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Fragment Screening and Druggability Assessment for the CBP/p300
KIX Domain through Protein-Observed ”F NMR Spectroscopy**
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Abstract: YF NMR spectroscopy of labeled proteins is a sensi-
tive method for characterizing structure, conformational
dynamics, higher-order assembly, and ligand binding. Fluori-
nation of aromatic side chains has been suggested as a labeling
strategy for small-molecule ligand discovery for protein—
protein interaction interfaces. Using a model transcription
factor binding domain of the CREB binding protein (CBP)/
p300, KIX, we report the first full small-molecule screen using
protein-observed ’F NMR spectroscopy. Screening of 508
compounds and validation by "H-"N HSQC NMR spectros-
copy led to the identification of a minimal pharmacaphore for
the MLL-KIX interaction site. Hit rate analysis for the CREB-
KIX and MLL-KIX sites provided a metric to assess the
ligandability or “druggability” of each interface informing
future medicinal chemistry efforts. The structural information
from the simplified spectra and data collection speed, affords
a new screening tool for analysis of protein interfaces and
discovery of small molecules.

P rotein—protein interactions (PPIs) are essential nodes in
almost all biological processes within the cell. Modulation of
these biomolecular interactions through small molecules is
now a validated approach for therapeutic intervention!"! and
chemical probe development to improve our understanding
of biological systems.”) Despite this validation, disruption of
these interactions is difficult due to the large and plastic
interfaces at the protein surface and lack of deep hydrophobic
binding sites for accommodating traditional drug-like mole-
cules.’! This is particularly the case for the transient and
dynamic interactions found for many transcription factor—
protein binding events that occur with modest affinity (K,=
0.1-100 pm).

We previously used protein-observed fluorine NMR
spectroscopy (PrOF NMR) for characterizing ligand binding
at PPI sites!! We employed singly labeled fluorinated
aromatic amino acids due to the enrichment of aromatic
amino acids at PPI interfaces.”) In many cases, the modest
protein structural perturbations from a single aryl hydrogen
to fluorine substitution, the fast data acquisition for small to
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medium sized proteins, and the orthogonality of fluorine with
biological nuclei, leads to a simplified and readily obtainable
1D-NMR spectrum reporting directly on protein structure.
We used this method to characterize small-molecule binding
to three different transcription factor domains: bromodo-
mains Brd4, BrdT, and BPTE.**! We also studied the protein
interaction domain of CBP/p300, KIX, by PrOF NMR and
identified small-molecule ligands 1-10 and 1G7.% Beyond
model studies, the PrOF NMR method has yet to be tested in
a full discovery format. Herein, we report the first full small-
molecule screen using PrOF NMR, evaluate its effectiveness
for assessing protein druggability at two different binding
sites within the same protein, KIX, and report structure
activity relationships (SAR) from several newly discovered
small molecules.

Molecules of low molecular weight and complexity, called
fragments, have helped increase successful screening out-
comes against difficult protein targets.”” NMR spectroscopy
has become a preferred method for screening to identify low
affinity ligands, in many cases using 1D-NMR ligand-based
methods.®! Analysis of fragment screen hit rates provides
valuable information about the ligandability or “druggability”
of the proteins,” and further development of fragments has
led to molecules with more efficacious binding affinity and
improved physicochemical properties compared to molecules
obtained from traditional high-throughput screenings."” To
test the feasibility of using PrOF NMR in a fragment screen-
ing format, we chose the KIX domain.

KIX is a useful model protein for characterizing protein—
small molecule interactions and studying the conformational
plasticity of this dynamic protein domain. KIX binds to over
a dozen transcription factors (e.g., MLL, E2A-PBXI1, and
CREB) through two binding sites.""! These sites as well as
new cryptic sites cannot readily be distinguished in a direct
binding 1D-NMR ligand-based experiment. Prior screening
efforts offer valuable ligand information for comparison with
our PrOF NMR experiments. Two natural product depsides,
sekikaic acid and lobaric acid, are reported as the most potent
KIX inhibitors at the MLL-KIX PPI site (IC5, =34 and 17 um
respectively). These compounds isolated from natural prod-
ucts were discovered after a screen of 50000 commercial
library compounds had resulted in no hits.'¥! The only
HSQC NMR screen resulted in two lead compounds, KG-
122 (pamoic acid) and KG-501 (naphthol AS-E phosphate)
from a 762 member peptidomimetic library (Figure 1).*
Isoxazolidine derivatives, discovered first as transcriptional
activation domain mimics,"'¥ were also later shown to be KIX
ligands.['! Despite the paucity of potent ligands, both CREB-
KIX, and E2A-KIX interactions have been proposed as
important PPI targets for treating blood cancers due to their
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Figure 1. Solution structure of KIX and known ligands. A) NMR
solution structure of KIX (PDB: 2LXT) with peptides MLL and pKID
(CREB) in green. Tyrosine residues are red. B) KIX ligands and their
corresponding methods of discovery.

regulatory role in blood cell proliferation further motivating
our research. /116!

