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tify small molecule/protein pairs
susceptible to protein ubiquitination by the CRBN
E3 ligase†

Pinwen Cai, Chiara Disraeli, Basilius Sauter, Saule Zhanybekova
and Dennis Gillingham *

Although using DNA-encoded libraries (DELs) to find small molecule binders of target proteins is well-

established, identifying molecules with functions beyond binding remains challenging in pooled screens.

Here, we develop an approach for multiplexing functional screens that simultaneously evaluates

encoded small molecules and encoded collections of protein targets in functional selections. We focus

on ubiquitin (Ub) transfer with the cereblon-bound CRL4 E3 ligase because of its proven versatility in

drug discovery. The functional selections recover small molecule/G-hairpin loop pairs based on their

ability to promote Ub-transfer onto the G-hairpin loop. As Ub-transfer is the first step in tagging proteins

for proteasomal destruction, finding small molecules capable of selectively reprogramming it is

a significant challenge in contemporary drug development. Our work lays the foundation for functional

DEL selections that match small molecule Ub-transfer catalysts with their optimal protein substrates.
Introduction

DNA-encoded libraries (DELs) are pooled collections of small
molecules in which each compound's identity is encoded by
a covalently linked DNA tag.1–5 Binders of target proteins are
typically captured by affinity selection, followed by massive
parallel sequencing to decode the identity of enriched mole-
cules. While affinity-based bead selections for DEL screening
have become a standard tool in early drug discovery, selecting
DELs for a functional event remains far less advanced.6–10 Aside
from the technical difficulty of a functional selection in pooled
DEL format, an additional pitfall of functional selections is that
they are oen bespoke, i.e. specic to a function of the target
protein. For DEL practitioners, a complex selection that is
ultimately unique to a single target would usually not be worth
the investment of resources. We present here an induced-
proximity based DEL method that will be useful in identifying
novel MGDs or PROTACs as well as their optimal protein
substrates. The selection unites DEL technology with a wide-
spread, robust, and largely commercially available in vitro
biochemical technique – cullin ring ligase (CRL)-catalyzed Ub-
transfer. Since we use DNA hybridization to pre-associate DEL
ligands with potential protein substrates (also DNA encoded),
the selection can reveal information on optimal ligand/
substrate pairs in a single functional experiment. We chose
, 4056 Basel, Switzerland. E-mail: dennis.
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738
the cereblon (CRBN)-bound CRL4 E3 ligase11–14 as a system to
establish the technology because of its great potential in drug
discovery. Many molecular glue degraders (MGDs) or proteol-
ysis targeting chimeras (PROTACs) that exploit CRBN are either
clinically approved or in clinical development.15,16 Nevertheless,
recent results demonstrate that mining the neo-substrate
repertoire of this ligase in response to CRBN-binders still
regularly delivers surprises.17 Despite these exciting ndings,
the current state-of-the-art method is proteomic screening of
compound libraries to search for CRBN-dependent protein
disappearance, which is extremely cost and labor-intensive.
Additionally, cellular proteomics screens, while having the
advantage of directly delivering cell-active compounds, has the
disadvantage that it would miss weakly active or cell imper-
meable compounds, as well as neosubstrates not expressed in
a particular cell line. We present here foundational studies
demonstrating that pooled functional screens could offer an
alternative way to sample both compounds and Ub-substrates
in a ternary complex screen with CRBN-directed E3 ligases.

