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ABSTRACT: The retinoblastoma (Rb) tumor suppressor
protein negatively regulates cell proliferation by binding and
inhibiting E2F transcription factors. Rb inactivation occurs in
cancer cells upon cyclin-dependent kinase (Cdk) phosphor-
ylation, which induces E2F release and activation of cell cycle
genes. We present a strategy for activating phosphorylated Rb
with molecules that bind Rb directly and enhance affinity for
E2F. We developed a fluorescence polarization assay that can
detect the effect of exogenous compounds on modulating
affinity of Rb for the E2F transactivation domain. We found
that a peptide capable of disrupting the compact inactive Rb
conformation increases affinity of the repressive Rb—E2F
complex. Our results demonstrate the feasibility of discovering
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novel molecules that target the cell cycle and proliferation through directly targeting Rb rather than upstream kinase activity.

b regulates proliferation through controlling the cell cycle,

differentiation, senescence, and cell survival.'™* Rb
orchestrates proper cellular signals with the mechanics of cell
cycle progression, and cancer cells almost invariably have
alterations in Rb ?athway components that enable uncontrolled
cell proliferation."*~” While deletion of the gene and full loss
of the Rb protein is observed in some cancers, in the vast
majority of cases, Rb pathway inactivation in cancer cells is
achieved through activation of cyclin/Cdk complexes or
inactivation of proteins that inhibit Cdk activity.””’ Thus,
chemotherapeutic strategies that directly promote Rb activity
would be relevant to most tumors.

We describe here a novel approach to reversing Rb
inactivation with molecules that directly bind Rb itself. There
are potential therapeutic advantages to such compounds over
current Cdk inhibitors, including potency and specificity.” In
addition, the specificity of such molecules would give them
unprecedented advantages for studying the Rb pathway and its
role in tumor suppression. For example, currently the only
chemical approach to preventing Rb inactivation is through
Cdk inhibition, which has off-target effects from preventing
phosphorylation of other substrates.” Despite these motiva-
tions, no direct chemical probes of Rb exist beyond molecules
that specifically inhibit Rb association with viral oncoproteins.”

Rb arrests cells largely due to its ability to repress E2F-
mediated gene expression.’ Rb binds E2F primarily through an
association of its so-called “pocket” domain with the E2F
transactivation domain (E2F™). E2F' binding by the pocket
is necessary for Rb activity in growth suppression, cell cycle
control, and E2F inhibition.> The Rb pocket domain has an
additional protein interaction cleft known as the “LxCxE” site,
which binds oncogenic viral proteins and cellular proteins
== ACS Priihlicatinne
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containing the LxCxEx¢) sequence motif (¢ is a hydrophobic
residue).”'” Several specific Cdk phosphorylation events inhibit
E2F binding upon S phase entry,'"'* however Thr373
phosphorylation has the most pronounced effect in quantitative
in vitro assays.'”'* Evidence also suggests that Thr373
phosphorylation is the most critical event for Rb inactivation
in vivo. Thr373 is the only phosphorylation site sufficient for
Cdk-induced inactivation of Rb in cells, and mutation of
Thr373 significantly inhibits Cdk-induced Rb—E2F dissociation
and E2F activation.”>™"”

We set out to identify molecules that directly activate Rb by
stabilizing the association of E2F™ with Cdk-phosphorylated
Rb. To search for such compounds, we crafted a fluorescence
polarization assay that is amenable to high throughput
screening. An E2F™ peptide (human E2F2 amino acids
409—428) was synthesized with a tetramethylrhodamine dye
(TMR) at its N-terminus (E2F™RX). We assayed binding of
E2F™R o an Rb protein construct (Rb"F) that contains the Rb
N-terminal domain (RbN) and pocket domain but lacks
internal loops in each domain (residues 55—787, A245—267,
AS582—642)."* This minimized Rb construct contains two
phosphorylation sites (T356 and T373) and the structural
elements necessary and sufficient for recapitulating the
inhibitory effect of T373 phosphorylation on E2F™ binding."*

