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nd binding mechanism of UBR1 E3
ligase recruiters
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Proteolysis Targeting Chimeric Molecules (PROTACs) represent a promising avenue in drug discovery, as

they can induce the targeted degradation of disease-relevant proteins within the cellular machinery.

These compounds comprise a ligand tailored to bind the specific targeted protein connected to

a recruiter molecule that engages with the E3 ligase. Despite their promise as therapeutic agents, the

clinical advancement of these compounds has encountered substantial challenges, primarily due to the

limited availability of suitable E3 ligases. Additionally, cell permeability and proteolytic stability, due to

their peptide nature, often hinder their application. In this study, we developed a computational

framework to model recruiters for the E3 ligase UBR1. This widely expressed protein has recently been

demonstrated to be efficient in driving the degradation of oncogenic proteins. Our computational

approach leverages a fragment-based peptidomimetics strategy, integrating pharmacophore filtering,

docking, and fragment-linking optimization. Finally, we subjected the wild-type peptide and the most

promising combined fragments to advanced binding free energy calculations, unveiling insights into their

dynamic water-mediated binding mechanisms and their potential as robust E3 ligase UBR1 recruiters.

This computational workflow is applicable to model other related PROTACs.
Introduction

Proteolysis Targeting Chimeric Molecules (PROTACs) are
heterobifunctional molecules that induce the approach of
a target protein to the cellular degradation machine.1–3 They
consist of three essential components: a ligand that binds to the
target protein, a recruiter that binds to the E3 ligase, and
a linker that connects these two elements. When introduced
into the cellular environment, PROTACs form a ternary complex
involving the target protein and the E3 ligase. This complex
triggers the polyubiquitination of the target protein, marking it
for subsequent degradation by the proteasome (Fig. 1A).

The degradation of disease-relevant proteins is an emerging
therapeutic strategy for a wide range of diseases, such as cancer,
viral infections, and immune and neurodegenerative
disorders.4–6 PROTACs have demonstrated signicant advan-
tages over classic inhibitors, particularly in selectivity and their
ability to overcome drug resistance issues. This can be attrib-
uted to their induced-degradation mode of action. Once the
target protein is marked for proteasomal degradation, PRO-
TACs can dissociate and be recycled for subsequent degradation
events. Therefore, PROTACs do not rely on high binding affin-
ities to exhibit potent degradation activities. In contrast, clas-
sical small-molecule inhibitors operate through competitive
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and occupancy-based mechanisms, requiring deep, well-
dened binding pockets and high binding affinities. This
makes classical inhibitors more susceptible to resistant muta-
tions and target expression increases.4,7 The initial step in
designing a PROTAC involves the identication of the target
protein and an appropriate E3 ligase. PROTACs can be designed
to degrade known protein targets by exploiting existing inhibi-
tors as ligands,8 but they also offer the potential to explore the
“undruggable” proteome that is not susceptible to classic
inhibitors.9 However, the identication of an efficient cellular
degradation machinery is more problematic.10 Despite the
existence of approximately 600 estimated E3 ligases,11 only a few
have been utilized, with cereblon and Von Hippel-Lindau being
the most commonly employed E3 ligases.12,13 The limited
repertoire of available cellular degradation machines hampers
the development of PROTACS, as they are unable to selectively
degrade every protein target, and the expression levels of these
E3 ligases are insufficient in certain cell types.10 In this context,
the N-degron pathway,14,15 which is a proteolytic system recog-
nizing N-terminal residues of short-lived proteins through the
E3 ligase UBR family, has been recently investigated.16

Particularly, UBR proteins are ubiquitously expressed in
most cells.17 Consequently, PROTACs containing a recruiter for
E3 ligase UBR could be exploited to degrade target proteins
regardless of the cell type.18 In this regard, a rationally designed
PROTAC consisting of an N-degron peptide as recruiter linked
to a staple peptide as ligand successfully degraded the steroid
receptor coactivator-1 (SRC-1), recognized as an oncogenic
RSC Adv., 2026, 16, 26659–26668 | 26659
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Fig. 1 Overview of PROTAC-induced degradation and the UBR1–N-degron interaction. (A) A schematic representation of a PROTAC, consisting
of a protein–target ligand and an E3 ligase recruiter connected by a linker, which promotes polyubiquitination and proteasomal degradation of
the target protein. (B) Structure of the RLGES N-degron peptide (recruiter moiety) bound to the UBR box domain of E3 Ligase UBR1 (PDB 3NIN).
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protein. This study highlights the potential of the N-degron
pathway for cancer treatment.16,19 However, the clinical
progression of PROTACs has encountered obstacles due to their
poor cell permeability and proteolytic stability, which is oen
attributed to their peptide nature and large molecular weight.
Furthermore, the large and shallow protein–protein interaction
(PPI) surfaces20–22 make the design of small molecules with
efficient E3 ligase recruiting activity a difficult task.