Small molecules that degrade proteins18 are exciting inno-
vations because they enable drugs that mimic genetic tech-
niques such as RNAi or CRISPR/Cas9.19–21 The ubiquitin
proteasome pathway (UPP) is one of the primary natural
mechanisms for the controlled degradation of proteins in
eukaryotes.22 Within the UPP the key molecular signal for
protein degradation is the sequential transfer of ubiquitin (Ub)
proteins (typically K48-linked Ub 4–6-mers) onto client
substrates.23 A challenge in modern medicinal chemistry is to
nd small molecules that can reprogram the UPP and stimulate
Ub-transfer onto non-client disease-driving proteins. Early
© 2025 The Author(s). Published by the Royal Society of Chemistry
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examples of such compounds were discovered through evolu-
tion or happenstance.24 Although new methods to discover
molecular glue degraders (MGDs) are emerging,25 novel
screening approaches remain in high demand. Once a binder to
an E3-ligase substrate receptor is identied, a more rational
approach to developing degraders is to create bispecic small
molecules where one end binds the E3 ligase and the other end
binds the target protein – a class of molecules now termed
proteolysis targeting chimeras (PROTACs).15,16 Whether it is
MGDs or PROTACs, identifying small molecules that promote
degradative protein–protein interactions requires a different
screening paradigm than classical inhibitor discovery. Against
this backdrop, we considered how encoded methods might
enable a more systematic, high-throughput approach to
degrader discovery. An ideal screen would identify small
molecule Ub-transfer catalysts and, conversely, reveal protein
substrates susceptible to ubiquitination by a given small
molecule. Several exciting recent works have explored the
potential of DEL in discovering or optimizing E3 ligase
recruiters, including through classical affinity selection26,27 as
well as functional screens.6,26,28 The technology introduced here
has a different application goal: characterizing a panel of Ub-
transfer substrates29 across a library of encoded molecules in
a single dataset.

The concept is that a dual-display DEL3,30 will simultaneously
probe SM/POI pairs for their ability to transfer Ub to the POI
(Fig. 1). Specically, a single-stranded small molecule DEL
(SM_DEL, Fig. 1) is designed to hybridize with a collection of
POIs encoded with DNAs (pooled POIs, Fig. 1), which also bear
a DNA sequence with inverse complements to the codons from
the SM_DEL. This hybridization-based encoding strategy (or
templated encoding) is inspired by the pioneering work from
Liu andWinssinger groups on DNA templated synthesis31–34 and
DNA display35–37 respectively; indeed we use the Liu codon
design system for the present work.34 The dual-display
arrangement matches the SM_DEL's identity to its comple-
mentary POI-bound strand, while also inducing proximity of the
small molecules to the POI. DNA hybridization serving dual
encoding/proximity roles has previously been shown in
Fig. 1 Concept of a dual display strategy for discovering molecular glues
proteins and small molecules to identify and select SM/POI pairs that pr

© 2025 The Author(s). Published by the Royal Society of Chemistry
interaction-dependent PCR.38 Once the POI and DEL are asso-
ciated, a reconstituted E3 ligase system (Step 1, Fig. 1) is added.
For SM/POI pairs able to form a catalytically active ternary
complex with the E3 ligase, a Ub monomer is transferred to the
POI (Step 2, Fig. 1). An anti-Ub bead purication (or another
affinity capture method) then enriches only those DNA
sequences connected to the Ub-modied POI (Step 3, Fig. 1).
Finally, these enriched POI_DNA pools are sequenced to
determine the active pairs (Step 4, Fig. 1). By creating a self-
assembled protein/small molecule library, information on
a pool of molecules and their Ub-transfer ability across a pool of
POIs can be determined in a single experiment. The work herein
establishes the proof-of-concept and rst pooled selections for
using Ub-transfer to select small molecules and their preferred
protein partners in a molecular glue interaction.

