a 2-fold
threshold, with 113 hypoxia-inducible genes being downregu-
lated. Control DKP 4 has only a minimal genome-wide impact
at the same threshold and does not affect hypoxia-inducible
genes. Because many biological responses are threshold-based,
the observed decrease in the transcriptional activity of primary
HIF-1a target genes could have pronounced downstream effects
on the levels of protein products of hypoxia-inducible transcription.

The HIF-1a C-TAD binds to the CHI region of p300/CBP
through induced folding with the association being largely driven
by hydrophobic forces.** The CHI region of p300 consists of
a tetrahedral shape formed by three main a-helices (o1-a3)
(Figure 1a).**~* Notably, Zn>" ions chelated by a Cys;His motif
are present at each vertex of the tetrahedron and are required
to maintain a properly folded, functional protein.***> Molecules
capable of disrupting Zn>"-mediated folding of the cysteine-
histidine rich protein domains may alter the global fold of the
CHI1 region. Possibly, the bridging disulfides, after reduction
to dithiols within the cell, may either bind Zn>* directly or form
disulfide bonds with cysteine residues involved in Zn>* coor-
dination. The results of our SPR, CD and FP experiments
suggest that both chetomin 2 and ETP 3 target p300/CBP CH1
domain under conditions of cellular reduction. Further investiga-
tion of the nature of structural disruption is currently underway
and future mechanistic, redox, and structural studies will fully
address changes in the p300/CBP global fold induced by binding
of ETPs.

Beyond the potential of ETPs as modulators of gene expres-
sion, rationally designed small molecules targeting general
transcriptional coactivators could become tools for probing the
fundamental mechanisms of transcription. Because the p300/
CBP pleiotropic coactivator system interacts with a variety of
transcription factors, it represents an excellent model to assess
the specificity of designed small molecules in gene regulation.*®
Future designs and further structural and stereochemical inves-
tigations will address the possibility of targeting a desired region
of a general coactivator as a means of selectively modulating
genes under the control of a specific group of transcription
factors.*’

Experimental Section

Cell Lines. Human breast carcinoma (MCF7) cell line was
obtained from ATCC (accession number HTB-22). Aggressive
human breast carcinoma stably transfected with an HRE luciferase
construct (MDA-MB-231-HRE-Luc) was a gift of Dr. Robert
Gillies.

(44) Freedman, S. J.; Sun, Z. Y. J.; Kung, A. L.; France, D. S.; Wagner,
G.; Eck, M. J. Nat. Struct. Biol. 2003, 10, 504-512.

(45) Newton, A. L.; Sharpe, B. K.; Kwan, A.; Mackay, J. P.; Crossley, M.
J. Biol. Chem. 2000, 275, 15128-15134.

(46) Arndt, H.-D. Angew. Chem., Int. Ed. 2006, 45, 4552-4560.

(47) Note added in proof: While this manuscript was under review, the
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Figure 9. Global effects on gene expression in MCF7 cells interrogated with Affymetrix Human Gene ST 1.0 Arrays. (a) Hierarchical agglomerative
clustering of all measured transcripts (ANOVA, P < 0.01) under the three specified conditions: -, no treatment; 3, ETP 3 (600 nM); 4, DKP 4 (600 nM).
Clustering was based on a Pearson correlation of intensity ratios for each treatment as compared to DFO-induced cells (controls) using average-linkage as
distance. (b) Clustering of expression changes for the 580 transcripts induced or repressed 2-fold or more (P < 0.01) by 300 #«M DFO under the designated
treatment conditions. Of this DFO-induced set, 113 were inhibited by ETP 3, 34 were inhibited by DKP 4 (Ifold-changel = 2.0, P < 0.01). (c) Clustering of
expression changes for the 48 transcripts induced or repressed 4-fold or more (P < 0.01) by 300 «M DFO or by the treatments under the designated treatment
conditions. Of this DFO-induced set, 6 were inhibited by ETP 3, 7 were inhibited by DKP 4 (Ifold-changel = 2.0, P < 0.01). Clustering parameters were the
same as in (a). All reported treatments are error-weighted averages from three experiments. (d) Venn diagrams representing transcripts down- and up-
regulated (Ifold-changel = 2.0, and Ifold-changel = 4.0, P < 0.01) by ETP 3 and DKP 4. Numbers inside the intersections represent transcripts affected by
both treatments. Of the 13 transcripts down-regulated 2-fold or more by both 3 and 4, only 2 are also observed to be induced by DFO at the same thresholds.