To overcome such obstacles, we employed an in silico pep-
tidomimetics strategy, which involved the virtual screening of
compound libraries to identify small molecules that mimic the
structural features of N-degrons responsible for their binding
affinity while providing higher stability towards proteolysis,
better transport properties, and selectivity.20,23 Fortunately,
crystal structures of N-degron peptides in complexes with UBR1
have been described.24 N-degron peptides bind in a relatively
shallow acidic cle located at the UBR box domain. Structural
inspection and binding affinity experiments indicated that the
rst residue (positively charged) of N-degron makes a major
contribution to the binding affinity. This is evidenced by the co-
crystalized structure of the wild-type peptide (RLGES) from S.
cerevisiae cohesion subunit Scc1 (PDB 3NIN,24 Fig. 1B). The
guanidinium group of arginine forms an extensive hydrogen-
bonding network with the carboxyl groups of D176 and D179,
as well as a water-mediated contact with D142. Recognition of
its terminal NH3

+ group appears particularly important, as it
establishes hydrogen bonds with both the D176 carboxyl group
and the backbone of I174. Consistent with its central structural
role, D176 interacts with both the guanidinium group and the
terminal NH3

+ of arginine. Mutagenesis studies have conrmed
that D176 is essential for the UBR box function.25 At the second
position, the leucine side chain does not completely ll the
shallow hydrophobic pocket formed by V146, L133, and T171,
suggesting a less important contribution to binding affinity.
The third residue, glycine, forms a hydrogen bond with the
26660 | RSC Adv., 2026, 16, 26659–26668
backbone atoms of S174, while the fourth residue, glutamate,
likely plays a minor role since it undergoes deamidation or
arginylation prior to recognition by the UBR domain.24

Our focus was on designing E3 ligase UBR1 recruiters, aim-
ing to identify a potential set of compounds that could be linked
to protein target ligands and effectively degrade disease-
relevant proteins in any cell type. Specically, we developed
a fragment-based computational strategy that combined phar-
macophore ltering, docking, and fragment-linking optimiza-
tion. Subsequently, the resulting combined fragments were
ltered as a function of docking score, drug-likeness, and
synthetic accessibility. Finally, the combined fragments exhib-
iting the best scores were further evaluated through advanced
binding free energy calculations, which revealed the molecular
basis of the binding mechanism and the potential of these
designed compounds as effective E3 ligase UBR1 recruiters.
Results and discussion
Fragment pharmacophore-based virtual screening of the N-
degron–UBR box complex

Structure-based virtual screening (SBVS) is a well-established
and successful computational methodology that exploits the
three-dimensional knowledge of the protein target to select
drug candidates from large compound databases.26

Guided by the available structural information and the re-
ported binding affinity data, which show that arginine is
essential as a rst residue followed by a hydrophobic residue at
the second position (Fig. 1B and Table S1), we constructed the
pharmacophore model based on the shared features of the wild-
type RLGES and RIAAA peptides, thereby capturing the key
determinants of UBR1–N-degron recognition. It is worth noting
that the C-terminal residues—serine in RLGES and alanine–
alanine in RIAAA—were not resolved in the crystal structures
and were therefore excluded from the pharmacophore model.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Notably, the resulting pharmacophore closely resembled that of
3NIN, except for the absence of the hydrogen-bond acceptor
contributed by the glutamate side chain (Fig. 2A).