We assayed fluorescence polarization (FP) ratios in 384-well
format using 10 nM E2F™R® (Figure 1a). The FP ratio for free
E2F™R is ~20 in our assay conditions, and the FP ratio
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Figure 1. Fluorescence polarization screen for enhancers of Rb—E2F binding. (a) Sample data from the primary screen. FP ratio is plotted for each
well in a 384-well plate. The wells contain phosphorylated Rb™F and compounds (gray diamonds) or DMSO (blue squares, “negative control”),
unphosphorylated Rb™ (green triangles, “positive control”), or free E2F™X alone (purple crosses). The boxed red diamonds are hits that increase
the FP ratio of E2F™R in the presence of phosphorylated Rb™". (b) Follow-up assay in which the effect of the compounds on E2F™R® EP ratio was
determined in the absence (purple bars) and presence (gray bars) of phosphorylated Rb™F. The phosphorylated Rb™" negative (P, blue bar) and
unphosphorylated Rb™’ (U, green bar) positive controls are shown on the left. Hits were validated (red asterisks) if they yielded low FP ratios similar
to controls in the Rb™" target-minus (dashed purple line) assay and high FP ratios in the Rb™" target-positive assay (dashed green line).

increases upon addition of 10 nM phosphorylated Rb™" and 10
nM unphosphorylated Rb™ to ~60 and ~168, respectively.
The more modest FP ratio increase upon addition of
phosphorylated Rb™" reflects its approximately 10-fold weaker
affinity for E2F™R® compared to the affinity of unphosphory-
lated Rb™" for E2F™R.'* We conducted a pilot screen using a
21120 small molecule library from ChemDiv that contains
groups of analogs based on ~1200 structurally diverse “drug-
like” scaffolds. Fifty uM of each compound was incubated with
20 nM phosphorylated Rb™', and then 10 nM E2F™R® was
added. Control wells were used that had no protein (E2F™®-
only) or had 0.5% (by volume) DMSO added to either
unphosphorylated or phosphorylated Rb™".

Sample data from one 384-well plate are shown in Figure 1la,
and results for the entire screen can be seen in Supporting
Figure S1. We looked for hit compounds that raised the FP
ratio toward that of unphosphorylated, tighter-binding Rb™". In
this primary screen, the assay had an average 7' = 0.82 +
0.02."* 74 compounds were selected as hits (0.35% hit rate)
that had FP ratios higher than the average FP of
phosphorylated Rb™" with B-scores'” of 10 (Z-score of 7.7)
or higher. These hits also satisfied the criterion that the
measured overall fluorescence intensity was less than three
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standard deviations above average control fluorescence
intensity.

We recognized that because we are seeking compounds that
increase the FP ratio, which reflects enhanced Rb binding, a
molecule that induces E2F™R aggregation would be detected
in the screen as a hit.”” To rule out these false-positives, we
tested screen hits in a follow-up “target-minus” assay in which
phosphorylated Rb™* was left out (Figure 1b). Most of the
initial hits resulted in a perturbed FP ratio in the absence of a
target, likely the result of either intrinsic fluorescence or
compound induced aggregation of the TMR-peptide. We did
find seven hits in the library that induced no effect in the
absence of Rb™' and enhanced the FP ratio in the presence of
phosphorylated Rb™® (red asterisks in Figure 1b and
Supporting Information Table). Four of the seven compounds
increased the affinity of E2F™R for phosphorylated Rb™" in a
complete protein titration (Supporting Information Figure S2).
Those four validated hits contain a common core scaffold based
on 1,6-dimethylpyrimido[$,4-¢][1,2,4]triazene-5,7(1H,6H)-
dione. Such triazene compounds are known to generate
reactive oxygen species (ROS) that may induce off-target
effects in cells.”’ We found that triazene compound activity in
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Figure 2. Structure-based strategy for activation of Rb. (a) Structure of phosphorylated Rb (from PDB code: 4ELJ). Docking between the Rb N-
terminal domain (RbN, yellow) and the pocket domain (brown) occurs across two interfaces. Interface 1 is mediated by a pocket helix that is
nucleated by Thr373 phosphorylation. Interface 2 is near the LxCxE-binding cleft in the pocket. The E7 peptide (cyan backbone), which is shown
bound at its site in the unphosphorylated pocket (from PDB code: 1GUX), clashes with RbN residue Asp139 at the interface. (b) Phosphorylation
of sites in the Rb interdomain linker induces a conformational change that allosterically inhibits E2F™ binding. We find that an LxCxE peptide acts
as an activator by binding Rb and inhibiting the RbN-pocket interdomain association.

the FP assay was lost in the presence of catalase (not shown),
so we did not pursue them further.

