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Abstract
Chromosome ends are complex structures, consisting of repetitive DNA sequence terminating in
an ssDNA overhang with many associated proteins. Because alteration of these ends is a hallmark
of cancer, telomeres and telomere maintenance have been prime drug targets. The universally
conserved ssDNA overhang is sequence-specifically bound and regulated by Pot1 (protection of
telomeres), and perturbation of Pot1 function has deleterious effects for proliferating cells. The
specificity of the Pot1/ssDNA interaction and the key involvement of this protein in telomere
maintenance have suggested directed inhibition of Pot1/ssDNA binding as an efficient means of
disrupting telomere function. To explore this idea, we developed a high-throughput time-resolved
fluorescence resonance energy transfer (TR-FRET) screen for inhibitors of Pot1/ssDNA
interaction. We conducted this screen with the DNA-binding subdomain of S. pombe Pot1
(Pot1pN), which confers the vast majority of Pot1 sequence-specificity and is highly similar to the
first domain of human Pot1 (hPOT1). Screening a library of ~20,000 compounds yielded a single
inhibitor, which we found interacted tightly with submicromolar affinity. Furthermore, this
compound, subsequently identified as the bis-azo dye Congo red, was able to competitively inhibit
hPOT1 binding to telomeric DNA. ITC and NMR chemical shift analysis suggest that CR interacts
specifically with the ssDNA-binding cleft of Pot1, and that alteration of this surface disrupts CR
binding. The identification of a specific inhibitor of ssDNA interaction establishes a new pathway
for targeted telomere disruption.
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Telomeres are the nucleoprotein structures at the ends of eukaryotic linear chromosomes
that function in genome maintenance and cellular survival by distinguishing the
chromosome ends from sites of DNA damage and ensuring complete DNA replication (1-5).
These unique structures minimally consist of repetitive G-rich DNA sequence terminating in
a 3' ssDNA overhang and an associated six-protein complex called shelterin (6). Telomeric
ssDNA is particularly vulnerable to misrecognition by the DNA damage machinery, and its
protection is necessary for proper cellular function (7, 8). In a broad range of species
spanning humans to the model organism Schizosaccharomyces pombe, this overhang is
tightly and specifically bound by the shelterin component Pot1, which safeguards against
inappropriate ssDNA processing (7, 9). Deletion of S. pombe Pot1 (SpPot1) results in nearly
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complete loss of telomeric DNA and cell viability, with a small population of cells surviving
via chromosome circularization (10). The protective role of Pot1 in chromosomal
maintenance is highly conserved. Alteration of human Pot1 (hPOT1) function can lead to G-
strand overhang loss, chromosomal-end fusions, chromosomal rearrangements, and rapid
cell cycle arrest, ultimately leading to senescence and apoptosis (7, 9, 11-13).

In addition to providing a protective cap for the ssDNA overhang, Pot1 is an essential
regulatory protein, allowing controlled access to the 3' end in order to facilitate complete
chromosome replication (14-17). As a result of the end-replication problem, the terminal
nucleotides cannot be duplicated, leading to progressive sequence loss with each round of
DNA replication (4, 18, 19). As telomeres shorten in somatic cells, a critical length is
reached, at which point genomic integrity can no longer be assured and cells undergo cell
cycle arrest and senescence (20, 21). In stem cells and unicellular organisms, this problem is
averted through the action of the reverse transcriptase enzyme telomerase, which recognizes
and extends the telomeric DNA from the 3'-ssDNA overhang, allowing for continued
replication (22-24). While crucial for stem cell function, this mechanism is often hijacked by
cancer cells, providing an avenue for the uncontrolled replication required for cancer
progression (25, 26).

Telomerase is activated in > 85% of human cancer cells (26, 27), and, as a result, has been a
major focus of cancer therapeutic research (28-30). A common approach to therapeutic
intervention has been the use of small molecule inhibitors to decrease or block telomerase
activity. Many small molecules have been discovered that function through a variety of
mechanisms, including decreasing telomerase expression (31-33), inhibition of telomerase
catalytic activity (34-37) and disruption of telomerase/ssDNA interaction (38, 39). Because
cell proliferation halts only when telomeres become critically short, cellular response to
telomerase inhibition is dependent upon initial telomere length, with an average response
time of ~50 days (40-46).

A second widely studied class of small molecule therapeutics targets the telomerase
substrate ssDNA. These compounds have been proposed to alter chromosome end
accessibility by inducing G-quadruplex formation at the telomere ends thus restricting
access of telomerase to its substrate (29, 47-51). This class of compounds proved quite
effective in tumor cell lines, resulting in a surprisingly rapid loss of telomeric DNA and
apoptosis in only a few cell cycles, while having no effect on normal cell lines (52-57).
While striking, the rapid time-action of these compounds was inconsistent with direct
inhibition of telomerase and instead suggested an alternative mechanism of action.
Subsequent studies into this rapid mechanism of action suggested that the induced G-
quadruplex formation negatively impacted the ability of hPOT1 to bind to the single-
stranded telomere ends, resulting in telomere deprotection (58-64). Confirmation for this
proposed mechanism came with the discovery that overexpression of hPOT1 provided
resistance to these compounds (58, 59, 61). Additionally, hPOT1 expression is altered in
many tumors and cancer cell lines (65-67) and is specifically upregulated in therapeutic and
radiation-resistant cell lines (68, 69), suggesting a role for hPOT1 in cancer progression.

As a result of caveats associated with RNAi/shRNA knockdown and overexpression
experiments, the exact role of the DNA-binding activity of hPOT1 in telomere maintenance
has not been defined (9, 11-14, 70, 71). If the G-quadruplex promoting ligands act by
displacing hPOT1, direct inhibition of hPOT1 activity may prove to be a more effective
strategy to impede telomere protection and provide important insight into hPOT1 function.
The Pot1 proteins utilize OB fold motifs to bind telomeric ssDNA with high affinity and
specificity (72). While the minimal ssDNA substrates of the Pot1 proteins are large
compared to most small molecules (10-12 nucleotides), mutagenesis of the protein and
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modification of the DNA suggest that disruption of a small region of the interface is
sufficient to drastically reduce binding (73-77). To explore this idea, we designed a small
molecule screen for inhibitors of Pot1/ssDNA interaction. We identified an inhibitor, which
binds specifically to the Pot1 ssDNA-binding cleft, demonstrating that Pot1/ssDNA
interactions are amenable to specific inhibition by small molecules.

