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ABSTRACT: In this study, we describe the rapid identification of potent
binders for the WD40 repeat domain (WDR) of DCAF1. This was
achieved by two rounds of iterative focused screening of a small set of
compounds selected on the basis of internal WDR domain knowledge
followed by hit expansion. Subsequent structure-based design led to
nanomolar potency binders with a clear exit vector enabling DCAF1-based
bifunctional degrader exploration.
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DCAF1 (DDB1 and CUL4-associated factor 1) protein is
a substrate receptor of the Cullin4-RING E3 ubiquitin

ligase complex that was originally discovered as the cellular
target of the HIV-1 accessory viral protein R (Vpr) and, hence,
was originally named Vpr binding protein (VprBP).1 Since the
discovery of its association with CRL4, DCAF1 has attracted
the interest of investigators working in the targeted protein
degradation (TPD) field.2 The C-terminal domain of DCAF1
has the characteristic of a seven-blade β-propeller with a
central cavity (also called donut hole), where each blade
comprises a four-stranded antiparallel β-sheet (Figure 1).
Strand d of each blade forms the outer surface. Each blade
contains approximately 40 amino acids, which often terminates
with a tryptophan-aspartate (WD) motif. The WD40 repeat
domain (WDR) proteins typically act as a scaffold and have
several surfaces for the interactions with multiple binding
partners:3 the “top” and “bottom” faces and the circumference.
For instance, the WDR protein embryonic ectoderm develop-
ment (EED) binds to the trimethylated lysine 27 of the histone
H3 (H3K27Me3) at the central binding pocket of the “top”
face and interacts with the N-terminal helix (residues 38−68)
of EZH2 (enhancer of zeste homologue 2) at the “bottom”
face of the propeller. Recently, Huang et al. have reported the
discovery of potent inhibitors occupying the central pocket of
EED.4 In other cases, such as for the cell division cycle 20
(Cdc20) protein, small molecule ligands were found binding at
side cavities between the WD40 blades, typically with a weaker

affinity.5,6 For an excellent review on WDR proteins, see
reference 7. Another important aspect of the WDR protein
family is its diversity.8 Even those with very similar fold
structures, i.e., with the same number of blades, which can vary
from four to a few, display a low conserved primary sequence.
Moreover, as in EED, the cavities are dynamic in their nature
and can undergo conformational changes upon binding.
In this work, we describe hit finding approaches used for

identifying novel DCAF1 binders that could serve as anchor
points for the development of bifunctional degraders (also
known as PROTAC) by using the CRL4-based degradation
machinery.9

We started by applying two in silico pocket identification
tools (SiteMap10 and fpocket11) on the crystal structure of
DCAF1 in ternary complex with the viral accessory protein X
(Vpx) and the carboxy-terminal region of human SAMHD1
(PDB ID: 4CC9).12 The Vpx protein wraps tightly around the
WDR DCAF1 domain and recruits SAMHD1 via its C
terminus, thereby making it a competent substrate for
proteasomal degradation. Both in silico pocket detection
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approaches performed on DCAF1 after removal of the other
two proteins identified its central region as the major druggable
pocket (donut hole of Figure 1; called SiteMap 1 and Fpocket1
in Figure S1). This corresponds to the large cavity in the
middle of the WDR domain where the Vpx protein also binds.
As discussed in the next sections, the two cavities highlighted
in Figure 1 (the donut hole and the blade region), were both
confirmed to be ligandable by solving crystal structures of small
molecules bound to DCAF1 (prospectively) and EED
(retrospectively). Additional cavities, with much lower
druggability scores, were also identified (see Figure S1).
A focused set of 21 compounds was assembled by collecting

known EED binders from a previous Novartis screening
campaign, both in the donut and the blade pockets, with a few
additional validated binders of other WDR targets. The small
set was screened by 1H NMR spectroscopy (protein
observation and ligand T1ρ experiments) against DCAF1,
which resulted in two hits of interest that were confirmed as
binders by protein observation 2D NMR experiments of
DCAF1 with selectively 13Cε-labeled methionines.
For this purpose, the 10 methionine peaks in the 2D