PPIs involving the KIX domain occur through two distinct
and allosterically coupled binding sites on this 3-helical
bundle protein. These sites are often referred to as the
MLL and CREB/c-Myb sites."? To conduct the NMR screen,
we replaced native tyrosine residues of KIX with 3-fluorotyr-
osine (3FY). The MLL site contains one tyrosine (Y631),
which makes a critical contact with the native protein. A
sequence analysis by Nair et al. of KIX domains shows this
residue is conserved in humans, C. elegans, and drosophila.l"]
Y649 is evolutionarily conserved in all KIX domains. Fluorine
resonances from Y649, Y650, and Y658 experience significant
chemical shifts when CREB binds to KIX as well as Y631
from allostery.**) Consistent with natural ligands, our com-
puted druggability analysis using SiteMap identified two
druggable sites near the tyrosine residues at both the MLL
(10.8 A from Y631) and CREB/Myb sites (4-10 A from Y649,
Y650, and Y658)."" Y640, which structurally stabilizes KIX
by a cation—m interaction with R600," is found in 97 % of
KIX domains, and may represent a new small-molecule site
for regulating protein conformation.!'”’ Importantly, singly
fluorinated aromatic residues in KIX only modestly perturb
secondary structure and ligand binding.!*!

We expressed 3FY-labeled KIX (12 kDa) in good yield
(70 mgrL ') with high labeling efficiency (>98%) for the
screen.™ Our fragment library was generated from the
Maybridge rule of three commercial set, combining com-
pounds into 85 mixtures of five or six compounds at a total
stock concentration of 33.3 mm per compound in DMSO. As
a positive control, we tested a known ligand, KG-501
(833 um), and identified a binding interaction both in
isolation, consistent with prior results,* and in a mixture
based on chemical shift perturbation of Y631 (Figure 2B).
For the NMR screen we used 40 pm KIX (/20 mg total).
Chemical shift information was acquired in five minutes
yielding approximately 510 min of experiment time for
screening the 85 mixtures, including additional short refer-
ence experiments for each mixture. This experiment time is
faster than '"H-""N SOFAST HMQC NMR experiments for
similar sized proteins.””! All mixtures were screened at 833 um
small molecule and 2.5% DMSO. Statistical cutoffs for
chemical shift perturbation were set to two standard devia-
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Figure 2. Fragment screening by PrOF NMR spectroscopy. A) Flow-
chart for screening of the fragment library for KIX ligands. 508
fragments were screened by PrOF NMR, yielding 15 mixture hits and
seven final ligands after deconvolution and SAR studies. B) KG-501
was used to test for KIX ligand identification in isolation or in a mixture
of six total compounds. C) Statistical cutoffs for chemical-shift pertur-
bations found in the screen. Samples with perturbations greater than
two standard deviations above were identified as hits.

tions from the average perturbations from the screen yielding
15 mixtures (Figure 2C). Each mixture was subsequently
deconvoluted by individual analysis of each compound
leading to four verified ligands (1-4, 0.8% hit rate). The
reduction in hits was due to apparent additive effects of
fragments which prevented the identification of a sole com-
pound responsible for chemical shift perturbations in a given
mixture.

Ligand titration experiments by PrOF NMR spectroscopy
were performed to determine the dissociation constants for
the small molecules obtained by monitoring changes in
chemical shift (Ad). Three of the four ligands (2, 3, and 4)
discovered from the screen were found to have low mm
binding affinities for KIX. These compounds contained
either an aryl or phenylacetic acid group (Table 1). Small
molecules 3 and 4 exhibited a binding isotherm consistent
with one-to-one binding, whereas 2 potentially exhibited
higher-order binding above 2mMm based on the binding
isotherm generated. Consequently the K, for 2 was estimated
based on fitting the data up to 2 mm. We ruled out activity due
to small-molecule aggregation above 2 mm based on well-
resolved small-molecule resonances in the presence and the
absence of detergent.'® Given that KG-122 is a diacid
compound that binds to KIX in the MLL site, it is possible
that multiple copies of the monoacid 2 could bind in the same
region on the protein. Y631, which is featured in the MLL
site, was the most sensitive reporter for binding and was
therefore used to calculate the K, for 2, 3, and 4. In contrast,
Y649, Y650, and Y658, which are featured in the CREB
binding site, were significantly less responsive to ligand
binding with the exception of 1, which perturbed resonances
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Table 1: Small-molecule ligands discovered by PrOF NMR spectroscopy.