The model primarily consisted of positive ionizable areas
and hydrogen bond donors. It also included a hydrophobic area
and some hydrogen bond acceptors (Fig. 2A). Given that the N-
degron and UBR box interface involves protein–protein inter-
actions (PPIs), we started screening PPI commercial libraries.
However, there were no compounds that matched the physi-
cochemical properties of the pharmacophore model generated
based on the N-degron/UBR box interface. This is because this
specic case of PPI produces a pharmacophore with chal-
lenging physicochemical properties, including a long length
(ca. 15 Å) that is hard to target. To overcome this challenge, we
decided to develop a fragment-based pharmacophore (FP)
model.27 Specically, we divided the original pharmacophore
into two overlapping areas, which led to the denition of two
fragment pharmacophore models: FP-A (zone 2 + zone 3) and
FP-B (zone 1 + zone 2). To further increase the diversity of
combinations, the largest zone 1 was also considered inde-
pendently as FP-C, see Fig. 2B. Subsequently, we performed the
screening of fragment libraries using the three fragment phar-
macophore models to nd compounds that bind to each zone.
Fragment libraries are composed of small libraries of low-
complexity compounds, which have been proven to present
high hit rates. In total, considering the screening of four
Fig. 2 Fragment-based pharmacophore model of UBR1–Ndegron
recognition. (A) Pharmacophore features derived from the crystal
structures PDB 3NIN and 3NIH. The models include positive ionizable
areas (in blue), hydrogen bond donors (in green), hydrogen bond
acceptors (in red), and hydrophobic interactions (in yellow). (B)
Combined fragment-based pharmacophore model generated from
the shared features of 3NIN and 3NIH, comprising three fragment
pharmacophores: FP-A, FP-B, and FP-C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
commercial libraries, we obtained 1511 fragment hits, from
which 97 were identied in the FP-A screening, 480 in the FP-B,
and 932 in the FP-C (Table S2). Notably, FP-A presents the lowest
hit rate, highlighting the structural complexity of zone 3, which
makes it more challenging to target than zone 1. However, as
described previously, zone 3 is the most critical to the binding
energy. The resulting fragment hits are expected to be
complementary to the UBR box binding site at their respective
binding zones. Nevertheless, to obtain compounds with good
binding affinities, these fragments must be further optimized
through expansion strategies, such as fragment growing,
merging, and linking. This is an attractive approach to discov-
ering new chemical entities with high specicity.28
Docking of fragment hits in the UBR1binding site followed by
linking optimization

Molecular docking is an efficient method for ranking a large
number of compounds based on the estimation of binding
affinity.29,30 More importantly, it offers a 3D visualization of the
virtual hits docked in the binding pocket. This structural
information aids in the execution of hit optimization proce-
dures. In this work, a fragment linking optimization protocol as
described in the “combine fragment” panel of Schrodinger
soware was used. First, the 1511 fragment hits were docked in
the UBR1 binding site using Glide Docking, and second, the
fragments that were docked in proximity were joined by iden-
tifying bonds that can be formed according to geometrical
criteria. For fragment pairs that have no atoms close enough to
create new bonds but still not far apart, at most two methylene
linkers can be included. Next, the resulting combined frag-
ments were docked, and the 150 top-scoring 150 were selected
for subsequent analysis. In this study, the RLGES peptide is
used as a reference recruiter, as it is a well-characterized
recruiter of UBR1 derived from the S. cerevisiae cohesion
subunit Scc1, and targeted for degradation during the meta-
phase–anaphase transition.24 Additionally, an RLGES-based
analogue (RLAA) has been successfully employed as
a recruiter in PROTAC design to degrade oncogenic targets.16

Considering the docking score and the ligand efficiency
(docking score/number of heavy atoms) of the RLGES peptide
reference values (docking score: −9.22 kcal mol−1 and ligand
efficiency: 0.24 kcal per mol per heavy atom), we established
threshold values of −10 kcal mol−1 for the docking score and
−0.3 kcal per mol per heavy atom for the ligand efficiency,
resulting in 26 combined fragments, all of them exhibiting
superior docking score and ligand efficiency compared to the
RLGES peptide.

