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ABSTRACT: Redirecting E3 ligases to neo-substrates, leading to
their proteasomal disassembly, known as targeted protein
degradation (TPD), has emerged as a promising alternative to
traditional, occupancy-driven pharmacology. Although the field has
expanded tremendously over the past years, the choice of E3
ligases remains limited, with an almost exclusive focus on CRBN
and VHL. Here, we report the discovery of novel ligands to the
PRY-SPRY domain of TRIM58, a RING ligase that is specifically
expressed in erythroid precursor cells. A DSF screen, followed by
validation using additional biophysical methods, led to the
identification of TRIM58 ligand TRIM-473. A basic SAR around
the chemotype was established by utilizing a competitive binding
assay employing a short FP peptide probe derived from an
endogenous TRIM58 substrate. The X-ray co-crystal structure of TRIM58 in complex with TRIM-473 gave insights into the binding
mode and potential exit vectors for bifunctional degrader design.
KEYWORDS: targeted protein degradation, RING ligase, PRY-SPRY domain, fluorescent probe design

Using small molecules to redirect the activity of ubiquitin
ligases toward neo-substrates has recently provided new

opportunities to target disease-relevant proteins. Their
mechanism of action involves recruiting E3 ligases to these
proteins (proteins of interest, POIs), leading to polyubiquiti-
nation and successively their ubiquitin-mediated proteosomal
degradation. This approach is referred to as targeted protein
degradation (TPD).1 The compounds that mediate this
mechanism can broadly be divided into two classes:
heterobifunctional compounds (also known as proteolysis
targeting chimeras, or PROTACs) and molecular glues.
Molecular glues function by binding an E3 ligase and inducing
a conformational change that enables the ligase to physically
interact with a new protein.2 The heterobifunctional approach
involves synthesizing a compound that is composed of one
ligand that binds an E3 ligase tethered to a second ligand that
binds the POI, thus inducing proximity and enabling
ubiquitination.2

The key for TPD success is a given cellular co-expression
profile of the E3 ligase and the target of interest. The first wave
of ligases recruited for TPD has been dominated by Cereblon
(CRBN) and von Hippel−Lindau tumor suppressor (VHL),3
resulting in several molecules which are being tested in clinical

trials.4,5 Both CRBN and VHL are broadly expressed6 and thus
very useful for degrading a broad range of target proteins in
various tissues. However, certain therapeutic approaches could
benefit from using E3 ligases with more selective expression
patterns to prevent unwanted degradation outside the disease-
relevant tissue. Notably, none of the 16 E3 ligases with
published TPD activity show selective expression in a
particular tissue,3,6 yet the fact that VHL is poorly expressed
in platelets has been exploited to increase the therapeutic
window for BCL-XL PROTACS.

7 Of the approximately 600 E3
ligases in the human genome,8 many display restricted
expression patterns,2,9,10 some in tissues that are highly
relevant for certain diseases. It is thus reasonable to assume
that the next wave of E3 ligases recruited for TPD will focus on
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higher tissue selectivity to further enhance the safety profiles of
TPD-based drugs.
The tripartite motif (TRIM) family of proteins consists of

about 80 members, most of which are considered E3 ligases
due to the presence of a RING domain, which is a well-known
mediator of ubiquitin ligase activity.11 The TRIM family is an
untapped resource for TPD, especially for the heterobifunc-
tional approach.12,13 TRIM family members exhibit expression
patterns useful for degrading a variety of targets, with some
expressed broadly while others are expressed selectively in
disease-relevant tissues.2,9,10 Multiple partial TRIM proteins
(but notably none full-length) have been purified and
structural data reported, providing solid starting points for
ligand identification efforts.14 To date, only a few ligands for
one particular TRIM family member, TRIM24, have been
discovered.15−17 While no TRIM ligand has been incorporated
into a heterobifunctional molecule for driving a TRIM E3
ligase to degrade a neo-substrate, one has been used to
generate a heterobifunctional molecule that uses VHL to
degrade TRIM24.18 “TRIM-Away” is a ligand-free approach to
degrade antibody-bound POIs in cells and relies on the
inherent high affinity of TRIM21 to the Fc domain of
antibodies, with apparent therapeutic potential.19 No other
TRIM family member is known to have affinity for the Fc
domain, suggesting that the TRIM-Away approach may be
unique to the broadly expressed TRIM21.
Both TRIM10 and TRIM58 are exclusively expressed in late-