Results
DNA tagged proteins and peptides

The selection system discussed in Fig. 1 requires protein or
peptide molecules coupled with DNA encoding tags as the rst
pooled element. Fig. 2A outlines the synthetic approach to both
the model DNA tagged proteins/peptides (later used for qPCR)
as well as the pooling strategy of these individual coupling
products. For proteins (top line of Fig. 2A) we selected the self-
labelling enzyme SNAP-tag39,40 for attaching the DNA, while for
peptides we used an azide handle that could be coupled to
DNAs bearing strained alkynes (lower line Fig. 2A). The required
DNAs could be purchased with amine-termini and coupled with
an activated ester of DBCO to create DBCO_DNA, which could
further be coupled with benzylguanine (BnG) to create
BnG_DNA (Fig. 2B). These could be coupled with good yield to
a variety of proteins (for BnG_DNA) or peptides (for
DBCO_DNA), as exemplied by the example shown in Fig. 2C
where the zing nger fragment of the Ikaros transcription factor
(labelled IKZF1a, more on why we chose this later) is expressed
as a fusion with SNAP-tag and then conjugated to a uorescent
DNA (see Fig. S2† for a complete list of proteins we have
encoded).
and their protein targets. The approach uses pooled collections of both
omote ubiquitin transfer by an E3 ligase.

Chem. Sci., 2025, 16, 7730–7738 | 7731
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Fig. 2 (A) DNA-linked proteins are encoded by expressing them as fusions with SNAP-tag and then incubating with BnG-bearing DNAs (top).
DNA-linked peptides are encoded using the strain-promoted azide/alkyne cycloaddition (bottom). These are used individually or pooled for
qPCR experiments. (B) Structure of BnG-linked DNAs and DBCO-linked DNAs (C). Representative example of DNA/protein coupling with IKZF1a
protein (detailed structure and sequences given in the ESI†). BnG = benzylguanine, DBCO = dibenzocyclooctyne, POI = protein or peptide of
interest, FAM = 6-carboxyfluorescein amide.
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Ubiquitin transfer with pomalidomide and its DNA-linked
form

The CRL4CRBN E3 ligase (CRBN= cereblon) is ideal as a rst test
case because of its well-established ability to ubiquitinate C2H2
zinc nger motifs29 in the presence of arylglutarimides (also
referred to as immunomodulatory agents, imids) such as
pomalidomide (Pom, Fig. 3A).29,41 Aside from the well-
Fig. 3 (A) Structures of glutarimide derivatives and the corresponding D
Pom, Pom_N3, and Pom_DNA were tested and compared. (C) DNA tem
Pom_DNA (detailed conditions: ESI Section 5†). (D) The in vitro reconstitu
as the molecular glue (left) or Pom_N3 (right) at different concentrat
dependence, effect of linker and DNA positioning as well as a panel of c