The docking was performed using a recently solved cryo-EM
structure of E3 ligase UBR1, which includes the complete UBR1
structure in complex with ubiquitin-conjugating enzyme (ubc2),
ubiquitin (Ub), and N-degron (PDB 7MEX).31 Based on this
structure, we also considered the broader protein surroundings
of the UBR box, promoting complementarity with the docked
combined hits. Indeed, we observed that docking poses gener-
ated using only the UBR box structure can extend into regions
that are occupied by other regions of UBR1, leading to potential
RSC Adv., 2026, 16, 26659–26668 | 26661
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steric clashes. As expected, the combined fragments obtained in
this study are complementary to both the UBR box and its
surroundings, yielding a better t in the UBR1 binding interface
(Fig. S1). These ndings suggest that incorporating the
complete protein context of the UBR1 binding site during the
virtual screening process is critical for the design of efficient E3
ligase UBR1 recruiters.
Safety and molecular properties of the resulting combined
fragments

The designed combined fragments were generated through an
in silico process where low-complexity compounds were joined
through methyl or methylene linkers. Therefore, it is crucial to
evaluate the safety and the synthetic accessibility of these
compounds before considering their application as E3 ligase
recruiters. To that end, we evaluated their ADME-tox proles
using the QikProP32 module in Maestro. We further assessed
drug-likeness using the quantitative estimation of drug-likeness
(QED),33 and screened for Pan Assay Interference Compounds
(PAINS),34 while estimating the synthetic accessibility (SA)
score,35 all calculated using RDKit Python functions.36 The
ADME-Tox prole was evaluated based on the number of
calculated properties that fall outside the range typically
observed for ∼95% of known oral drugs, as reported by Qik-
Prop. A lower number of out-of-range properties indicates
a higher likelihood of favorable pharmacokinetic behavior. The
quantitative estimation of drug-likeness (QED) ranges from
0 (all properties unfavorable) to 1 (all properties favorable). The
synthetic accessibility (SA) score ranges from 1 (easiest to
synthesize) to 10 (most difficult to synthesize), and ideally, no
pan-assay interference compounds (PAINS) should be present.

We started evaluating the RLGES peptide, which, as ex-
pected, presents a signicantly low drug-likeness (QED: 0.04).
However, it is easy to synthesize (SA score: 4.9) and does not
contain any PAINS compounds. Subsequently, the evaluation of
the 26 combined fragments reveals a substantial enhancement
in drug-likeness compared to the RLGES peptide (QED: 0.09–
0.48). These combined fragments are also feasible to synthesize
(SA score: 4.33–6.67), are free from PAINS compounds, and
present a relatively low number of out-of-range ADME-Tox
properties (0–10). These molecular descriptors provide an
overall estimation of the suitability of the combined fragments
and can also be used as an additional lter to prioritize frag-
ment candidates. Considering that compounds with fewer than
ve out-of-range ADME-Tox properties are generally regarded as
acceptable candidates,37 QED values above 0.35 indicate
acceptable drug-likeness,33 and SA scores above 6 are typically
difficult to synthesize,35we applied these thresholds to lter and
obtain a rened set of combined fragments. This resulted in 4
best-scoring combined fragments, named BCF1–4, which
present a favorable safety prole, see Table S3.

Analysis of the docking structures demonstrated that both
the reference peptide RLGES and the best combined fragments
(BCFs) reproduced key pharmacophore features and estab-
lished interactions with major residues at the UBR1 binding
interface (I174, D179, D176, I174, V146, L133, T171, T144, and
26662 | RSC Adv., 2026, 16, 26659–26668
D142), as well as with surrounding residues of the UBR box
(Q572, K536, T575, and E568) (Fig. 3). As expected, the docking
pose of RLGES in UBR1 closely resembles both the pharmaco-
phore model and the experimental RLGE–UBR box crystal
structure (Fig. 3 and S2A). The arginine residue forms polar
contacts with D179, D176, I174, and T144 while also interacting
with T575 and N572 from the protein surroundings. Meanwhile,
the leucine residue establishes hydrophobic interactions with
V146, L133, and T171.