[13C,1H]-HMQC spectrum were assigned by site-directed
mutagenesis of every methionine residue to leucine (Figure
S2). Chemical shift perturbations are observed in the 2D
[13C,1H]-HMQC spectrum of DCAF1 in the presence of
compound 1, as shown in Figure 2. Compound 1 is a
previously disclosed donut pocket EED binder for which the
crystal structure in complex with EED and a portion of the
histone−lysine N-methyltransferase enzyme EZH2 has been
solved (PDB ID: 5H25).4 Figure S3 shows the SPR
characterization of compound 1 against DCAF1 and EED.
Despite the low affinity, we solved the crystal structure of 1 in
complex with DCAF1 (Figure 3).
The ligand 1 binds to the central donut cavity of DCAF1 in

two orientations. In both poses, the protonated imidazoline
moiety (experimental pKa of 10.2) makes a hydrogen bond,

with the carbonyl of T1097 in pose 1 and the carboxyl moiety
of D1356 side chain in pose 2 (Figure 3a).
The protonated nitrogen of the imidazoline moiety nicely

mimics a water mediating the interaction between the K84
residue of Vpx and the T1097 carbonyl of DCAF1 in the
4CC9 PDB crystal structure.12 In EED, 1 binds to the same

Figure 1. (a) Top view and (b) side view of the crystal structure
(PDB ID: 4CC9) of the human E3 ligase substrate adaptor DCAF1
extracted from the ternary complex with the viral accessory protein X
(Vpx) and the carboxy-terminal region of human SAMHD1 (not
shown). The “top” and “bottom” surfaces are displayed on the right
and left of panel (b), respectively. Residues 1315−1327 are not visible
in the crystal structure. The Cα atom of the last visible residues, 1314
and 1328 belonging to blade 6, are marked with a green sphere. The
white and black spheres indicate the two pocket locations as identified
by SiteMap and fpocket. The white spheres correspond to the large
ligandable donut hole pocket. The black spheres indicate the location
of the blade region, an additional less druggable cavity that lies
between blade 1 (colored in blue) and blade 2 (in pink). Each blade
(numbered in the picture from 1 to 7) is constituted by a four-
stranded antiparallel β-sheet. Strands are labeled from (a) to (d) from
the inside toward the outside of the propeller.

Figure 2. Overlay of the methyl region of 2D [13C,1H]-HMQC
spectra of selectively 13Cε-methionine labeled DCAF1 in the absence
(blue) and in the presence of the compound 1 (red). The
concentrations of the protein and the compound were 15 μM and
480 μM, respectively.

Figure 3. (a) Compound 1 binds to the central donut cavity of
DCAF1 in two orientations. In both crystal structures, the protonated
imidazoline moiety makes a hydrogen bond, with the carbonyl of
T1097 in pose 1 (PDB ID: 8OG6, cyan) and with the carboxyl
moiety of D1356 side chain in pose 2 (PDB ID: 8OG5, green). The
hydrogen bonds are shown as dashed black lines. (b) Overlay of
crystal structure of 1 bound to DCAF1 (PDB ID: 8OG6, cyan) and to
EED (PDB ID: 5H25, orange). The three residues forming the
aromatic cages in EED are labeled.
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central area as in DCAF1, but the binding mode and the
binding location are different (Figure 3b). As previously
reported, the binding of compound 1 to EED induces a
substantial conformational change of side chains of W364 and
Y365, in addition to R367 in the central cavity of EED.4,13 The
fused tricyclic core forms interactions in the so-called aromatic
cage: cation−π and π−π interactions with Y148 and Y365 and
an edge-to-face interaction with the phenyl ring of F97 (Figure
3b).
The crystal structure of the other DCAF1 hit is reported in