Experimental Procedures
Chemicals, Reagents, and Proteins

All chemicals and reagents were obtained from Fisher Scientific unless otherwise indicated.
Oligonucleotides were commercially synthesized by Integrated DNA Technologies and
[γ-32P]ATP was purchased from PerkinElmer. Pot1pN, Pot1pN_F88A, Pot1-DBD, and
Cdc13-DBD were obtained from as previously described (76-78). hPOT1 was a generous
gift from Dr. Derek Taylor, Elaine Podell, and Prof. Thomas Cech.

High-throughput Screen
The Europium-chelate donor (LANCE Eu-W1024-labeled anti-6xHis antibody) and ULight
acceptor dye (ULight-streptavidin) FRET reagents were purchased from PerkinElmer. Our
combined screening library consisted of 20,480 compounds from the maximum chemical
diversity TimTec Diversity set (10,240 compounds) and the “universal” hand-synthesized
ChemBridge DIVERSet™ (10,240 compounds) libraries. Screening was conducted at room
temperature in low-volume 384-well plate format using a Biomek FX liquid handling
workstation equipped with a 96-well pipeting head and a plate stacker unit (Beckman
Coulter). Total sample volumes were 20 μL and each well contained 200 nM Pot1pN, 200
nM biotin-6mer, 1.25 nM Eu-W1024-labeled anti-6xHis antibody (EC), 25 nM ULight-
streptavidin (UL), and 250 μM test compound. Compound concentrations were approximate
and based on a library molecular weight average. Assay conditions were 50 mM Tris, pH
7.5, 50 mM NaCl, 0.02% Pluronic F-68 detergent (Sigma-Aldrich), and 5% DMSO.
Pluronic F-68 is known to limit promiscuous aggregation, and we found that inclusion
eliminated DMSO concentration-dependent effects on the signal-to-background ratio.

A total of 10,240 compounds were screened per run, with 320 compounds per 384-well plate
(OptiPlate, PerkinElmer), and 32 wells each of positive control samples (addition of excess
unlabeled 6mer DNA) and negative controls (addition of DMSO). Pot1pN, EC and
compounds were sequentially pipetted into plates and incubated for 5 min prior to addition
of biotin-6mer and UL. The TR-FRET signal was read by a PerkinElmer EnVision plate
reader with an excitation wavelength of 320 nm and detection at both 615 nm (EC emission)
and 665 nm (EC-UL FRET emission). A delay time of 100 μsec before detection allowed
non-specific fluorescence to decay, while preserving the EC-UL FRET signal. Data
quantification was performed using ActivityBase software (IDBS Ltd.) to obtain percent
activity from the ratio of EC to EC-UL FRET emission signals.

Data from the controls were used to normalize compound activity, and calculate signal-to-
background ratios (at 665 nm) and Z′- and Z-factors (79). The Z′-factor, which is a
statistical measure of the quality of the assay itself using control data only, is calculated
using the equation:

(1)

where Z′ is the Z′-factor, σp is the standard deviation of the positive controls, σn is the
standard deviation of the negative controls, μp is the mean of the positive controls, and μn is
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the mean of the negative controls. The Z-factor parameter reports on the quality and
suitability of an assay for HTS format using the data variability and signal dynamic range of
the assay once the compounds are added and is calculated using the following equation:

(2)

where Z is the Z-factor, σs is the standard deviation of the samples, σc is the standard
deviation of the controls, μs is the mean of the sample, and μc is the mean of the controls.
TimTec compounds were screened a single time, while the ChemBridge library underwent
two rounds of screening. Primary hits from the HTS assay were defined as those that
exhibited ≥ 50% reduction in FRET signal for the TimTec screening runs, and ≥ 55%
reduction for both Chembridge screens.

Validation of TimTec Screen Hits and FRET Measurements of the Dose-dependence of
Compound Inhibition

The TimTec primary hits were independently validated in a 96-well format. These assays
were conducted as described for initial screening, but manually set up and scaled up in
volume for the 96-well plate format. Following validation, dose-dependence of small
molecule activity was determined similarly, but using 10 serial 2-fold dilutions from 250
μM to 470 nM of each compound, such that eight compounds could be tested per plate.
Each plate included positive and negative controls in the outer two columns. Compounds
that exhibited dose-dependent loss of FRET signal with ≥ 50% reduction at 250 μM were
selected for secondary assay screening.

Secondary Screening of Compounds by Double-filter Binding Assay
All screen hits that displayed dose-dependent inhibition of Pot1pN/6mer FRET were
independently analyzed for inhibition by double-filter binding (80). The 6mer
oligonucleotide was 5’-end labeled with [γ-32P]ATP (PerkinElmer) using T4 polynucleotide
kinase according to manufacturer's protocol (New England Biolabs). Labeled 6mer was
separated from unincorporated ATP using G25 spin columns (GE Healthcare) and stored at
-20°C. Binding was performed in 20 mM potassium phosphate, pH 8.0, 15 mM NaCl, 3 mM
βME, 10% DMSO. We determined that DMSO concentrations up to 20% had no effect on
Pot1pN binding activity (data not shown). Compounds were titrated in 40 μL reactions
consisted of 10 μM Pot1pN, 200 pM cognate ssDNA (6mer), and approximate compound
concentrations of 0, 1, 5, 10, 50, 100, 250, and 500 μM. Pot1pN was incubated for 30 m
with compounds prior to addition of DNA. Final reactions were incubated for another 30 m.
30 μL of each reaction was loaded onto a dot-blot filter-binding apparatus (Whatman)
assembled with a sandwich of nitrocellulose (protein and protein/ssDNA complex binding;
GE Healthcare), HyBond-XL (GE Healthcare), and Whatman paper (filters presoaked in
binding buffer for 1 h). Vacuum was applied to the assembled apparatus and a 12-channel
multi-channel pipettor was used to wash each well two times with 90 μL of binding buffer.
30 μL of each reaction mixture was loaded, followed by 2 × 90 μL washes. After all liquid
was pulled from each well, the vacuum was turned off and the nitrocellulose and HyBond-
XL filters were placed on plastic wrap, dried with a hot air dryer, exposed to
phosphorimaging screens (GE Healthcare) and visualized on a Typhoon Imager (GE
Healthcare). SpPot1-DBD and hPOT1 competition assays were conducted as described
above, with the exception that protein and DNA concentrations were 500 nM and 400 nM,
respectively. Data were quantified, plotted as a function of fraction bound vs. compound
concentration, and fit to the following equation using KaleidaGraph (version 4.0; Synergy
Software) to determine relative inhibitory values:
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(3)

where FB is fraction bound, S is a scaling factor, P is the protein concentration, IC50 is the
relative apparent half maximal inhibitory concentration, h is the Hill coefficient for
cooperative binding, and O is the background offset. Because the technical aspects of
measuring IC50 values (large excess of DNA ligand) preclude the use of the proper assay for
protein/nucleic acid binding, the values reported here do not represent true IC50 values and
only report the relative abilities of the compounds to competitively inhibit binding of the
ssDNA to the protein (IC50rel).