Cell Culture. MCF7 cells were maintained in RPMI 1640 media
(Sigma) supplemented with 10% fetal bovine serum (Irvine
Scientific). MDA-MB-231-HRE-Luc cells were grown in high
glucose DMEM supplemented with 10% fetal bovine serum and
0.4 g/ Geneticin (RPI). All cells were incubated at 37 °C in a
humidified atmosphere with 5% CO,. Hypoxia was induced by
adding desferrioxamine mesylate (DFO, Sigma) to a final concen-
tration of 300 uM. Cell growth and morphology were monitored
by phase-contrast microscopy.

18086 J. AM. CHEM. SOC. = VOL. 131, NO. 50, 2009

Isolation of mRNA. MCF7 cells were plated in 6-well dishes (BD
Falcon) in 1 mL of media at a density of 1.2 x 10° cells/mL. After
attachment, cells were treated with 1 mL of fresh media containing
chetomin 2, ETP 3 or control DKP 4 at concentrations of 200 nM and
600 nM. All samples contained a final concentration of 0.1% DMSO;
vehicle samples were treated with cell culture media containing 0.1%
DMSO. After 6 h, hypoxia was induced and cells were incubated for
another 18 h. Cells were washed twice with ice-cold PBS and lysed.
Total RNA was isolated with an RNeasy kit (Qiagen) according to
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Table 2. Representative List of HIF-1a Inducible Genes Affected
by ETP 3 (600 nM) and DKP 4 (600 nM) under Conditions of 300
uM DFO Treatment

symbol GenBank/RefSeq 3 4
TFRC BC001188 —-1.8 +1.1
CAIl2 AKO000158 —2.1 —1.5
CDKNI1A NM_078467 —1.4 —1.1
ADM BC015961 —1.5 —1.1
GPI AK129884 —1.6 —1.3
TGFB3 J03241 —1.8 —-1.3
HK2 NM_000189 —1.6 —1.1
CITED2 NM_006079 —1.5 —1.1

the manufacturer’s instructions and quantified by UV absorbance. The
RNA was further treated with DNase I (Ambion, DNAfree kit) to
remove any remaining genomic DNA. Reverse transcription was
performed with Powerscript II Reverse Transcriptase (Clontech) as
recommended by the manufacturer.

Analysis of Gene Expression. Real-time qRT-PCR was used
to determine the effect of ETPs and control DKP on VEGF and
LOX genes in the MCF7 cell line. Compounds were examined under
both normoxic and hypoxic conditions. For VEGF, the forward
primer 5-AGG CCA GCA CAT AGG AGA GA-3’ and reverse
primer 5-TTT CCC TTT CCT CGA ACT GA-3" were used to
amplify a 104-bp fragment from the 3’-translated region of the gene.
For LOX, we employed the following primer pair: forward 5-ATG
AGT TTA GCC ACT ATG ACC TGC TT-3’ and reverse 5-AAA
CTT GCT TTG TGG CCT TCA- 3’ to amplify a 73 bp product.
RNA levels were standardized by quantification of the fS-glucu-
ronidase as the housekeeping gene with forward primer 5’-CTC
ATT TGG AAT TTT GCC GAT T-3" and reverse primer 5'- CCG
AGT GAA GAT CCC CTT TTT A-3". The experiments were
performed with Applied Biosystems SYBR Green RT-PCR master
mix. Temperature cycling and detection of the SYBR green
emission were performed with an ABI 7300 real-time PCR
instrument. Data were analyzed with Applied Biosystems Sequence
Detection System, version 1.2. Statistical analysis was performed
with data from six independent experiments.