We next explored a strategy for developing Rb activators that
are motivated by the structural mechanism underlying how the
Rb—E2F"™ complex is inhibited by Rb phosphorylation (Figure
2)."* Thr373 phosphorylation induces an interdomain associ-
ation between RbN and the pocket, which allosterically opens
the E2F™ binding cleft to weaken affinity. RbN-pocket
association occurs across two interfaces (Figure 2a), both of
which must be formed to open up the E2F" -binding site and
disrupt interactions between the pocket and E2F™. One
interface is anchored by the first helix of the pocket domain,
which is nucleated by Thr373 phosphorylation and docks into a
hydrophobic groove in RbN. The RbN position at the second
interface is close to the LxCxE binding site in the pocket
domain (see for example the structure of the human papilloma
virus (HPV) E7 LxCxE peptide-pocket domain complex).'”"*
From a structural alignment (Figure 2a), the binding of the
LxCxE peptide and interdomain docking appear incompatible.

We reasoned that molecules that inhibit interdomain docking
would stabilize E2F™ binding to phosphorylated Rb by
preventing the allosteric opening of the E2F binding site
(Figure 2b). Moreover, because the LxCxE peptide binds near
the second RbN-pocket interface (interface 2 in Figure 2a), we
hypothesized that the LxCxE peptide would disrupt docking
and act as an activator. We tested the effects of the LxCxE
peptide from the HPV E7 protein on E2F™R® binding to Rb"
using the FP assay as in the pilot screen but using a full protein
titration (Figure 3a). The affinity of E2F™R for unphosphory-
lated Rb™ (K, = 4.3 + 0.2 nM) is 8-fold tighter than its affinity
for phosphorylated Rb™* (K; = 31 + 4 nM). In the presence of
10 uM E7 LxCxE peptide, phosphorylated Rb™" binds E2F™®
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with 2-fold higher affinity (Kgq = 16 + 2 nM), which implicates
the LxCxE peptide as an example of a desired Rb activator
molecule. In the presence of 2 uM full length E7 protein,
E2F™R binds phosphorylated Rb™" even tighter (Ky = 4.6 +
0.3 nM) and with similar affinity as unphosphorylated Rb"".

We found that the LxCxE peptide and full-length E7
increased RbN?—E2F™R affinity with ECg, = 190 + 40 nM and
ECs, = 10 + 2 nM, respectively (Figure 3b). The greater
potency of the full-length protein correlates with its known 20-
fold greater affinity for the Rb pocket domain.”” We suggest
that the greater highest activity of the E7 protein (~100%)
compared to the LxCxE peptide (~70%) may result from the
fact that its larger size is better suited for occluding the RbN-
pocket interface. We found that the LxCxE-peptide and E7
protein do not affect E2F™® binding to Rb if the docking
interface is mutated (Q736A/K740A; Supporting Information
Figure 3), which supports further our proposal that these
activators function by disrupting interdomain docking. We also
tested two LxCxE-like peptides from cyclin D (no hydrophobic
in +2 position) and LINS2 (LxSxE), which have weak affinity
for Rb.”®> These variant peptides and a compound previously
reported to bind the LxCxE cleft (compound #478337 from
Fera et al.”) show no effect in the Rb activation assay (Figure
3b).

To confirm the stabilizing effect of the LxCxE peptide in an
orthogonal assay, we measured affinities using isothermal
titration calorimetry (Figure 4). We found that E2F1™ binds
unphosphorylated Rb™" with similar affinity in the absence (Kj
=70 = 20 nM) and presence (Ky = 110 + 20 nM) of excess E7
LxCxE peptide (Figure 4a). In contrast, the affinity of E2F1™°
for phosphorylated Rb™" is enhanced in the presence of LxCxE
peptide (Kj = 340 + 20 nM) compared to in its absence (K =
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Figure 3. LxCxE peptide shown to act as an Rb activator. (a) Titration
of unphosphorylated and phosphorylated Rb™" into E2F™R, In the
presence of the E7 LxCxE peptide and full-length E7 protein, the
affinity is increased. (b) ECS0 measurements of LxCxE peptide and E7
protein activity. Compound #478337 from Fera et al.” and LxCxE
variant peptides from cyclin D and LINS2 do not show activity.
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Figure 4. The E7 LxCxE peptide increases affinity of E2F™ for
phosphorylated Rb. Representative ITC curves and average Ky
measurements are shown for E2F1™™ titration into unphosphorylated

(a) and phosphorylated (b) Rb™".