7732 | Chem. Sci., 2025, 16, 7730–7738
established ground truths for bench-marking,29,42 an addi-
tional feature of this system is that new discoveries on either the
small molecule or protein side are highly sought aer in the
community.17,43 Given the importance of the CRL4CRBN ligase in
drug development, all components for in vitro reconstitution
are commercially available. Our rst step was to establish that
both the protein and small molecule were tolerant to the
changes required for implementing our functional selection,
NA-linked version after bioconjugation. (B) In vitro ubiquitin transfer of
plated Ub-transfer to IKZF1a with Pom, Pom-N3 and varying lengths of
ted CRL4CRBN E3 ligase targeting the IKZF1a, using Pom_DNA (10-mer)
ions (see ESI Section 7† for additional experiments on DNA length
ontrols for the in vitro Ub-transfer).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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including adding a linker (Pom_N3, Fig. 3A), and connecting
that linker to DNA (Pom_DNA, Fig. 3A). The precise protein
sequence for our rst test experiments was chosen based on
a study demonstrating that the zinc nger 2 domain (residues
143–167) of IKZF1 (hereaer IKZF1a) is a potent and portable
degron tag.41 Hence starting with the IKZF1a_DNA synthesized
as shown in Fig. 2B and C above, we performed ubiquitination
experiments with Pom, Pom_N3 and a Pom_DNA (Fig. 3B) rst
at 625 nM (Fig. 3C). Importantly IKZF1a was clearly ubiquiti-
nated in the CRL4CRBN reaction using Pom as the molecular
glue (Fig. 3C), but reactivity was reduced using the azide-
bearing pomalidomide (Pom-N3, Fig. 3C, synthesized as
shown in Scheme S3†). It should be noted that the preference
for monoubiquitination is a result of using UBE2D3, which
specializes in the pioneering round of Ub-transfer. If a proc-
essive E2 is added as well (UBE2G1), then multiple ubiq-
uitination events are observed (Fig. S8†). The instances where
several Ub-transfers seem to have occurred (see annotations in
Fig. 3C) are likely still singular Ub-transfers that target different
lysines. Although it was concerning that the azide linker in
Pom_N3 seems to reduce Ub-transfer activity signicantly, DNA-
templating seems to more than compensate for this as Ub-
conjugated bands are strong when Pom_DNA molecules are
used. Across a series of Pom_DNAs from 6-mers to 20-mers we
consistently see Ub-transfer, but surprisingly we see that the
longer DNAs are less active. From 6-mers to 14-mers we see
strong and similar activity, but beyond 16-mers the conversion
seems to stop at ∼20% (additional longer oligos shown in
Fig. S14 and 15†). We attribute this to shorter oligos being
capable of ubiquitinating several protein substrates (i.e.
catalysis)44–47 or that shorter oligos have more conformational
exibility once bound, better facilitating Ub-transfer. We
currently prefer the later explanation since even high concen-
trations of longer oligos do not fully ubiquitinate the protein,
despite the fact that they completely form stable duplexes (see
ESI, Fig. S13†). As we show later, these results cannot be
explained by untemplated reactivity since template-matched
oligos are selectively enriched in pull-down experiments
(quantied by qPCR). The poor conversion can be improved by
running the reaction at higher DNA_Pom concentrations
(Fig. 3D); nevertheless, so as to avoid several rounds of opti-
mization we proceeded with these conditions to begin testing
ubiquitination selectivity. Finally, before continuing we wanted
to test whether the distance between protein and substrate was
important for Ub-transfer. By varying the landing site for Wat-
son–Crick base-pairing we could easily adapt the position
between protein and small molecule. As experiments in
Fig. S18† show, the shortest linker is best, but even over long
distances (32 base-pairs) Ub-transfer is still observed. In
summary, these test systems verify that in vitro ubiquitination of
zinc ngers with CRLCRBN can be reconstituted using a DNA-
linked version of common MGD scaffolds.
Selective ubiquitination and enrichment

Next we wanted to explore the specicity of ubiquitination with
different binders and how strongly we could enrich. To this end,
© 2025 The Author(s). Published by the Royal Society of Chemistry
we ran the reaction with Pom_DNA and DBCO_DNA (prepared
this time as 55-mers to improve qPCR quantitation) and per-
formed a ratiometric analysis of their relative enrichment aer
pull-down (according to qPCR of the DNA, Fig. 4A). The
hypothesis would be that ubiquitination should predominate
on the IKZF1a_DNA conjugate since it has complementarity to
the Pom_DNA and it can form a ternary complex between IKZF1
and CRBN. Although only “T2” is drawn as a template DNA in
Fig. 4A, the nal enrichment data is shown with two different
templates (T1 & T2 in Fig. 4B). The inclusion of a second
template was to insure that no spurious effect from a specic
oligonucleotide's behavior in qPCR would bias our signal. As
the data in Fig. 4B indicates, we achieve robust enrichment
above background aer a single pulldown (∼6-fold), and this
can be improved with a second (∼40-fold) and third (∼64-fold)
pulldown (further pulldowns did not improve enrichments). It
should be noted that although we were careful in making sure
there were no differences between templates in these proof-of-
concept studies, such concerns are not relevant in a proper
DEL screen since every library member behaves nearly identi-
cally in PCR and libraries are tagged with a unique molecule
identier to detect PCR bias. In summary the data in Fig. 4B
validate that DNA-templated ubiquitination can robustly iden-
tify active ternary complexes.