Superimposition of the RLGES docking pose with those of
the BCFs (see RLGES in black lines, Fig. 3) shows partial spatial
overlap, indicating that the BCFs reproduce several key phar-
macophore interactions while adopting distinct orientations
within the binding pocket. The BCFs oen retain the main
anchoring contacts observed for RLGES—particularly with
D176, I174, and T144—while forming new interactions with
neighboring residues within the same binding region, reecting
their distinct chemical composition. This indicates compati-
bility between functional moieties of the BCFs and the local
chemical environment of the binding pocket. For example,
BCF1 extends deeper into the binding site, establishing addi-
tional interactions with E181 and C576 while preserving key
contacts with D176, I174, and T144. In contrast, BCF2, the polar
interaction of arginine with D179 is replaced by hydrophobic
contacts involving its isopropyl group and residues A182 and
T575, while maintaining relevant interactions with D176, T144,
I174, and T171, as well as nearby residues such as N572. Simi-
larly, BCF3 preserves the hydrophobic interactions observed for
RLGES with residues V146 and L133. These observations
conrm that the BCFs partially follow the pharmacophore
model, maintaining the essential binding determinants of the
N-degron–UBR1 recognition while exploring complementary
regions of the binding interface.

Interestingly, all the designed recruiters exhibit solvent
exposure areas, which highlights their potential to be linked to
target protein ligands without affecting their binding affinity.
This manageable number of compounds is suitable for a more
comprehensive computational evaluation and investigation of
their potential as UBR1 E3 ligase recruiters.
Evaluation of the binding free energy surface (BFES) of the
best-scored combined fragments

The reconstruction of the BFES is essential to evaluate the
performance of the designed recruiters. It informs about the
relative stability of the recruiter in the UBR1 E3 ligase binding
site and provides insights into the binding pathway and
mechanism. Nonetheless, the reconstruction of the BFES is
oen challenging due to the long timescale of the binding
process, requiring the use of advanced molecular dynamics
simulation techniques.38 To provide a preliminary assessment
of the bound-state stability, we conducted conventional
molecular dynamics simulations of the RLGES peptide and the
BCF1–4 compounds, using the docking poses as starting
structures.

The ligand RMSD and distances to the key anchoring active-
site residues D176, I174, and T144 indicate that the reference
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04908c


Fig. 3 Representation of docking poses and pharmacophore features of the RLGES peptide and BCF 1–4. The UBR box is colored pink while the
protein surroundings are grey. In the right panels, ligands and interacting residues are shown as sticks, with polar contacts depicted as dashed
black lines. For the BCFs, the docking pose of RLGES is superimposed and shown as black lines for comparison. In the left panels, the phar-
macophore features of all ligands are displayed. The models highlight positive ionizable areas (in blue), hydrogen bond donors (in green),
hydrogen bond acceptors (in red), and hydrophobic interactions (in yellow).
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ligand and the BCF compounds remain in the bound-state
conformation, with mean RMSD values in the 2–4 Å range,
consistent with modest to moderate structural rearrangements
relative to their docking poses (Tables S4 and S5).

Given that, all the compounds were considered for the
reconstruction of the binding pathway. To that end, we
employed funnel metadynamics (FM) simulation, a recently
enhanced sampling technique that has demonstrated great
efficiency in computing the BFES for a variety of protein–ligand
systems.39–42 FM accelerates the BFES reconstruction by
applying a bias potential that prevents the trapping of the
system in a stable protein-bound conformation by applying
a funnel-shaped restraint potential to restrict the ligand explo-
ration to the region of interest, avoiding the sampling of the
ligand around the entire bulk solvent. The funnel-shaped
restraint consists of a conic region that encompasses the
protein binding site connected to a cylindrical region directed
towards the solvent (see more details in Fig. S3).

We started by computing the BFES of the RLGES wild-type
peptide (Fig. 4A and 5). The BFES of the RLGES peptide
showed that the bound state is highly stable. As observed
experimentally, the bound conformations exhibit a robust
hydrogen bond network. This network comprises water-
mediated and direct hydrogen bonds connecting the guanidi-
nium group of RLGES and residues D179, D176, D142, and
T144, and the NH3

+ group of RLGES and residues D176, I174,
and Q572 (Fig. 4A and Movie S1). It is worth noting that indi-
vidual waters are dynamically exchanged during the simula-
tions, which may facilitate conformational rearrangements.
This behavior is observed in the guanidine group, which rotates
and samples different poses, giving rise to a dynamic water-
mediated hydrogen bond network. To further explore the role
of water molecules, we computed water density maps during the
FM simulations. The structural relevance of these water mole-
cules in mediating ligand-binding site interactions is high-
lighted by regions of high-water density (blue mesh in Fig. 4A
and Movie S1), which include the positions of the crystallo-
graphic waters wat9 and wat20 identied in the 3NIN PDB
structure, underscoring the importance of these waters for
RLGES binding.