Determination of CR, Thioflavin T, and TB Concentrations
CR was purchased from MP Biomedicals, TB from Fisher Scientific, and Thioflavin T from
from Sigma. CR was resuspended in water and aliquots were lyophilized. The extinction
coefficient of CR in phosphate buffer differs from that in water. Therefore, equivalent dry
aliquots were resuspended in water or binding buffer (50 mM KPhos, pH 8.0, 50 mM NaCl,
3 mM BME). The concentration of CR in solution was determined by absorbance
spectroscopy in water using a molar extinction coefficient of 45000 M-1 cm-1 at 495 nm
(81). Thioflavin T concentration was determined using a molar extinction coefficient of
36000 M-1 cm-1 at 412 nm, which is the same in water and phosphate buffer (82, 83). TB
was dialyzed in a 100 Da molecular weight cutoff Float-A-Lyzer (Spectrum Laboratories,
Inc.) at high concentration in water to remove excess salt and concentration was determined
using a molar extinction coefficient of 51550 M-1 cm-1 at 600 nm (84, 85).

ITC of Protein/Ligand Complexes
Binding of CR, Thioflavin T, and TB to Pot1pN and of CR to Pot1pN_F88A and Cdc13-
DBD were measured by ITC on an ITC200 MicroCalorimeter (MicroCal), with an active
cell volume of 203 μL and a 40 μL syringe. Proteins were dialyzed at 4 °C for >12 h against
binding buffer using a 2000 Da molecular weight cutoff Slide-A-Lyzer dialysis cassette
(Thermo Scientific) and dry CR, Thioflavin T, and TB were resuspended in the same
binding buffer. Reference power was set at 11 μcal/s, the stirring rate was 1000 RPM, and
all experiments were conducted at 20 °C. Each experiment consisted of a single 0.2 μL
injection followed by 20 injections of 1.95 μL compound with injection intervals of 180 s.
Pot1pN/CR and Pot1pN_F88A experiments were performed in triplicate with 1.2 mM CR
titrated into 100 μM protein. 2 mM Thioflavin T was titrated into 150 μM Pot1pN as a
single replicate; triplicate Cdc13-DBD experiments were performed with 2.1 mM CR
titrated into 88 μM protein. Duplicate Pot1pN/TB experiments were performed with 1 mM
TB titrated into 103 μM protein. Data analysis was performed using Origin 7 SR4 software
(OriginLab Corporation). Thermograms were analyzed using a non-linear least squares one-
site of binding model obtain binding stoichiometry (n), binding enthalpy (ΔH), binding
entropy (ΔS), and dissociation constant (KD). ITC isotherms were obtained by subtracting
reference data (compound titrated into buffer alone) from experimental data. Thermograms
and isotherms were plotted using Origin 7.

Inhibition of Pot1/ssDNA Interaction by CR
Experiments were conducted as outlined for secondary screening with the following
modifications. Binding was performed in 50 mM Tris, pH 8.0, 50 mM NaCl, 1 mM DTT.
CR titrated in 40 μL reactions containing different Pot1 proteins and cognate ssDNA: 500
nM Pot1-DBD + 400 nM d(GGTTACGGTTAC), 1 μM Pot1pN + 800 nM d(GGTTAC), or
500 nM hPOT1 + 400 nM d(GGTTAGGGTTAG). For these assays CR was titrated at
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concentrations of 0.01, 0.1, 1, 5, 10, 50, 100, 250, 500, and 750 μM. Proteins were
incubated on ice with compounds for 15 minutes prior to addition of DNA and then
incubated on ice for 1 h further. Filter binding was performed as above, but with cold
binding buffer washes containing no salt (50 mM Tris, pH 8.0, 1 mM DTT).

Dynamic Light Scattering
DLS was performed on a DynaPro system (Wyatt Technology Corporation) operating at a
wavelength of 633 nm with scattered light detected at 90°. 12 μL samples were taken
directly from free and CR-bound 2H-15N-labeled Pot1pN NMR samples (300 μM). The
6mer competition sample consisted of 300 μM Pot1pN, 300 μM CR, and 1.5 mM 6mer.
Samples were spun down at maximum speed in a microcentrifuge prior to measurement in
quartz cuvettes. Data were analyzed using DynaPro Dynamics V 6.3.40 (Wyatt Technology
Corporation) to calculate hydrodynamic radius and molecular weight.

Pot1pN/CR 1H-15N HSQC Chemical Shift Perturbation Analysis
15N-labeled and 2H/15N-labeled Pot1pN were expressed as described previously (86) with
the following modifications for doubly labeled Pot1pN. A 10 mL LB overnight culture was
inoculated directly into M9 minimal media containing 100% D2O and grown at 37 °C to
OD600 of 0.6. Cells were then placed on ice for 1 h, protein expression was induced by
addition of 500 μM IPTG and incubation for 20 h at 20 °C. Monomeric protein was
concentrated to 1 mL and exchanged into NMR buffer (50 mM K2HPO4, pH 8.0, 50 mM
NaCl, 1 mM DTT-d10, 6% D2O) with continued concentration to >300 μM. Final yield was
15 mg/L. The free Pot1pN sample was prepared at 300 μM and the Pot1pN/CR complex
was formed as a 1:1 complex at 300 μM. Gradient-selected, sensitivity-enhanced
TROSY 1H-15N HSQC spectra were acquired at 30°C on a Varian VNMRS 900 or Inova
600 spectrometer equipped with a HCN cold probe and VnmrJ integrated software using
Varian BioPack pulse sequences with minor modifications. Spectra were processed in
NMRPipe (87) and analyzed using CcpNmr Analysis 2.0.7 (88).