Figure 4. In this case, the hit 2, which is also an EED binder,

binds to DCAF1 and EED in the region, which corresponds to
the blade region identified by the SiteMap and fpocket in silico
approaches (Figure 1). Compound 2 has a SPR KD = ∼360
μM for EED and a SPR KD > 100 μM for DCAF1 (Figure S4).
The electron density is not well-defined for the amidine moiety
of the ligand pointing into the solvent. In the EED-1-EZH2
crystal structure, the chlorophenyl moiety of the ligand
overlaps with the V68 side chain of EZH2 peptide in its
interactions with EED, whereas in the DCAF1-2 crystal
structure, the chlorophenyl moiety displaces the side chain of
the Y1131 residue of DCAF1.
It is worth noting that, despite the very low sequence

similarity between DCAF1 and EED (sequence similarity <
25% and identity < 10%), the focused set approach, selected
on the basis of the WDR fold rationale, was very successful in
quickly providing low affinity hits. The analysis of the recent
new tetrameric structure CUL4A−DDB1−DCAF1 (PDB ID:
7OKQ)14 suggests that there is no evidence that the blade
region binders would prevent DDB1-DCAF1 binding.
However, the identified donut pocket binder 1 was considered
a better anchor point for DCAF1-based bifunctional degrader
optimization considering its more attractive pocket ligand-
ability.

To explore the structure−activity relationship (SAR) around
compound 1, 30 compounds were selected from the Novartis
archive by using in silico approaches, such as 2D similarity
followed by docking and 3D similarity (using the field-based
Cresset similarity approach15 and the shape-based OpenEye
ROCS approach16). Among these 30 compounds, we
succeeded in solving the crystal structures for two of them
with DCAF1, that is, compounds 3 and 4 (Scheme 1), with 2D

NMR-measured KD values of 40 and 13 μM, respectively,
against DCAF1 and IC50 values, in a biochemical assay with
H3K27Me3 peptide as substrate against EED, of 21 and 25
μM, respectively.
These compounds, in addition of binding to the donut hole,

were also found bound to the blade region, as shown in the
crystal structures (Figure 5) and by NMR (Figure S5a,b). In

the donut cavity (Figure 5a) the binding modes resemble pose
1 of compound 1 (Figure 3a), with the tricyclic core nicely
overlapping below the side chain of P1329. However, in the
blade region, the two compounds bind differently by pointing
either the tricyclic core or the p-chlorophenyl group toward the
most buried and hydrophobic part of the blade cavity (Figure
5b).
To avoid binding to the blade region, on the basis of the

structural information, we decided to remove the chlorine in

Figure 4. Crystal structures of 2 bound to the blade region of DCAF1
(PDB ID: 8OG7, cyan) and of EED (orange). Only the most buried
portion of the ligand is built in the density in both crystal structures.
The two crystal structures are overlaid with the DCAF1-Vpx-
SAMHD1 crystal structure (PDB ID: 4CC9), from which only the
Vpx protein is shown in violet, and with the EED-1-EZH2 crystal
structure (PDB ID: 5H25), from which only the EZH2 protein is
shown in yellow.

Scheme 1. Analogues of Hit 1

Figure 5. Crystal structure of 3 (PDB ID: 8OG8, blue) and 4 (PDB
ID: 8OG9, purple) in (a) the donut hole cavity and in (b) the blade
region. For 3 only one of the blade poses is shown. The other pose
has the tricyclic core flipped by 180°. The DCAF1 protein is shown in
gray, and the hydrogen bonds are shown as dashed black lines.
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the para position of the benzo-ring of compound 4 (Figure 5b,
purple binding pose) and add a substituent on the phenyl of
the tricyclic core. These two changes aimed at disrupting the
binding at the blade region. The replacement of chlorine with a
methoxy slightly reduced the affinity toward DCAF1, which
was recovered by growing on the tricyclic core (compound 6,
Scheme 2). The chlorine of 4 appeared to mediate stronger

interactions than the methoxy group of 5 in the blade pocket
(see 2D [13C,1H]-HMQC spectra of Figure S5b,c). The crystal
structure of DCAF1 in complex with compound 6 (Figure S6)
indicated that the extension out of the donut hole was
tolerated and no binding to the blade region was observed, as
also confirmed by NMR (Figure S5d).
We then morphed the core of compound 5 (Scheme 2) by