750 + 10 nM; Figure 4b). The observed increase in affinity that
is specific for phosphorylated Rb demonstrates that molecules
that interfere with the structural changes induced by Rb
phosphorylation can act as Rb activators. We note that while
the fold-change due to the LxCxE peptide is similar in the ITC
assay as in the FP assay, measured Rb™'—E2F affinities are
greater using FP, perhaps due to the hydrophobic TMR dye.
In conclusion, we have developed a robust fluorescence
polarization assay for screening molecules that modulate the
binding between Rb and E2F, and we found that an LxCxE
peptide from the HPV E7 protein, which is known to bind at
the RbN-pocket interface,'”'* increases affinity of the complex.
Several observations support the idea that isolated LxCxE
peptides or derivatives could be used as Rb—E2F stabilizers in
cells. While the E7 and related viral oncoproteins disrupt Rb—
E2F complexes in cells to stimulate proliferation, in each case
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the LxCxE-containing domain is insufficient. Additional
domains that directly inhibit Rb—E2F association are required,
and in the case of E7, the additional domain targets binding of
the Rb C-terminal domain to E2F.”*>° Notably, expression of
an SV40 virus T-antigen protein mutant, which contains the
LxCxE motif but lacks the Rb—E2F dissociating domain,
enhances the population of Rb—E2F complexes relative to free
E2F in fibroblast cells.”® Moreover, the fact that T373 mutation
inhibits Rb—E2F dissociation and E2F activation in cells">~"
suggests that the affinity increase achieved here, which negates
the effect of T373 phosphorylation, may effectively modulate
Rb activity in vivo.

While the E7 LxCxE peptide is effective in vitro, its likely
poor pharmacokinetic properties and extended binding
structure make it a suboptimal lead for a therapeutic or
chemical probe. However, we envision developing peptide
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mimics that circumvent these shortcomings such as stapled or
cyclic peptides. A group of thiadiazolidinedione compounds has
been reported to competitively inhibit Rb-LxCxE association.’
In an experiment with one such compound reported to bind Rb
with 200 nM affinity (#478337 in Fera et al.”), we did not
observe any effect on E2F™ affinity for phosphorylated Rb™?
(Figure 3b). It may be that the specific molecular requirements
of inhibiting viral protein LxCxE binding to the pocket cleft and
disrupting the RbN-pocket interdomain docking are distinct.
Indeed, the location of the LxCxE peptide-binding site is
adjacent to but not directly overlapping the interdomain
interface (Figure 2a). The full-length E7 protein may be a more
effective activator than the peptide (Figure 3) because
additional interactions occlude this interface. We propose that
LxCxExL peptide derivatives may be more active if they are
extended at their C-terminus to overlap more extensively with
the RbN docking surface in the pocket. As seen in Figure 2a,
N29 (in the +1 position relative to the second L in the
LxCxExL motif) clashes with RbN, and addition of optimized
chemical groups at this end may impinge more on pocket—
RbN interactions. With respect to further screening, our results
suggest that libraries containing compounds with larger
scaffolds, such as natural products derived libraries, may be
more suitable for producing lead activators. We anticipate that
ideal compounds would access the hydrophobic pocket bound
by the second leucine in the “LxCxExL” peptide and also
contact the GIn736/Lys740 surface that forms the docking
interface (Figure 2a).

In addition to the molecules discussed here, we propose
developing Rb activators that bind the RbN groove forming the
primary RbN-pocket interface (interface 1 in Figure 2a). By
inhibiting docking of the phosphorylated pocket helix, these
molecules may stabilize E2F' binding to phosphorylated Rb as
desired. The pocket helix contacts the groove using hydro-
phobic residues along one face of an amphipathic helix. This
type of interaction has been successfully targeted by small
molecules.”” " A classic example is the p5S3—MDM2 interface,
formed by residues in the i, i + 4, and i + 7 positions of a p53
helix, for which cis-imadazoline (Nutlin) and spiro-oxindole
(MI-219) inhibitors have been found.””*° Therefore, while our
screen results suggest that disrupting the RbN-pocket
association is a challenge for small molecules, recent successes
in protein—protein interaction inhibition suggest the promise of
finding a lead compound for direct Rb activation.