Results
FRET-based HTS Assay Design

We developed a TR-FRET assay to discover small molecule inhibitors of Pot1/ssDNA
binding. TR-FRET is a robust method for screening and has been successfully combined
with HTS for probing disruption of a diverse array of biomolecular interactions (89, 90). We
designed a TR-FRET HTS assay to identify inhibitors of Pot1/ssDNA interaction using an
ssDNA-binding subdomain of the S. pombe Pot1 protein (Pot1pN) as a model for Pot1
proteins. Pot1pN is the first OB fold of the DNA-binding domain of SpPot1 and is
structurally similar to the first OB fold (OB1) of hPOT1 (10, 74-76), superposing with an
r.m.s.d. of 1.26 Å for 122 of 140 backbone positions (Figure 1A). Binding studies of the
full-length protein show that Pot1pN provides the bulk of the specificity of the SpPot1/
ssDNA interaction, while the second OB-fold subdomain contributes increased affinity for a
longer ssDNA sequence (77). Similarly, five of the six specifically recognized nucleotide
positions in the hPOT1/ssDNA complex interact with OB1 (75). This experimental design
also takes advantage of the fact that Pot1pN in isolation is highly specific for a short 6-
nucleotide cognate ssDNA sequence (d(GGTTAC); 6mer) (73, 93), is extremely stable, and
can be produced in abundant quantities suitable for screen development.

We first screened several potential FRET pairs for optimal activity and, based on signal-to-
background ratios and low sensitivity to changes in assay conditions, we chose the LANCE
Europium-chelate/ULight FRET pair (PerkinElmer; data not shown). The FRET donor
LANCE Eu-W1024-labeled anti-6xHis antibody (EC) was used to label N-terminally 6xHis-
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tagged Pot1pN and the streptavidinconjugated FRET acceptor dye ULight (UL) bound the
5′ biotin-tagged 6mer ssDNA ligand (Figure 1B). As the 5′ end of 6mer is critical for
binding (73, 74), we inserted a 3-nucleotide linker between the biotin-conjugated threonine
and the 6mer sequence, resulting in the oligonucleotide biotind(TAAGGTTAC).
Competitive FRET assays confirmed that the biotin-d(TAA) addition and streptavidin
binding had little effect on Pot1pN/6mer binding (Supporting Information Figure S1). Both
Pot1pN and 6mer were held at 200 nM for screening assays, which is well above the 30 nM
KD for this interaction and ensures the Pot1pN/6mer complex is fully formed (76).

We found that the EC-UL FRET pair yielded superb signal-to-background ratios over the
course of a 10,240 compound library screen (32 plates) with low concentrations (EC = 1.25
nM; UL = 25 nM) of fresh reagents. We used excess unlabeled 6mer as a positive control for
complete inhibition, and, because compound libraries were resuspended in DMSO, DMSO
addition served as a negative control. We tested the Pot1pN/6mer interaction for DMSO
sensitivity and found that the ssDNA-binding activity of Pot1pN was unaffected by DMSO
concentrations up to 20% with 24 h incubation times (Supporting Information Figure S2).
Signal-to-background for the first 16 plates averaged > 31, and ratios for plates 17-32
averaged > 20. A 32-plate screening run lasted approximately 6 h, and, while we did observe
a drop in signal-to-background over that time, a ratio of 20 is exceptionally high, and
indicated excellent assay robustness over time (94). We measured Z′- and Z-factors of 0.86
and 0.57, respectively. As Z′- and Z-factors ≥ 0.5 are considered excellent, these values
demonstrate that our assay is of extremely high quality (79, 94).

Screen Implementation and Validation of Dose-dependent Compound Activity
We initially screened the TimTec Diversity set, a 10,240 compound library characterized by
a high degree of structural diversity and largely conforming to Lipinski's Rule of 5 (95).
Compounds exhibiting ≤ 50% of the normalized control FRET signal were scored as
primary hits. This screen positively identified 208 compounds, corresponding to a hit rate of
approximately 2%. Because of the large number of primary hits identified in the TimTec
library, prior to testing compound activity using an independent secondary assay, we
validated these hits manually by replicating the HTS assay in 96-well format. Of the 208
hits, 40 of the compounds had been previously identified in unrelated assays suggesting a
non-specific mode of action and were eliminated from the positive hit list (96, 97). Of the
remaining set, 25 compounds were confirmed as hits using a repeat assay in 96-well format.
Utilizing freshly prepared compound stocks, we measured dose-dependent activity for these
compounds with a partially automated FRET-based assay. The majority of these small
molecules (19/25) showed no change in signal (data not shown). The remaining six
compounds displayed dose-dependent inhibition of signal with apparent IC50rel values < 200
μM (Figure 1C).

We then screened a second library of drug-like structurally diverse compounds
(ChemBridge DIVERSet™) in duplicate in order to eliminate spurious errors and minimize
false positive hits. In this screen, we scored compounds exhibiting ≤ 55% FRET signal in
both replicates as primary hits. Using these criteria, we identified 62 compounds in this
library screen, corresponding to a 0.6% hit rate. This significant reduction in the hit rate
demonstrates the value of duplicate screening to minimize the list of hits and subsequent
analysis of compounds.

Identification of a Compound that Directly Inhibits the Pot1/ssDNA Interaction
While the FRET-based dose-dependent inhibition measurements are convenient and
partially automated, they do not alone confirm direct binding inhibition; for example, a
compound may interfere with one or both of the fluorophores leading to false indication of
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activity. Fortunately, protein/nucleic interactions are amenable to relatively high throughput
96-well double filter-binding dot-blot assays (98, 99), providing a convenient means to
verify that the compound indeed inhibits ssDNA binding. This assay is a direct readout of
protein-ssDNA binding, and the fraction of ssDNA bound by the protein can be measured as
a function of compound concentration. We screened the 62 ChemBridge primary hits and
the six TimTec compounds displaying a significant dose-dependent change in FRET signal
for inhibitory activity by filter binding. Of the 62 ChemBridge primary hits analyzed in this
manner, none displayed inhibition of Pot1pN binding to 6mer at any concentration (data not
shown). However, analysis of the TimTec compounds revealed that a single molecule
(ST012888) functionally inhibited Pot1pN binding to 6mer (Figure 1D).