opening the imidazoline moiety (compound 7). This
modification was designed to retain the hydrogen bond
donor function at the position of the protonated nitrogen
and place a basic amine deeper into the donut hole cavity.
The methylpiperazine substitution on the phenyl of the

quinazoline scaffold of compound 7 led to compound 8
(Scheme 2) with a SPR-measured KD of 5.6 μM. The
piperazine is located at the entrance of the donut hole
surrounded by the side chain of F1355 and A1137. This region
is underneath the loop connecting the 12 residues (from 1315
to 1327) not visible in the crystal structures (see also Figure
1b). The DCAF1 crystal structure in complex with 8 (Figure
6a) showed that the amino group of the amino-quinazoline is
too distant to make an efficient hydrogen bond with the
carbonyl of T1097, as observed in the DCAF1-1 crystal
structure. Instead, it makes a hydrogen bond with the carbonyl
of F1355. In addition, the terminal protonated amine of the
ethylamine moiety makes three hydrogen bonds with the side
chain of D1356 and H1140 and with the backbone carbonyl of
T1139. Replacement of the methyl with an acetyl moiety at the
solvent-exposed region of the piperazine (compound 9)
further improved the affinity by 3.7-fold with respect to
compound 8 (Scheme 2).
On the basis of all these findings, we then explored the

benzylic position (Scheme 3) using the more potent para-
chlorophenyl derivative to better fill the donut cavity. The
increased contacts of the cyclopentyl and cyclohexyl with the
protein led to potent DCAF1 sub-100 nM binders, which
showed a KD > 100 μM against EED, as measured by SPR (see
Figure S7).
The crystal structure of DCAF1 in complex with 11

(Scheme 3) was also solved, which shows the acetyl moiety
making a water-mediated interaction with the NH of the
backbone of A1137 at the entrance of the donut hole (Figure
6b). Moreover, the acetyl moiety offers a clear exit vector for

DCAF1-based bifunctional degrader exploration, which has
been reported in an upcoming paper.17

At the time of the writing of this manuscript, a novel series
of small molecule ligands targeting DCAF1 has been
reported.18 The ligands of this new chemical class bind in
the donut pocket but occupy a different region with respect to
the binders reported here (Figure 7a,b) with only a minor
overlap (Figure S8). Another crystal structure (PDB ID:
7SSE), not available at the time of our activities, is reported in
Figure 7c. Retrospectively, it is interesting to notice that the
interactions with the carbonyl of F1355 and the side chain of
D1356 involving the ethylamine chain of compound 8 (Figure
7a) are substituted by water molecules in the 7SSE crystal
structure, as shown in Figure 7c. The combined information
on the bound structures of these chemical classes could be
used to guide future DCAF1 drug discovery activities.

Scheme 2. Structure-Based Design Strategies (KD Values
from SPR)

Figure 6. (a) DCAF1 crystal structure in complex with 8 (PDB ID:
8OGB, purple) overlaid with the DCAF1 crystal structure in complex
with 1 (PDB ID: 8OG6, cyan). (b) DCAF1 crystal structure in
complex with 11 (PDB ID: 8OGC, yellow) overlaid with the DCAF1
crystal structure in complex with 8 (purple), of which only the ligand
is shown. The DCAF1 protein surface is shown in gray, and the
hydrogen bonds are shown as dashed black lines.

Scheme 3. Exploration of the Benzylic Position (KD Values
from SPR)
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In summary, we have rapidly identified potent DCAF1
binders by combining knowledge-based focused screening with
structure-based hit expansion and design. These novel binders
enable the exploration of DCAF1 as a ligase for targeted
protein degradation.17
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■ ABBREVIATIONS
WDR, WD40 repeat domain; DCAF1, DDB1 and CUL4-
associated factor 1; CRL4, cullin4-RING ubiquitin ligase; EED,

Figure 7. DCAF1 crystal structures in complex with (a) compound 8 (PDB ID: 8OGB) and (b) compound 26e of reference 18 (PDB ID: 8F8E).
(c) DCAF1 crystal structure deposited in PDB under the code 7SSE. Hydrogen bonds are shown as dashed black lines, and water molecules are
shown as red spheres.
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