B METHODS

Protein and Peptide Reagents. Rb™ and E2F1™ (E2F1
residues 409—426) were expressed in E. coli as GST-fusion proteins
and purified with GS4B sepharose as previously described."* Following
elution from the affinity resin, the fusion protein was diluted 3-fold
into a buffer containing 25 mM Tris and 1 mM DTT (pH 8.0).
Protein was then loaded onto a Source Q ion exchange column
equilibrated in the same low salt buffer and eluted from the column in
a gradient of 0—1 M NaCl. The fusion protein eluted in a single peak
and was digested overnight at 4 °C in the presence of 1% (by mass)
TEV protease. The samples were loaded again onto GS4B to remove
the free GST, and the proteins were collected and concentrated to ~5
mg mL™! for future assays. Phosphorylation of Rb™F was achieved as
previously described using 10% (by mass) purified Cdk2—CycA in a
reaction containing S mM ATP and 20 mM MgC12.13 After an
overnight reaction at 4 °C, quantitative phosphorylation on two sites
was validated by observation of an increase in molecular mass of ~160
Da using electrospray ionization mass spectrometry (Supporting
Information Figure 4). Synthetic E7 LxCxE (DLYCYEQLN), LINS2
(TDLEASLLSFEKLDRAphosSPDLWPE), cyclin D (MEHQLLCCE-
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VETIRRAY), and TMR-E2F2™ (QDDYLWGLEAGEGISDLED)
peptides were ordered from Genscript, LLC.

Isothermal Titration Calorimetry. ITC experiments were
performed with a VP-ITC calorimeter from Microcal, LLC (now
supported by Malvern Instruments). Prior to the measurements,
unphosphorylated and phosphorylated Rb™* and E2F1™ were
dialyzed overnight in the same beaker against a buffer containing 40
mM Tris, 100 mM NaCl, and 1 mM 2-mercaptoethanol (pH 8.0).
Measurements were made with an E2F1™ concentration of 1 mM, an
Rb™" concentration of 15-25 uM, and an LxCxE peptide
concentration of 100 M. The reported Ky values are the average of
2—3 measurements, and the standard deviation is reported as the error.

Fluorescence Polarization Assay and Screen. Fluorescence
polarization measurements were made in black, untreated 384-well
plates (Corning). For the screen, 20 L of a 40 nM solution of Rb™"
was dispensed using a Matrix Wellmate peristaltic pump. Compounds
or DMSO were pin-transferred using a 200 nL pin tool (PerkinElmer)
to a final concentration of S0 M. Then, 20 uL of a 20 nM E2F™R
solution was added for a resulting final concentration of 20 nM Rb™"
and 10 nM E2F™R Al solutions were prepared using a buffer
containing 40 mM Tris, 100 mM NaCl, 1 mM DTT, and 0.1% Tween-
20 (pH 8.0). Total fluorescence and fluorescence polarization were
measured using a PerkinElmer Envision plate reader. An excitation
filter centered around a wavelength of 531 nM and with a bandwidth
of 20 nM was used along with a emission filter centered around 595
nM and with a bandwidth of 60 nM. Fluorescence polarization ratios
were calculated as FP = 1000(S — G X P)/(S + G X P), where S is
intensity of fluorescence parallel to excitation plane, P is perpendicular
fluorescence intensity, and G is a correction factor to ensure positive
ratio values. For the protein titration experiments, 10 yuM of E7 LxCxE
peptide, 2 uM of E7 protein, or 50 gM compound was added to
prepared solutions of Rb™" at the different indicated concentrations.
Binding constants were determined from fits of the protein titration
data using a two-site binding model, and the y intercept was fixed to
the FP value of the E2F™R peptide alone. Reported errors in the Ky
from FP measurements are curve-fitting errors. The EC50 measure-
ment was performed using conditions similar to the screen except 20
nM Rb™ was used. We report % activity = (FPPhOSRbHme, -

FPphost)/(FPunphost - FPphost)'
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