Congo Red Directly Binds Pot1pN
Surprisingly, NMR and mass spectrometry analysis revealed that the active small molecule
identified in the screen is the known compound Congo red (Figure 1D; Supporting
Information Figure S3). However, the binding assay does not distinguish between CR
interaction with Pot1pN and interaction with the ssDNA ligand. To directly assay the ability
of CR to interact with Pot1pN, we performed isothermal titration calorimetry (ITC)
experiments. Using ITC, we found that Pot1pN/CR binding was comprised of a major
exothermic interaction, and continued titration of CR beyond saturation of Pot1pN resulted
in a second process that evolved additional heat. The initial exothermic interaction was fit
with a one-site binding model to reveal that Pot1pN robustly bound CR with dissociation
constant of 700 ± 10 nM and 1:1 stoichiometry (n = 1.07 ± 0.02) (Figure 2). Because CR
undergoes micellar-like self-association and is known to cause oligomerization of
complexes at high concentration (81, 100-102), we hypothesized that the minor process was
a result of oligomerization or aggregation at high CR concentrations toward the end of the
titration. To address this, we performed the reverse experiment keeping CR below the
aggregation point of 50 μM (103) and titrating Pot1pN. We observed a single exothermic
interaction with a KD comparable to that of the forward titration (620 nM; Supporting
Information Figure S4). These findings demonstrate that CR directly binds to Pot1pN.

CR is also known to bind amyloid fibrils and fibril-forming proteins and peptides (reviewed
in (104)). In order to assess the specificity of Pot1pN binding to CR, we tested Pot1pN
binding to another amyloid fibril-binding small molecule, Thioflavin T (83, 105). By ITC,
we observed no detectable binding of Thioflavin T to Pot1pN (Figure 2). We additionally
verified that Thioflavin T has no effect on Pot1pN/ssDNA binding using a double filter-
binding assay (data not shown). These data demonstrate that direct binding of Pot1pN by CR
inhibits the interaction with ssDNA and that Pot1pN likely does not bind the compound by a
mechanism similar to amyloid fibril/CR binding.

CR Promotes Specific Pot1pN Trimerization at High Concentration
The secondary event observed by ITC was suggestive of CR-mediated higher order
complexation. In order to examine this possibility more thoroughly, we used dynamic light
scattering (DLS) to probe the oligomerization state of the Pot1pN/CR complex at high
concentration. As expected from NMR, EMSA, and gel filtration studies (73, 93), 100% of
free Pot1pN existed in solution as a monomer with a calculated radius of 2.3 nm and a
calculated MW of 25 kDa (expected MW of 22.6 kDa) (Figure 3). Upon addition of
equimolar CR (300 μM), the species fully shifted to a new state with a calculated radius of
3.8 nm and a MW of 77 kDa (Figure 3). This mass is consistent with the MW of a 3:3
Pot1pN/CR trimer complex. This species accounts for 99% of the total sample mass, and
thus indicates that the Pot1pN/CR complex exists as a single, discrete species as opposed to
a population-weighted average of non-specific aggregates. Addition of a 5-fold excess of
6mer reverted the majority (80%) of the protein to a monomeric state with an average MW
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of 24 kDa (Supporting Information Figure 5), demonstrating that CR-mediated trimerization
is largely reversible.

CR Interacts with the ssDNA-binding Cleft of Pot1
Because CR competes with ssDNA to bind Pot1, we hypothesized that CR interacts directly
with the ssDNA-binding surface of the Pot1 proteins. We used NMR to probe the direct
structural interactions between CR and Pot1pN. 1H-15N HSQC experiments are a powerful
strategy to assess structural alterations to a protein by monitoring chemical shift changes that
report on differences in the chemical environment of the protein backbone. Backbone
residue assignments are available for free Pot1pN at pH 6.15 (93, 106). However, as CR
precipitates from solution at this pH, we conducted the analysis at higher pH. Raising the pH
to 8.0 resulted in the loss of some resonances from exchange (data not shown), thus we
limited our analysis to the 67% of peak assignments we could readily transfer from the low
pH assignment (116/174 peaks).

Very few crosspeaks were detected in the initial CR-bound 15N-Pot1pN spectrum,
suggesting either line broadening from a large complex size or severe exchange broadening
(data not shown). To improve the relaxation properties and increase sensitivity for a larger
molecular weight species, we prepared doubly labeled 2H/15N-Pot1pN samples and acquired
free and CR-bound TROSY spectra at 900 MHz. For the 2H/15N-Pot1pN/CR complex, we
observed well-dispersed peaks in the spectrum, demonstrating that CR addition caused
neither protein unfolding nor extreme aggregation (Figure 4). Consistent with DLS data, the
differences between deuterated and non-deuterated Pot1pN/CR spectra suggest the
formation of a homogeneous stable Pot1pN oligomer. Furthermore, approximately 25 more
peaks were observed in the CR-bound spectrum, as compared to the free spectrum, which
suggests that several residues undergoing exchange in the free spectrum are visible in the
presence of CR or may exist in multiple chemical environments. While we were not able to
independently assign the CR-bound spectrum, comparison to the Pot1pN free state allowed
us to qualitatively assess the nature of the Pot1pN/CR interface. Superposition of the spectra
allowed us to confidently transfer residue assignments for peaks that showed no significant
changes between free and CR-bound. This comparison of the free and bound spectra
revealed 68 of the 116 assigned residues undergo no chemical shift change upon CR
addition (Figure 4). Mapping these residues on the crystal structure of Pot1pN reveals that
these residues are all located distal from the ssDNA-binding face (Figure 5), revealing that
CR does not interact indiscriminately with the protein surface. Additionally, there were a
significant number of peaks in the free spectrum for which there were no obvious CR-bound
candidate peaks, suggesting that these are sites of clear chemical shift change in the CR-
bound complex. We were able to designate 35 residues as significantly perturbed in the CR
spectrum in comparison to the free spectrum. Importantly, these residues cluster within the
ssDNA-binding cleft of Pot1pN (Figure 5). These data demonstrate both that CR does not
cause global rearrangement of the protein and that it specifically interacts with the ssDNA-
binding surface of Pot1pN.