Compound 'H-"N K, (PrOF) Ligand efficiency
HSQC  [mm] [kcal mol™' NHA™]
1 N yes >10 >0.13
®
Cl i 0
2 . W yes 144039 032
3 DT yes 5.340.9 0.24
-8,
4 C‘O\ﬁw yes 17406 0.29
o
o
OH
5 -~ nd.  1.6+03 0.27
s
Q
PAAS O~ nd. 6.940.7 0.18
: S
Flurbiprofen ; . nd 59+0.6 0.17

[a] K, estimate based on data fit up to 2 mm, not accounting for higher-
order binding at greater concentrations, n.d. = not determined.

for Y649, Y650, and Y631, potentially indicating binding at
the CREB site.

As a follow-up to the screen, the SARs from the four hits
were examined to identify structural motifs important for
binding. Four trifluoromethylquinoline derivatives of 1 were
purchased. These compounds were of interest due to small
but significant chemical-shift perturbations from 1, which
were similar to the chemical shift effects observed upon
CREB binding to KIX suggesting a possible allosteric binding
mode." One of the four compounds (KMO07508) yielded
comparable chemical-shift perturbations as 1."*! However, as
1 displayed poor binding affinity in titration experiments
(K4>10 mm), due to the lack of saturated binding, and in 2D
NMR experimental results explained below, SAR studies
with this ligand class were not pursued further in lieu of the
investigation into molecules 2—4.

The other three discovered ligands contained an aryl or
phenylacetic acid motif as a potential pharmacophore. The
presence of a carboxylic acid has been found in other KIX
ligands that bind to the MLL site (sekikaic acid, lobaric acid,
KG-122, and 1G7, Figure 1). To evaluate the specificity over
other acidic molecules and to probe for false negatives,
several compounds from library mixtures were retested. One
of the four compounds (9B11, 5), a biaryl carboxylic acid, was
anticipated to have been a false negative due to its similar
structure to KIX ligand 1G7. The other three carboxylic acids
were selected to test if these aryl and phenylacetic acids
represented a class of ligands that bound KIX, whereas other
carboxylic acids would not (i.e., a phenethyl, a thiazole, and
an aliphatic carboxylic acid). Only 5 yielded significant
changes in chemical shift, whereas the other three exhibited
minimal to no apparent binding. Titration of 5 yielded a K, of
1.6+£03 mm (Table1). Low mM K, values and ligand
efficiencies from 0.19 to 0.32 kcal mol ' non-hydrogen atom™'
were calculated for each fragment. As a comparison, the
reported median ligand efficiency was 0.32 for a sample set of
480 ligand—target pairs.”!! Our ligand efficiencies are equal to
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or slightly lower than this value, supporting the difficulty of
this target site.l'?

To expand on the investigation of aryl 4+ acid SAR, nine
arylacetic and benzoic acid derivatives were tested as
analogues of molecule 2 to inform optimization studies,
based on the affinity of 2 and the readily modifiable structure
of phenylacetic acids. Of the nine compounds, only the
biphenyl (PAAS) yielded a pronounced chemical shift
perturbation close to one standard deviation above the
average at 5 mm,"® despite the structural similarity of these
analogues to 2, e.g., 3-chloro-4-hydroxy phenylacetic acid
(PAA2), phenylacetic acid (PAA3), and 4-hydroxyphenyl-
acetic acid (PAA4) (Figure 3). Each analogue was also

A -
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|AS| 020
(Ppm) 1
0.15
0.10
0.05
0.00
N ) )
& @@
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PAA1 =0 H H
PAA2 H OH Cl
PAA3 H H H
PAA4 H OH H
PAA5 H CgHs H
2 H Cl Cl
Flurbiprofen CH, CeHs F
Ibuprofen CH3 CH,CH(CH3), H
0 1)
Naproxen
OH