At the C-terminal extreme of RLGES, the Ser residue forms
hydrogen bonds with residues R567 and S172 while the Glu
residue remains solvent-exposed, thus exhibiting higher exi-
bility. The transient breakage of these hydrogen bonds
increases exibility in the C-terminal region, destabilizing the
bound state (Fig. S4). Eventually, the rearrangement of water-
mediated interactions involving the guanidine group, along
with the loss of key peptide–UBR1 hydrogen bonds, such as the
NH3

+ with I174, D176, and Q572, leads to higher energy inter-
mediate conformations (Fig. S5 and Movie S1). At this point, the
peptide rapidly evolves towards total unbinding conformations.
Upon unbinding, the peptide mostly samples folded confor-
mations in which the guanidine group of Arg and the carboxylic
acid group of Ser approach each other, forming a stable salt
bridge (Fig. S6 and Movie S1). Ligand folding was monitored
using the best-t RMSD relative to the docking pose and the
ligand radius of gyration. The bound-state region is
26664 | RSC Adv., 2026, 16, 26659–26668
characterized by lower best-t RMSD and higher radius of
gyration values, indicating that the peptide remains in unfolded
conformations. Upon unbinding, RLGES folding is reected by
an increase in best-t RMSD, accompanied by a decrease in the
peptide radius of gyration (Fig. 4A).

As discussed above, the RLGES wild-type peptide serves as
a reference to evaluate the designed compounds. Our goal is to
identify compounds exhibiting BFES proles similar to the
reference peptide. Given the induced-degradation mode of
action of PROTACs, efficient degraders require a balance
between sufficient binding affinity to enable productive ternary
complex formation and adequate dissociation kinetics to allow
multiple rounds of target ubiquitination. Compounds with
binding free energy much lower than RLGES may form overly
stable complexes with UBR1, thereby reducing dissociation
rates and limiting recruiter recycling. Conversely, compounds
with much higher binding free energies may fail to bind UBR1
efficiently and therefore be inefficient degraders.

The BFES proles of the designed compounds reveal their
potential as recruiters (Fig. 4B–E and 5). BCF1 exhibits
a signicantly lower binding free energy to RLGES (DDG ca.
−7.4 kcal mol−1). This suggests that the unbinding process may
be too slow and infrequent to serve as an efficient recruiter. In
contrast, BCF2 showed a similar prole to that of the RLGES
peptide, with a marginal DDG increase of ca. 2.2 kcal mol−1.
BCF3 compound shares the fragment containing the tri-
uoromethyl group with BCF2. Nevertheless, the simulations
indicate that it anchors less effectively through the other frag-
ment, resulting in a DDG ca. 5.9 kcal mol−1 higher than BCF2
(Fig. 5). Lastly, the BFES for BCF4 presents a very low binding
free energy, suggesting that it is expected to be an inefficient
recruiter.

As observed for the reference ligand, FM simulations show
that the BCFs exhibit high-density regions of water molecules
within the binding site. These structural waters mediate ligand
binding, and their dynamic interactions facilitates ligand rear-
rangements, as illustrated by representative bound conforma-
tions (Fig. 4). Population analysis of key polar interactions
between the reference and designed ligands with anchoring
residues of the acidic binding site region – including water-
mediated interactions – along the Z axis projection, reveals
well-dened, high-probability basins in the bound-state region.
These results indicate that such polar contacts are stable in the
bound state, whereas their disruption promotes ligand
unbinding (Fig. S7–S11 and Movies S1, S2).