CR Inhibits SpPot1 and hPOT1 Interaction with ssDNA
Pot1pN is one of two OB folds that constitute the complete DNA-binding domain of SpPot1
(SpPot1-DBD) (86). Because Pot1pN confers specificity to SpPot1-DBD/ssDNA
interactions (76, 77, 86), we hypothesized that the inhibition we observed for Pot1pN
applies to the fully active protein. Free SpPot1-DBD is unstable with respect to aggregation
at the concentrations required for ITC, and we were unable to obtain direct binding data for
SpPot1-DBD/CR. Instead, we performed a competition experiment similar to our secondary
screen assay to determine if CR inhibits the interaction of SpPot1-DBD with cognate
ssDNA. Small molecule inhibition studies often determine IC50 values to describe the ability
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of a compound to inhibit protein activity. While accurate values can be determined for
enzymatic activities, readout of the absolute inhibition of protein/nucleic acid interactions
cannot be determined by traditional means. In order to determine an accurate IC50 for the
inhibition of a protein/ssDNA interaction, the ssDNA ligand must be held at a concentration
significantly in excess of the dissociation constant (107), such that all of the protein is fully
bound. This constraint has the result that the large signal from the free ssDNA masks the
much smaller signal from the protein/ssDNA interaction and any changes in binding caused
by the inhibitor. However, the assay can be used to determine whether or not a compound
inhibits an interaction and to obtain relative compound activities in similar systems (IC50rel),
as long as the intrinsic ssDNA-binding affinities are comparable. Using the filter-binding
competition assay with SpPot1-DBD and ssDNA at close to 1:1, we found that CR inhibits
SpPot1-DBD/ssDNA binding with an IC50rel of 112 ± 9 μM (Figure 6), suggesting that CR
directly blocks ssDNA binding by SpPot1-DBD. As mentioned above, assay limitations do
not allow for the measurement of absolute IC50 values; however, this result clearly
demonstrates the inhibitory activity of CR on SpPot1-DBD interaction with telomeric
ssDNA.

SpPot1 and hPOT1 are evolutionarily homologous, structurally similar (Figure 1A), and
recognize very similar telomeric DNA-repeat sequences (d(GGTTAC) and d(GGTTAG),
respectively) (10, 73, 75, 108). Based on these similarities, we hypothesized that CR would
interact with the DNA-binding domain of hPOT1 (hPOT1-DBD). As with SpPot1-DBD,
hPOT1-DBD in its free state is unstable at the concentrations required for ITC, thus we
performed competition assays to probe binding. Using the same protein and ssDNA
concentrations as for SpPot1-DBD, we found that CR inhibits telomeric ssDNA binding by
hPOT1-DBD to the same extent as SpPot1-DBD, with an apparent IC50rel of 130 ± 17 μM
(Figure 6). As the IC50 is directly related to the KD values of the protein/ssDNA and protein/
inhibitor interactions (107) and the the dissociation constants for SpPot1 and hPOT1
interaction with cognate ssDNA are comparable ((77) and data not shown), the apparent
IC50rels measured here report on the relative ability of CR to compete for binding to these
two proteins. Thus, these data show that CR inhibits SpPot1 and hPOT1 to a similar extent.

CR Binding Shows Specificity for the Pot1 Family of TEP Proteins
S. pombe and human Pot1 are members of the telomere-end protection (TEP) family of
proteins. All known TEP proteins utilize structurally homologous OB-fold domains to bind
telomeric ssDNA (72). Because we observed inhibition of both SpPot1 and hPOT1 proteins,
we examined whether this interaction is specific for Pot1 in comparison to the TEP family in
general. We probed the specificity of the Pot1/CR interaction by first testing CR binding to
the DNA-binding domain of the evolutionarily distinct TEP protein Cdc13 from
Saccharomyces cerevisiae. Even with increased CR concentration, we observed no binding
to Cdc13 over the course of the titration (data not shown). This suggests that Pot1pN has
specificity for CR, but this specificity does not extend to all TEP proteins.

This led us to further investigate the specificity Pot1/CR binding. Pot1pN and hPOT1 OB1
have highly similar ssDNA-binding surfaces, suggesting that specific residues may be
involved in CR binding. Both Pot1pN and hPOT1 OB1 contain a conserved phenylalanine
that forms an intermolecular aromatic stack with the ssDNA ligand (F88 and F62,
respectively; Figure 1A) (74, 75). Mutation of F88 to alanine in both Pot1pN and SpPot1-
DBD results in a significant decrease in binding affinity (76, 77). Similarly, we found that
the F88A mutation in Pot1pN (Pot1pN_F88A) had a dramatic effect on Pot1pN binding to
CR. This mutation causes a >10-fold reduction in binding affinity (9.6 ± 0.4 μM) and a large
unfavorable change in ΔH of ~ 4 kcal/mol (-6.0 ± 0.1 kcal/mol vs. -9.7 ± 0.2 kcal/mol)
(Table 1 and Figure 7A). These data suggest that CR interacts specifically with residues in
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the ssDNA-binding cleft of Pot1 and that perturbations to this surface that impact ssDNA
binding also weaken the Pot1/CR interaction.

Several compounds are known that are structurally similar to CR. For example, the congener
Trypan blue (TB) has a structure that is largely similar to that of CR, with the same bis-azo
symmetric scaffold, but containing both added and positional alterations of some functional
groups (Figure 7B). Specifically, TB contains two additional sulphonate groups and two
hydroxyl groups. ITC data show that TB bound to Pot1pN with a KD similar to, but slightly
weaker than, CR (1.21 μM ± 0.05 μM) (Table 1 and Figure 7). Additionally, Pot1pN/TB
binding was characterized by significantly more favorable enthalpy and compensating
unfavorable entropy (Table 1), suggesting that the structural alterations between CR and TB
may contribute to differences in binding mode. The ability of related molecules to block
ssDNA binding suggests this scaffold may be amenable to further optimization for the
specific targeting of Pot1.