Analysis of VEGF Levels by Western Blotting. MCF7 cells
were plated in 6-well culture dishes (BD Falcon) in 2 mL of media
to a density of 1.0 x 10° cells/mL. After attachment, wells were
treated with 2 mL media containing chetomin 2 or ETP 3 at
concentrations of 200 nM. All samples contained a final concentra-
tion 0.1—0.3% v/v of DMSO. After a 6 h incubation period, hypoxia
was induced and samples were incubated for an additional 18 h.
Total cellular proteins were extracted from the cells using cell lysis
buffer according to manufacturer’s protocol (Cell Signaling). Protein
concentrations were measured with BCA Protein assay kit (Pierce/
Thermo Scientific). Equal amounts of protein samples were
subjected to SDS-PAGE and electroblotted to PVDF membrane
(Bio-Rad). These were later probed first with an anti-VEGF mouse
monoclonal antibody (sc-57496, Santa Cruz Biotechnology), stripped
with Restore Western Blot Stripping Buffer (Pierce/Thermo Sci-
entific) and reprobed with a rabbit polyclonal anti-3-actin antibody
(4867, Cell Signaling).

After washing with tris-buffered saline - Tween 20 (TBST)
solution, the membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Santa Cruz Biotechnol-
ogy). Signals were detected by using a SuperSignal chemilumi-
nescent kit (Pierce).

Analysis of HIF-1o. Levels by Western Blotting. Cells were
plated in 25 mL culture flasks at a 60% confluency and a density
of 1.0 x 10° cells/mL. Next, cells were incubated with vehicle
(DMSO), chetomin 2 (200 nM), ETP 3 (200nM), and DKP 4
(200nM) for 6 h before inducing hypoxia with DFO (300 M)
(EMD/Calbiochem) for an additional 16 h. Final concentration of
DMSO was 0.1% v/v. Cells were lysed and nuclear proteins were
extracted with NE-PER Kit (Pierce) according to manufacturer’s
protocol. Protein concentrations were measured with BCA Protein

assay kit (Pierce) to ensure equal sample concentration and all
subsequent steps were the same as in the protocol for VEGF
Western blot above.

Gene Expression Profiling with  Oligonucleotide
Microarrays. Experiments were carried out with MCF7 cells.
Media, time course, DFO, and small molecule treatments were as
described above for the qRT-PCR assays. Cultured cells contained
vehicle, ETP 3 or control DKP 4 at a concentration of 600 nM.
RNA was isolated as previously described. Further sample prepara-
tion was carried out at the Genomics Core Facility, Arizona Cancer
Center. Labeled mRNA was hybridized to Affymetrix Genechip
Human Gene 1.0 ST microarrays. Four data sets were collected:
normoxic cells with vehicle, DFO-induced cells with vehicle, DFO-
induced cells with 3 and DFO-induced cells with 4, respectively.
Gene expression was analyzed using GeneSpring GX 9 software
(Agilent). Probe level data have been converted to expression values
using a robust multiarray average (RMA) preprocessing procedure
on the core probe sets and baseline transformation to median of all
samples. A low-level filter removed the lowest 20th percentile of
all the intensity values and generated a profile plot of filtered
entities. Significance analysis was performed by one-way ANOVA
test with Benjamini-Hochberg correction and asymptotic P-value
computation. Fold change analysis was applied to identify genes
with expression ratios, above 2-fold and 4-fold between treatments
and control set (P < 0.01). Agglomerative clustering was performed
using Pearson’s centered correlation coefficient and average-linkage
as distance and linkage methods.

Plasmids. The DNA sequence of human p300 CH1 domain
(amino acid residues 323—423) was designed as an insert and
subcloned into a pUCS57 plasmid by Genscript, Inc. After trans-
formation of the plasmid in JM109 bacteria (Promega), the gene
sequence was subcloned into BamHI and EcoRI restriction sites of
PGEX-4T-2 expression vector (Amersham).