stage erythroblasts,9 with demonstrated links to erythrocyte
development.20−22 Using these E3 ligases for TPD of
erythroid-disease-relevant proteins could lead to novel, safer
therapies. For example, degrading an HbF repressor protein
could lead to novel therapies for sickle cell anemia, as higher
HbF levels lead to inconsequential hemolysis and fewer, if any,
vaso-occlusive complications. The histone methyl transferases
EHMT1 and EMHT2 could be such target proteins, as they
are involved in regulating many genes across multiple
tissues,23,24 and shRNA-mediated knockdown has been
shown to increase both HbF synthesis and the number of
HbF-expressing cells.25 Leaving EHMT1/2 unaffected in other
tissues could avoid potential side effects associated with
systemic EHMT1/2 inhibition.26 In contrast to TRIM10, for
which no native degradation targets are known, TRIM58 has
been shown to degrade multiple targets,27−30 notably including
the dynein complex during the enucleation step of erythroblast
development.31 For this reason, we set out to discover ligands
for TRIM58 to serve as starting points for erythroblast-specific
degradation of HbF repressor proteins.
We expressed and purified several TRIM58PRY‑SPRY domain

truncation constructs (Figure 1 and Supplementary Figure 1)
for a small-molecule screen. The PRY-SPRY domain has been

shown in other TRIM family proteins, including murine
TRIM58,31 to be the physical interface with endogenous target
proteins.32 We therefore presumed that generating a
heterobifunctional that brought novel targets to this same
region of the TRIM58 protein would optimize the chance of
such a target being placed in the ubiquitination zone of
TRIM58.
To identify binders to the TRIM58PRY‑SPRY domain, we used

differential scanning fluorimetry (DSF).33 In our experience,
DSF screens require minimal assay development and are
especially suited at the onset of projects where a functional
assay is not available. Once the first protein batches became
available, a diversity set consisting of 45 000 compounds from
the Novartis screening deck was tested for binding to
TRIM58(251−466) (Figure 1). The structures of primary
hits that exhibited dose-dependent stabilization of the protein
were used to select similar compounds in the internal archive
for subsequent testing by DSF. These compound clusters
typically contained several hits that increased the melting
temperature of TRIM58(251−466) by 0.5−1.0 °C (data not
shown). The most notable cluster, however, was based on an
initial hit (compound 1, Table 1) that stabilized TRIM58-
(251−466) by 0.5−0.7 °C and led to the discovery of TRIM-
473 (Table 1), which stabilized the protein by 2.5 °C (Figure
2). This compound was selected for validation in orthogonal
biophysical binding assays. In a protein-observed NMR
experiment, TRIM-473 induced chemical shift perturbations
in the methyl region of 2D [13C,1H]-HMQC spectra recorded
with 13C,15N-labeled TRIM58(251−466)C277S,C278S (Fig-
ure 2C), indicating that TRIM-473 interacts with TRIM58. In
addition, in an SPR binding experiment, TRIM-473 bound to
TRIM58(251−466)C277S,C278S with a KD of 24 μM (Figure
2D).
To further characterize the binding of TRIM-473 to

TRIM58, we took advantage of published data about
TRIM58 protein targets to develop a competitive binding
assay. The PRY-SPRY domain of mouse TRIM58 has been
reported to bind the N-terminal 73 residues of dynein
intermediate chain (DIC).31 We identified the minimal 28-
amino-acid peptide of human DIC member DYNC1I1 that
binds the human TRIM58PRY‑SPRY domain (Figure 3,
Supplementary Figure 2) by testing overlapping sequences
for binding in SPR and NMR experiments.
A homology model of a 22-mer DYNC1I1 peptide binding

to TRIM58 was built using the TRIM (258−278) helix as a
template (Figure 4C). Although the similarity between the two
peptides is only 23%, we hypothesized that the truncated DIC
peptide, with a high predicted helical propensity, could bind as
observed in the in-house-solved apo TRIM58 structure shown
in Figure 4A. The apo structure shows the helical N-terminal
portion (259−271) of one TRIM58 chain interacting with a
shallow cavity (which later was identified as the TRIM-473
binding site) of the other TRIM58 chain (Figure 4A). The
DIC(1−22) peptide model was docked to TRIM58 by locating
the L7 side chain at the position occupied by residue L264 of
TRIM58 (Figure 4B). This L264 residue is located at a
hydrophobic hot spot of the shallow cavity. Based on this
model, we assumed Q12 to be solvent exposed (I269, the
aligned residue in the TRIM58 chain, is solvent exposed).
Replacing this glutamine by a BodipyFL-labeled cysteine in
peptide P6 (Figure 3) enabled our fluorescent assay readout,
which was further characterized in NMR and SPR experiments
(Supplementary Figure 2). We determined that TRIM-473