Consistent with docking predictions, BCF1 forms polar
contacts with E181, D176, T144, and R536. FM simulations
further reveal additional water-mediated interactions involving
D179, I174, and T144 (Fig. 4B). BCF2 is primarily anchored in
the active site by polar interactions with D176, I174, Q172, T144,
and E568. FM reveals ligand rearrangements that give rise to
new water-mediated interactions with D176, T144, and I174
(Fig. 4C and Movie S2). Notably, the triuoromethyl group can
be accommodated in the interface between the UBR box and
protein surroundings, where it can make a substantial contri-
bution to the binding energy. In contrast, the methylene group
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Binding Free Energy Surface (BFES) of RLGES peptide and BCF1–4. The BFESs were reconstructed from FM simulations as a function of the
progression of the ligand center of mass (COM) along the Z axis of the funnel: RLGES (A) and BCF1–4 (B)–(E). Below each BFES, the best-fit RMSD
using the docking poses as reference (gray dots) and the radius of gyration (pink dots) are plotted as a function of the Z axis. The right panels show
representative conformations of the bound states. The UBR box is colored pink, while the protein surroundings are grey. Ligands and interacting
residues are shown as sticks. Polar interactions between ligands, water molecules, and protein residues are indicated as black dashed lines.
Regions of high-water density, calculated using the VolMap tool in VMD, are displayed as a blue mesh.
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Fig. 5 Binding free energy estimates of the RLGES peptide and BCF 1–
4. These values were calculated as the average DDG between ligand-
bound and unbound regions over the last 200 ns of the simulation (see
Materials and methods section in the SI and Fig. S12), with their cor-
responding uncertainties estimated as the standard deviation from
these average values.
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is more solvent-exposed, suggesting it as a more suitable
attachment point for linking protein degradation ligands.

Considering the conformational changes of BCFs during
unbinding, BCF1 exhibits best-t RMSD and radius of gyration
proles similar to those of the RLGES peptide. Its pyrimidine
and pyridine rings engage in pi–pi stacking interactions,
resulting in stable folded conformations upon unbinding
(Fig. S6). In contrast, the remaining BCFs display a higher
propensity to remain unfolded, as indicated by lower best-t
RMSD and higher radius of gyration values in the unbinding
region. This behavior follows the trend BCF2 > BCF3 > BCF4
(Fig. 4B–E and S6). Taken together, these observations indicate
that BCF2 presents the most suitable scaffold for recruiting E3
ligase UBR1.
Conclusions

Proteolysis targeting chimeric molecules (PROTACs) hold
promising potential in drug discovery by facilitating the specic
degradation of disease-related proteins within cells. However,
the clinical progression of PROTACs has faced signicant
obstacles, mainly attributed to their peptide-based structure
and the scarcity of appropriate E3 ligases. Here, we concentrate
on creating agents for recruiting the E3 ligase UBR1. This
ubiquitously expressed protein has been recently shown to be
highly effective in the degradation of oncogenic proteins.
Through a fragment-based virtual screening strategy, we have
identied fragments that exhibit characteristics resembling the
various zones of the wild-type RLGES peptide when it is bound
to the UBR1 E3 ligase. Subsequently, an optimization process
involving fragment-linking led to the creation of combined
fragments. To verify their suitability as therapeutics, we
assessed their safety and synthetic accessibility. These
26666 | RSC Adv., 2026, 16, 26659–26668
combined fragments are expected to mimic the physicochem-
ical properties of the wild-type peptide while overcoming the
disadvantages of the peptide, such as stability towards prote-
olysis and transport properties. The reconstruction of the
binding free energy surface (BFES) of the best-scored combined
fragments showed their potential utility as recruiters. BCF2
exhibits a similar BFES prole to that of the wild-type recruiter
RLGES, making it the most promising design. The BFES
calculations also revealed the binding mechanism of both the
RLGES peptide and the designed compounds. In all cases, we
observed that a dynamic network of water-mediated hydrogen
bonds was crucial for stabilizing the bound state. The collection
of this dynamic conformational ensemble proves to be valuable
for guiding hit-to-lead optimization. Furthermore, upon closer
examination of these structures, it is evident that the designed
UBR1 E3 ligase recruiter, BCF2, can easily be linked to protein
target ligands via its solvent-exposed methylene group, thereby
enabling the development of efficient PROTACs. Utilizing the
UBR1 E3 ligase as a degradation machinery represents a novel
approach that holds promise for degrading disease-relevant
proteins independent of the cell type. Notably, the fragment-
based peptidomimetics strategy combined with the advanced
binding free energy calculations devised in this study can also
be employed for modeling related PROTACs that entail intricate
protein–protein interactions.
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