Protein Expression. The pGEX 4T-2-p300 fusion vector was
transformed into BL21 DE3 pLys competent E. coli (Novagen).
Production of the desired p300-CH1-GST fusion product was
verified by SDS-PAGE and confirmed by sequencing. Bacteria were
harvested and resuspended in lysis buffer with 50 mM Tris (Sigma),
150 mM NaCl (Fisher), 100 uM ZnCl, (Sigma), | mM EDTA
(Fisher), 10 mM MgCl, (Fisher), 1 mM DTT (Fisher), 0.1% NP40
(Sigma), 50 ug/mL RNase A (Sigma), and 50 ug/mL DNase A
(Sigma) at pH 8.0. Protease inhibitor cocktail (Sigma) at 10 uL
per 1 mL of resuspended pellet was added, and bacteria samples
were frozen. Thawed pellets were then lysed by sonication and
centrifuged at 4 °C 18 000 rpm for 40 min. Fusion protein was
collected from the bacterial supernatant and purified by affinity
chromatography using glutathione Sepharose 4B beads (Amersham)
prepared according to the manufacturer’s directions. The packed
column was washed three times with PBS followed by three washes
with a buffer containing 10 mM Tris (RPI Corporation) and 100
mM NaH,PO, (RPI Corporation) at pH 8.0. An elution gradient
was run using increasing concentrations of glutathione (Sigma)
ranging from 0.5 mM to 50 mM in 10 mM Tris and 100 mM
NaH,PO, at pH 8.0. Collected fractions were assayed by SDS-
PAGE gel; pooled fractions were treated with protease inhibitor
cocktail (Sigma) and dialyzed twice against a buffer containing 10
mM Tris, 100 mM NaH,PO, 10% glycerol, I mM DTT (Fisher),
100 uM ZnCl,, and 15 mM glutathione at pH 8.0 to ensure proper
folding. For the third dialysis, glutathione was removed from the
buffer, and purity was confirmed by FPLC and SDS-PAGE analysis.

Fluorescence Polarization Experiments. The relative binding
affinity of each compound for p300-CH1-GST was determined
using fluorescence polarization-based competitive binding assay
with fluorescein-labeled C-terminal fragment of HIF-1a (C-TAD,
aa 786—826). Anisotropy experiments were performed with a DTX
880 Multimode Detector (Beckman) at 25 °C, with excitation and
emission wavelengths of 485 and 525 nm, respectively. All samples
were prepared in 96-well plates in 10 mM Tris, 100 mM NaH,PO,,
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10% glycerol (v/v), 1 mM DTT, 100 uM ZnCl,, pH 8.0 with 1%
pluronic F-68 (Sigma) and 2% DMSO.

Determination of HIF-1o. C-TAD Binding Affinity. Prior to
the competition experiments, the affinity of fluorescein-labeled HIF-
lo. C-TAD for p300 CH1 was determined by monitoring polariza-
tion of the fluorescent probe upon addition of p300-CHI1-GST.
Saturation binding curves were obtained by addition of an increasing
amount of p300-CH1-GST (0—1600 nM final concentration) to a
15 nM solution of fluorescein-labeled HIF-1c. CTAD in PBS buffer
at 25 °C. The ICs value derived from this binding curve was used
to obtain the equilibrium dissociation constant (Kp;) for the
fluorescein-labeled HIF-1ae CTAD and p300-CH1-GST complex
according to a previously published method.?’

Determination of ETP Binding Affinity in Competition
Assays. A solution of 200 nM p300-CHI1-GST and 15 nM
fluorescein-labeled HIF-1a peptide, corresponding to 51% saturation
of protein with fluorescent probe, was incubated at 25 °C. After
1 h, ETP compounds were added with final concentrations ranging
from 10 nM to 60 uM; the total volume of the solution was 60 uL.
After 1 h, the amount of dissociated fluorescent probe was
determined by the Beckman DTX 880 fluorescence plate reader.
The ICs values were determined for each compound by fitting the
averages of 3—5 individual measurements to a sigmoidal dose—response
curve using nonlinear regression model with Prism 4.0 software
(GraphPad, Inc.).

Surface Plasmon Resonance Experiments. Measurements were
made using a Biacore 2000 instrument (GE Healthcare). Biacore
CMS5 Sensor Chip and amine coupling kit were purchased directly
from Biacore. The CM5 chip consists of a carboxymethylated
dextran polymer covalently attached to a gold surface; molecules
are then covalently coupled to the sensor chip via linkage to
carboxyl groups on the dextran coating.

Activation of Chip Surface and Immobilization of
anti-GST Capture Antibody. The CM5 sensor chip was activated
with 0.4 M 1-ethyl-3-(3-dimethylpropyl)-carbodiimide mixed with
0.1 M N-hydroxysuccinimide in a 1:1 (v/v) ratio. This was followed
with an injection of 1 M ethanolamine-HCI at pH 8.5. Flow rate
was 5 uL/min with an injection time of 10 min. Goat anti-GST
antibody (50 ug/mL, Pharmacia) was coupled to the chip surface
utilizing a flow rate of 15 uL./min with 10 min injections.