Figure 1. Cartoon representation of the domain architecture of
human TRIM58. Numbers below the ring, B-box, coiled-coil, and
PRY-SPRY domains represent residue positions of domain boundaries
according to Uniprot entry Q8NG06. Lines below the PRY-SPRY
domain indicate the boundaries of the proteins used in this study:
TRIM58(251−466), TRIM58(251−466)C277S,C278S, and
TRIM58(279−466).
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displaced this fluorescent peptide with an EC50 = 5.3 μM
(Table 1), and we were subsequently able to use this assay to
determine the TRIM58 binding affinity of various analogs. As
TRIM-473 and the labeled truncated endogenous substrate
peptide bind to the same area within the TRIM58PRY‑SPRY

domain, it is likely that functional degraders based on TRIM-

473 would be able to place a neo-substrate within the
ubiquitination zone of TRIM58.
For a complete understanding of how TRIM-473 interacts

with the TRIM58PRY‑SPRY domain, we solved the X-ray
structure of the TRIM58(251−466)C277S,C278S/TRIM-
473 complex. The TRIM58PRY‑SPRY domain adopts a bent β-
sandwich fold formed by two antiparallel β-sheets, with TRIM-

Table 1. Structure of DSF Hit 1, and Structure−Activity Relationship around TRIM-473

aMean of a minimum of two independent experiments; standard deviation for pEC50 values <0.3.
bCompetitive binding assay (FP) using

TRIM58(279−466) protein and the peptidic probe Ac-DKSDLKAELERKK-C(BODIPY-FL-M)-RLAQIREEKKRKEE-NH2. cHigh-throughput
logD measurement octanol-buffer (pH = 7.4) based on 96-well shake flask equilibrium and LC/MSMS.38 dPermeability coefficient apical-
basolateral (PappA-B) in low-efflux Madin−Darby canine kidney cells (MDCK LE).39 eHigh-throughput equilibrium solubility determination [mM]
(pH = 6.8). nd = not determined.
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473 binding an extended surface formed by one of the two β-
sheets and the loops connecting its strands (Figure 5A). The
quinazoline and the phenyl moieties of the ligand engage in
various van der Waals interactions as well as π−π interactions
with nearby aromatic side chains (W332, W385, F449).
Extended polar interactions (H-bond and ionic) are found
between the piperidine-N and the carboxylate of D315, and
additionally between the dimethylamino substituent and E357
(Figure 5B). The topology of the binding pocket for TRIM-
473 is shallow and hydrophobic (Figure 5C; the area is not

detected as a cavity by standard pocket finder tools, such as the
open-source fpocket program or the Site Finder tool in the
MOE program), which matches binding pockets mapped for
other TRIM family and related ligases.14

The structure of the TRIM58PRY‑SPRY domain aligns well
with published experimental structures of the PRY-SPRY
domain from other TRIM family members (Figure 6A,B).14

Additionally, the binding location of TRIM-473 overlaps with
published interaction sites for endogenous targets of other
TRIM proteins (Figure 6C,D), providing additional evidence

Figure 2. Hit finding and hit validation. A) Shift in transition temperature (ΔTm) of TRIM58(251−466) observed by DSF experiments with
compounds from the hit cluster featuring 107 similar compounds, including TRIM-473. The primary hit for this cluster (compound 1, green star)
and TRIM-473 are highlighted. Compounds that lead to a stabilization of >+0.5 °C are labeled in green, compounds that lead to a destabilization
/stabilization of −1.0 to +0.5 °C are labeled in gray, and compounds that lead to a destabilization of <−1 °C are marked in red. B) DSF protein
melting curve of TRIM58(251−466) in the presence (orange) and absence (black) of TRIM-473. The dotted curves in gray and orange represent
the first derivative of the corresponding protein melting curve. The curve inflection point displays the protein Tm. C) Overlay of the methyl region
of 2D [13C,1H]-HMQC spectra of uniformly 13C,15N-labeled TRIM58(251−466)C277S,C278S in the absence (black) and in the presence of
TRIM-473 (orange), recorded at concentrations of the protein and the compound of 30 and 600 μM, respectively. D) SPR binding experiment for
the interaction of TRIM58(251−466)C277S,C278S-Avi with TRIM-473. The equilibrium fit is shown. E) Chemical structures of compounds 1
and TRIM-473.
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that TRIM-473-based bifunctional degraders have the
potential to place a substrate in the ubiquitination zone of
TRIM58.
Based on the structure of the TRIM58/TRIM-473 complex,

we generated a series of analogs intended to improve the
affinity (TRIM-473 FP EC50 = 5.3 μM) and to identify the
minimum ligand pharmacophore (Table 1). In addition,