Discussion
Human POT1 plays a central role in telomere maintenance; however, understanding this role
has been limited by an inability to either fully delete the protein or exclusively disrupt its
ssDNA-binding function. The number of hPOT1 binding sites in the genome is quite small,
thus, even with 90% knockdown of the protein levels, the remaining hPOT1 may provide
enough function to confound results, and, additionally this technique cannot address the
separate the functions of hPOT1. Exongenous expression of mutant hPOT1 at endogenous
levels is not feasible, and reports of overexpression of DNA-binding deficient hPOT1 have
conflicting results likely due to the complications of dominant negative behavior (11, 70,
71). The ability to specifically inhibit endogenous hPOT1 ssDNA-binding activity would
provide a means to precisely define the role of this function of hPOT1 in telomere
maintenance. Taking advantage of the similarities between the human and yeast Pot1
proteins and the highly stable nature of Pot1pN, we developed and implemented an effective
HTS screen utilizing the benefits of time-resolved FRET to quickly and efficiently screen a
set of ~20,000 small molecules for inhibition of Pot1pN binding to telomeric ssDNA and
identified a single effective inhibitor. This inhibitor, Congo red, functions by specifically
and competitively interacting with the ssDNA-binding surface of Pot1. Crucially, CR also
inhibits hPOT1 binding to human telomeric DNA. Our data demonstrate the suitability of
Pot1pN as a model for small molecule inhibition of hPOT1 and establish that the Pot1/
ssDNA interface is an attractive target for small molecule interference.

Successful High-throughput Screening for Inhibitors of Pot1 Interaction with Telomeric
ssDNA

The chemically rich surface of the ssDNA-binding cleft of Pot1 provides many potential
interaction sites for small molecules capable of specifically inhibiting ssDNA binding. We
have developed an HTS assay well optimized for targeting this interaction. The robustness
of the selected FRET pair and ease of tagging both the protein and the ssDNA make this
screen suitable for application to a wide range of protein/nucleic acid systems. One of the
main caveats of this assay design is the potential susceptibility of FRET to direct
interference by some small molecules in the screening libraries. Indeed, analysis of the
spectral properties of many of the positive hits identified by this screen suggests this to be
the case. However, the reasonably high throughput secondary double filter-binding
verification step directly assays the ability of a compound to disrupt the protein/nucleic acid
interaction, making elimination of false positives rapid and facile. The identification of a
single inhibitor from the >20,000 compound library suggests the Pot1 ssDNA interface is
highly specific beyond DNA sequence recognition and is not a promiscuous small molecule
binding site, making Pot1 an excellent candidate for larger scale screening.
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Nature of the Pot1/CR interaction
Our identification of CR as an inhibitor of the ssDNA-binding function of Pot1 is
unexpected considering CR is known to bind a number of other proteins and is most
recognized for its ability to bind amyloid fibrils. CR and other amyloid-binding small
molecules, including Thioflavin T, interact with the β-sheet pockets and channels
characteristic of amyloid fibrils (82, 109-111). While CR directly binds the β-barrel surface
involved in ssDNA binding, Thioflavin T does not, demonstrating that this surface does not
interact indiscriminately with β-sheet-binding small molecules.

Our Pot1 screening assay design was based on the hypothesis that inhibitors of Pot1pN/
ssDNA interaction would also inhibit the activity of the human protein. Our data show that
indeed CR inhibits the ssDNA-binding activity of hPOT1 to the same degree as SpPot1-
DBD, demonstrating that the specific targeting of Pot1pN is sufficient to specify for the
human protein. As with Pot1/ssDNA binding, electrostatics do not appear to play a
significant role in CR/Pot1 binding. While CR is net negatively charged, the two additional
sulfonate groups on Trypan blue did not affect the binding affinity. These findings are
consistent with the specific nature of Pot1/ssDNA binding, in which the protein makes
numerous base-specific and stacking interactions, but minimal contact with the phosphate
backbone (74, 75). Intriguingly, we found that CR does not interact with Cdc13, the TEP
from budding yeast. While both Pot1 and Cdc13 contain OB folds with specificity for GT-
rich ssDNA, the Cdc13 ssDNA-binding cleft is longer and shallower over much of the
surface compared to those of the Pot1 proteins and additionally contains a long flexible loop
contributing a large number of contacts (112, 113). These distinctions likely contribute to
the difference in binding between the Pot1 proteins and Cdc13. We also observed that a
Pot1pN mutant (Pot1pN_F88A) deficient in DNA binding displays reduced binding to CR.
Phe88 lies on the surface of the OB fold β-barrel and participates in a key stacking
interaction with two nucleotides of the 6mer ligand (74). Considering the aromatic nature of
CR, the observed reduction in binding may not be surprising. However, the ssDNA-binding
surface of Cdc13 contains seven aromatic residues (in contrast to three for Pot1pN), yet
showed no affinity for CR. Taken together these data suggest that while CR binds numerous
proteins, the compound is specific for the unique structural characteristics of Pot1.

While CR is known for its amyloid-binding activities, several lines of evidence suggest a
distinct mechanism is responsible for its action in inhibiting Pot1/ssDNA activity. The
planar nature of the CR structure causes the molecule to readily self-aggregate, and this
process is important for interaction with amyloid proteins (101, 114, 115). While CR also
triggers trimerization when binding Pot1, we note that the binding constant for CR
interaction with Pot1pN is well below the aggregation point of CR (103), and that self-
association only occurs at very high concentrations of CR. This suggests that self-assembly
of CR is dispensable for interaction with Pot1. The robust interaction of TB with Pot1pN
supports this hypothesis. TB does not self-associated as a result of its non-planarity due to
the positioning of its additional sulfonate groups (114, 116). As a result, TB poorly binds
amyloid-forming proteins (109, 117). In contrast, TB binds Pot1 nearly as well as CR.
Furthermore, TB does not cause secondary complexation following saturation of the Pot1pN
binding sites, showing that binding is not driven by self-assembly of the compound. Despite
the similarities between CR and TB, ITC data revealed large differences in the enthalpic and
entropic contributions to binding, demonstrating that these compounds to not interact with
Pot1 equivalently.