Immobilization of p300-CH1-GST Fusion Protein. A 1 mg/
mL solution of p300-CH1-GST was allowed to flow over the
surface of the sensor chip with anti-GST previously immobilized.
Injections of 10 min (flow rate of 10 uL/min) were repeated until
the desired level of immobilization was achieved.

Binding Experiments. Unless otherwise stated, all compounds
were assayed at each of the following concentrations: 50 uM, 10
uM, 1 uM, 500 nM, 200 nM, and 50 nM. Samples were prepared
from 100% DMSO stock solutions in a buffer containing 10 mM
Tris, 100 mM NaH,PO,4, 100 uM DTT, and 100 uM ZnCl, at pH
8.0. This buffer was used for all SPR assays and was filtered through
a 0.2 um filter and thoroughly degassed prior to use or sample
preparation. All samples contained a final concentration of 5%
DMSO.

For each experiment, a sample containing 5% DMSO in buffer
was run for each compound tested to establish a baseline for the
blank. All runs were also double-referenced against a flow cell
containing only immobilized anti-GST antibody but not p300-CH1-
GST to account for any nonspecific binding. A run consisted of
3.3 min with a 100 4L sample injection (flow rate was 30 4L/min)
followed by 3.3 min buffer flow as a wash. After each injection,
the chip surface was regenerated with a 1 min injection (flow rate
of 30 uL/min) of 10 mM H3PO, following the buffer wash. All
experiments were performed in triplicate.
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Luciferase Assays. MDA-MB-231-HRE-Luc cells were plated
in 24-well dishes (BD Falcon) at a density of 6.5 x 10* cells/mL.
After attachment, cells were treated with 1 mL of fresh media
containing chetomin 2, racemic ETP (£)-3, enantiomers ent/-3,
ent2-3 at concentrations of 100 nM, monomer ETP 5, or control
DKP 4 at 200 and 600 nM concentrations. All samples contained
a final concentration of 0.1% DMSO; vehicle samples were treated
with cell culture media containing 0.1% DMSO. Cells were
incubated for 6 h, hypoxia was induced, and cells were incubated
for another 18 h. Whole cell lysate was isolated by washing the
cells twice with ice-cold PBS and then adding 150 uL of Cell
Culture Lysis Reagent (CCLR) from the Luciferase Assay Kit
(Promega). Further steps were carried out according to the
manufacturer’s instructions. Relative light intensity was measured
using a Turner TD-20e luminometer and the results were normalized
to total protein content determined by Bradford assay. Briefly, 50
uL of cell lysate was added to 200 uL of Bradford reagent and
750 uL of water. Absorbance was measured at 595 nm using a
DU-800 spectrophotometer and normalized to protein standards
(1—10 ug/mL of BSA solution).

Selection of Cell Line for Gene Expression Assays. Prior to
conducting qRT-PCR, we compared the levels of expression for
VEGF mRNA under normoxia and hypoxia condition in the MDA-
MB-231 and MCF7 cell lines. Under hypoxia, the relative VEGF
expression was found 4-fold greater in the MCF7 cells as compared
to the MDA-MB-231 cells (Figure S6, Supporting Information),
and therefore, MCF7 was selected as the cell line of choice.

Cell Viability Assay. MCF7 cells were plated in opaque 96-
well plates (Greinier) at a density of 10 000 cells/well (50 000 cells/
mL). After attachment, cells were treated with 100 uL of fresh
media containing chetomin 2, synthetic ETP 3, or DKP 4 at
concentrations from O to 1500 nM. All samples contained a final
concentration of 0.2% DMSO or less. Vehicle samples were treated
with cell culture media containing 0.1% DMSO. Cells were
incubated with compounds for a total of 24 h. Once the incubation
was complete, 20 uL. of Cell Titer Blue reagent (Promega) was
added to each well, and plates were incubated at 37 °C and 5%
CO, for 2 h before reading fluorescence on a BioTek Synergy HT
microplate reader. Gls, curves were plotted using Prism (GraphPad,
Inc.) software.
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