improving molecular properties, in particular the poor passive
permeability of TRIM-473, would be desirable. Our initial
investigations turned to modifications of the C2 and C4
substituents of the quinazoline and to identify opportunities to
omit or replace H-bond donors and basic amines which
contribute to a low logD and low permeability in MDCK cells.
Although the X-ray co-crystal structure suggested a bidentate
interaction of both nitrogens in the C2 substituent of TRIM-
473 with E357 (Figure 5), truncation leading to the
methylamine 2 was possible, with only a 2-fold loss in activity.
This modification improved logD at the expense of a decrease
in solubility, with no significant permeability improvement.
Cyclopropylmethylamine analogue 3 (EC50 = 8.6 μM) further
confirmed that the basic nitrogen is not required for a
productive interaction with E357. This compound is margin-
ally more lipophilic than methylamine 2, and its properties are
consequently quite similar. Exchanging the tertiary and
secondary amine motifs (compound 4) abolished activity
altogether, indicating the importance of a hydrogen bond
donor proximal to the core heterocycle. Turning to the C4
substituent, our analysis of the interactions suggested that both
a directed interaction of the terminal basic amine with D315
and additional nondirected lipophilic interactions are con-
tributing factors to activity. Exchanging the proximal NH linker
on C4 in compound 2 by an ether (compound 5) reduced
activity (EC50 = 74 μM), but solubility and permeability were
markedly improved. A similar potency loss was observed when
the C4 substituent was truncated (bis-methylamine 6, EC50 =
75 μM). Compounds 7 and 8 illustrate that the lipophilic

Figure 3. Identification of a TRIM58 binding peptide. Based on the N-terminus of the dynein intermediate chain (top sequence, helical secondary
structure prediction in green below), four overlapping peptides (P1−P4) were tested for binding in a protein-observed NMR binding assay.
Peptides with confirmed binding were subsequently measured by SPR. To further narrow the minimal binding sequence, three additional peptides
(P5−P7) were tested by NMR and SPR.

Figure 4. A) Apo crystal structure of TRIM58(251−466)C277S,
C278S (PDB ID: 8PD4). Chains A and B are shown in gray and cyan,
respectively. B) Close-up of interaction of the N-terminal portion of
chain B with chain A; TRIM-473 is overlaid for illustration purposes
and colored by atom type. C) Sequence alignment between DIC(1−
22) and TRIM58(258−278) colored by similarity; Q12 (DIC peptide
fluorophore attachment) is highlighted in green.

Figure 5. A) X-ray co-crystal structure of TRIM58(251−466)C277S,C278S (grayish) and TRIM-473 (orange sticks), PDB ID: 8PD6. Side chains
of residues D315 and E357 that interact with the ligand are shown as sticks. B) TRIM-473 (orange) engages via apolar π−π interactions (yellow
dotted lines) and polar interactions (blue dotted lines) with several TRIM58 residues (grayish side chains as sticks). A putative chloro ion present
in the ligand binding site is highlighted as a green sphere, and water molecules are shown as red spheres. C) TRIM-473 (orange) binds in a shallow
pocket lined with hydrophobic residues (L395, M393, L387). Potential exit vectors for bifunctional degrader design are indicated with arrows.
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interactions in this area seem to be more important than the
hydrogen bond of the amine, since both compounds bind
TRIM58 with EC50 values of 7.4 and 12.7 μM, respectively.
These derivatives are much more lipophilic and therefore less
soluble but more permeable. Complete removal of the C6
substituent resulted in an inactive compound 9. The aromatic
C6 substituent could, however, be changed to an aliphatic
cyclohexyl ring without activity loss (compound 10, EC50 = 6.6
μM). Compared to compound 2, solubility could be improved
due to a lipophilicity drop and an increase in the ratio of sp3-
hybridized carbons over the total carbon count of the molecule
(fraction Csp3).
Our basic SAR exploration of TRIM-473 suggests that a

significant affinity gain toward TRIM58 could be rather
difficult to achieve. This is in line with the observation that the
ligand is binding a rather shallow surface for which affinity
optimization is generally considered more difficult compared
to a defined binding pocket.36 Further studies would be
necessary to assess whether the current potency range is
sufficient for successful degradation. A weak ligase binding KD
can still lead to a highly potent degrader.37 One clear
advantage of the shallow binding surface and the solvent-
exposed area of the ligand is the multiple promising exit

vectors for bifunctional degrader design, namely, off the C6
phenyl ring or the C4 substituent (Figure 5C).
In summary, we successfully identified ligands for the PRY-

SPRY domain of the E3 RING ligase TRIM58 using a DSF
screen. We could confirm binding using biophysical
techniques, and we developed an FP assay based on truncates
of DIC, an endogenous substrate of TRIM58. An X-ray co-
crystal structure of TRIM58 with the analog TRIM-473
provided additional evidence that these ligands bind in a
shallow area where substrate binding can be expected.
Although we were not able to substantially improve the
affinity of TRIM-473, we anticipate that our successful ligand
identification will encourage follow-up efforts for TRIM58 and
other TRIM family ligases, in particular the development of
heterobifunctional degraders. Our discoveries expand the
toolbox for TPD toward less explored RING ligases and
toward ligases with tissue selectivity.
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