Potential Biological Impact
The identification of a known amyloid binding protein as a telomere-binding protein
inhibitor suggests pleotropic functions for CR. The use of CR and CR derivatives to slow
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amyloid plaque growth in cell culture and animal models has been studied extensively
((104) and references therein). These studies have shown that low doses of CR (≤ 10 μM)
rescue amyloidosis phenotypes and prolong cell survival. However, high doses of CR (~ 100
μM) have been shown to be toxic in cell culture and animal models (118). In addition,
prenatal administration of CR and certain analogs to mice during germ cell development
resulted in a drastic and permanent reduction in germ cell number (119). Because testicular
and ovarian cells are some of the most rapidly proliferating cells, part of this phenotype
might stem from specific effects of CR on telomere maintenance. However, CR can interact
with many other proteins in the cell that are far more abundant that Pot1, thus any specific
effects related to Pot1 cannot be determined from available data. A less promiscuous
inhibitor of Pot1 is required to understand the in vivo effects of specific interference with
Pot1/ssDNA binding. The differences we observed between TB and CR suggests that
probing the structure-function relationship of Pot1pN/CR could lead to higher affinity and
more specific interaction with the protein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

6mer oligonucleotide sequence d(GGTTAC)

βME β-mercaptoethanol

BSA bovine serum albumin

CR Congo red

CTD C-terminal domain

DLS dynamic light scattering

DMSO dimethyl sulfoxide

DTT dithiothreitol

EC Eu-W1024-labeled anti-6xHis antibody

FRET fluorescence resonance energy transfer

HTS high-throughput screen

IC50 apparent half-maximal inhibitor concentration

IC50rel relative apparent half-maximal inhibitor concentration

IPTG isopropyl-beta-D-thiogalactopyranoside

KD apparent equilibrium binding constant
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ITC isothermal titration calorimetry

OB fold oligonucleotide/oligosaccharide-binding fold

Pot1 protection of telomeres 1 protein

SpPot1-DBD complete DNA-binding domain of full length S. pombe Pot1

Pot1pN first DNA-binding OB fold of full length S. pombe Pot1

SpPot1 Schizosaccharyomyces pombe protection of telomeres 1

ssDNA single-stranded deoxyribonucleic acid

TB Trypan blue

TR-FRET high-throughput time-resolved fluorescence resonance energy transfer

UL ULight-streptavidin
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Figure 1.
High-throughput screen and secondary validation of compounds identify as single inhibitor.
(A) Pot1pN (wheat) superposed with OB1 of hPOT1 (white) shows structural similarity; the
N- and C-terminal portions of each protein have been removed for clarity. Conserved
residues on the ssDNA-binding surface are colored according to chemical character:
aromatic (green), hydrophobic (yellow), polar (orange), acidic (red), and basic (blue).
Pot1pN F88 (and corresponding hPOT1 F62) is shown as green sticks. Superposition was
performed using LSQMAN (91) and the image was generated using MacPymol version 1.3
(92). (B) Schematic of the TR-FRET assay used to identify inhibitors of Pot1pN interaction
with 6mer ssDNA. 6xHis-tagged Pot1pN is bound by the Eu-chelate anti-6xHis antibody
(donor), which transfers energy to ULight-Streptavidin (acceptor) bound to biotinylated
ssDNA. Excitation and FRET emission wavelengths are indicated. (C) Plot of the FRET-
based dose-dependence of the activity of small molecules identified by the TR-FRET screen.
Percent FRET signal is plotted as a function of compound concentration. (D) Plot of the
dose-dependent inhibitory activity of the compounds from (C) by secondary filter-binding
assay revealing only one compound (Congo red) that directly inhibits the Pot1pN/6mer
interaction. Percent 6mer ssDNA bound is plotted as a function of compound concentration.
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Figure 2.
Pot1pN binds CR but not Thioflavin T. The left panels show baseline corrected raw ITC
data (upper) for 1.2 mM CR titrated into buffer (blue) or 100 μM Pot1pN and the reference-
subtracted integrated heat of binding (lower). The right panels show baseline corrected raw
ITC data (upper) for 2 mM Thioflavin T titrated into buffer (blue) or 100 μM Pot1pN and
the reference-subtracted integrated heat of binding (lower). KD and n values for fitting
triplicate Pot1pN/CR experiments to a one-site binding model are reported; errors are the
standard error of the mean.
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Figure 3.
Particle size distribution obtained by DLS shows that CR-bound Pot1pN is a trimer. (A) A
monomeric species of calculated radius and MW of 1.3 nm and 25 kDa, respectively,
accounts for 100% of sample mass for free Pot1pN. (B) The calculated radius and MW for
the Pot1pN/CR sample are 3.8 nm and 77 kDa, respectively, and this species accounts for
99% of the total sample mass.
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Figure 4.
Comparison of CR-bound (red) and free (blue) Pot1pN 1H-15N HSQC spectra obtained at
900 MHz. reveals differences upon CR binding, but no global changes or aggregation of
Pot1pN. Boxed region of CR-bound spectrum in top panel is expanded below and
superposed with free Pot1pN.
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Figure 5.
Mapping of amide backbone chemical shift changes onto the Pot1pN crystal structure
demonstrates that CR specifically binds the Pot1pN ssDNA-binding surface. Pot1pN
residues definitively unperturbed by CR binding (magenta), residues that undergo significant
chemical shift changes in the presence of CR (teal), and unassigned residues (gray) are
shown. Pot1pN N-terminus is indicated (N) and 6mer (blue sticks) is shown for reference in
the ssDNA-binding cleft. Images were generated using MacPymol version 1.3 (92).
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Figure 6.
Plotting of the global fits from triplicate filter-binding experiments show that CR
equivalently inhibits SpPot1-DBD (black) and hPOT1-DBD (blue) binding cognate
telomeric ssDNA. Apparent IC50rel values for triplicate experiments are reported; errors are
the standard error of the mean.
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Figure 7.
Mutation of Pot1pN and alteration of CR structure alter the characteristics of binding. (A)
Baseline corrected raw ITC data (upper) for 1.2 mM CR titrated into buffer (blue) or 100
μM Pot1pN_F88A and the reference-subtracted integrated heat of binding (lower). (B)
Baseline corrected raw ITC data (upper) for 1 mM TB titrated into buffer (blue) or 103 μM
Pot1pN and the reference-subtracted integrated heat of binding (lower). The structures of
CR and TB are shown below for comparison Titrations were performed at 20 °C with 21
injections. Integrated heat data were fit to a one-site binding model.
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Table 1

Thermodynamic parameters of binding for PotlpN/CR, Pot1pN_F88A/CR, and PotlpN/TB interactions
measured at 20 °C.

Protein/ligand interaction KD (μM) ΔH (kcal/mol) -TΔS (kcal/mol)

PotlpN/CR 0.7 ± 0.01 -9.7 ± 0.2 1.4 ± 0.2

Pot1pN_F88A/CR 9.6 ± 0.2 -6.0 ± 0.1 0.74 ± 0.09

PotlpN/TB 1.2 ± 0.05 -13.6 ± 0.004 5.7 ± 0.02
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