Figure 3. Representative SAR analysis of phenylacetic acids. A) Chem-
ical-shift perturbation plot at three different concentrations of small
molecule. B) Phenylacetic acid structures.

analyzed at 2mm and 833 pm, due to the potential for
higher-order binding at high concentrations (>2 mm). The
trend remained consistent with all compounds aside from
PAAS yielding insignificant changes in chemical shift. The K
for PAAS binding to KIX was 6.9£0.7 mM. These results
suggest that hydrophobic groups at the para position on the
phenylacetic acid play a key role in ligand binding.
Phenylacetic acids are a common scaffold found in several
nonsteroidal anti-inflammatory drugs. As an additional
analysis of SAR, naproxen, ibuprofen, and flurbiprofen
were used to further support the model that para-substituted
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phenylacetic acid derivatives would bind to KIX. All three
compounds were analyzed by PrOF NMR spectroscopy. The
chemical-shift perturbations from enantiopure naproxen
were under the statistical cutoff at low concentrations.
Racemic ibuprofen yielded significant chemical-shift pertur-
bations, whereas racemic flurbiprofen yielded the largest Ad
for Y631 observed thus far (0.38 ppm at 5mMm, K;=5.9+
0.6 mM, Figure 3). Substitution at the a-position affords an
additional site of diversity and both stereochemistry and
elaboration of side chains can be investigated as starting
points for structure activity studies.

As a complementary method to evaluate the ligand
binding site on KIX and rule out concerns of generating
false positives from fluorine incorporation, we studied the
binding of the original four ligands (1-4) by 'H-N
HSQC NMR spectroscopy using uniformly “N-labeled KIX.
Experiments were performed at 0, 1, and 5mm ligand
concentration for 1, 2, and 3, whereas 4 was characterized at
0, 0.5, and 1 mm due to low solubility above 2 mm. Residues
whose chemical shifts were perturbed by one and two
standard deviations above the average perturbation in
a residue were mapped onto the protein structure to infer
the corresponding binding site of each ligand. Consistent with
PrOF NMR measurements, perturbed residues in each case
showed concentration-dependent shifts and localized near the
MLL binding site.'"® Additional residues were perturbed near
an unstructured loop connecting helices a2 and a3 of KIX
near the N-terminal portion of the protein. These perturba-
tions may result from a conformational change induced by
ligand in the MLL site rather than direct ligand binding near
this loop region but will need further investigation. We
conclude from this study that use of PrOF NMR led to the
identification of a related class of ligands all targeting the
MLL site.

Despite few hits, the hit rates from the PrOF NMR screen
could be used to assess the “druggability” of the MLL and
CREB sites on KIX. Consistent with the literature, the CREB
interface is a challenging target, whereas the MLL site is more
amenable to ligand binding. For example, disulfide tethering
screens reported fewer and less efficacious ligands for the
CREB versus the MLL site.*” These results support designing
larger peptidomimetic inhibitors against the CREB site rather
than using small molecules.” Both naturally occurring acidic
transcription factors as well as synthetic ligands (Figure 1)
have a higher propensity for interacting at or near the MLL
region, providing a starting point for MLL-site ligand devel-
opment. The KIX-interacting peptide of MLL contains the
sequence DIMDFVL in which both aspartic acid residues and
phenylalanine are important for binding."'? The aryl and
phenylacetic acid derivatives reported here, may be minimal
mimics of these motifs.

PrOF NMR spectroscopy has several advantages as
a screening method due to its sensitivity to detect changes
in chemical environment including dynamic structural infor-
mation of the protein, low background signal, and ease of use.
Here we demonstrated the first full small-molecule screen
using PrOF NMR spectroscopy, evaluated its efficacy for
druggability determination, and reported on a class of small
molecules (biaryl and phenylacetic acids) as KIX ligands.

www.angewandte.org

SAR analysis guided our investigation to discover three
additional KIX-binding small molecules. The biaryl acid and
phenylacetic acid structural motif is corroborated by several
of the reported KIX ligands (Figure 1) providing a starting
point for small-molecule derivatization and development.
This study also demonstrates preferential targetability for the
MLL site over the CREB site. Although additional optimi-
zation is required to develop the discovered ligands into
potent inhibitors of KIX interactions, this study has demon-
strated the applicability of PrOF NMR spectroscopy as
a useful tool for library screening, ligand discovery, and
druggability assessment.
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