With the feasibility of identifying small molecules estab-
lished, we next set out quantify the sensitivity of the assay for
identifying specic molecule/ZF combinations. As a test case we
selected the recently published MGD (NVP-DKY709, hereaer
NVP, Fig. 4C) that preferentially degrades Ikaros zinc nger 2
(IKZF2) over other zinc ngers, although an affinity to IKZF1 is
retained.11 A variant of NVP was therefore synthesized bearing
an azide linker to facilitate DNA conjugation (NVP_N3 and
NVP_DNA, Fig. 4C). We planned ubiquitination reactions of
Pom_DNA and NVP_DNA with both IKZF1a and IKZF2a (resi-
dues 138–162), as well as extended double-ZF versions (covering
the ZF2 and ZF3 regions from amino acids 141–196, 136–191
respectively) that are known to have a higher affinity to CRBN in
the presence of Imids.41,48 For clarity, the single SNAP-ZF fusions
are labelled as ‘a’ and the double ZFs are labelled as ‘b’ (for
example with IKZF2 we have IKZF2a and IKZF2b). We then
tested the ubiquitination and enrichment of both of these ZF
sets with both Pom_DNA and NVP_DNA, according to the
conditions established in Fig. 3.

As seen in Fig. 4D the results with DNA-linked NVP
compounds fully recapitulate the expected selectivity prole,11

giving stronger ubiquitin enrichments relative to Pom when
IKZF2a or IKZF2b are the substrates. Surprisingly, Pom
enrichments with IKZF1, although strong, were not superior to
NVP, which runs counter to what literature data would suggest.
We wondered whether the presence of the linker reduces Ub-
transfer efficiency of Pom derivatives, but not NVP. Indeed, we
had already seen hints of this in the initial assay development
(compare Pom and Pom-N3 in Fig. 3D). The PROTAC eld uses
Pom-like ligands regularly with great success to target
CRBN,49–51 but the impact of molecular alterations outside of
the CRBN-binding motif (glutarimide) on the repertoire of G-
hairpin loop structures is less well understood. Recent reports
Chem. Sci., 2025, 16, 7730–7738 | 7733
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Fig. 4 Establishing the enrichment assay. (A) Pom_DNA and DBCO_DNA were independently tested for Ub-transfer to a partially comple-
mentary template DNA bearing IKZF1a (IKZF1a_DNA). (B) Fold enrichment of Pom_DNA versus DBCO DNA over three consecutive pulldowns
using anti-Ub magnetic beads; different templates were tested (T1 and T2) to generate the data to insure that qPCR bias does not impact the
enrichments (for absolute DNA quantitation by qPCR, as well as details on the pull-down conditions and optimization of the protocol, see ESI
Section 8†). (C) Structures of Pom(5)_N3 and NVP, as well as synthesis of NVP_N3 and NVP_DNA. (D) In vitro ubiquitination of IKZFs with
Pom_DNA and NVP_DNA expressed as fold enrichment (relative to DBCO-bearing DNA) after anti-Ub magnetic beads purification and qPCR.
(E). In vitro ubiquitination of MGDs with and without linkers to examine the effect of linker on Ub-transfer efficiency. MGD = molecular glue
degrader.
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have begun to quantitatively examine this issue, nding that
while modied pomalidomide derivatives remain strong CRBN
binders, once linkers at C4 or C5 are introduced, their ability to
form effective ternary complexes with ZFs are oen attenu-
ated.11,42 We therefore performed in vitro Ub-transfer tests with
compounds bearing linkers, but that were not coupled to DNA.
Our results are consistent with the in vitro ubiquitination data
of DNA-linked substrates. In particular we see that NVP is an
excellent Ub-transfer catalyst both with and without the linker
(lanes 5 & 6 in lower gel of Fig. 4E), and that it is a better catalyst
for IKZF2 than IKZF1 – as the literature would suggest (compare
upper and lower gels in Fig. 4E). Pom strongly prefers IKZF1,
but the presence of a linker seems to signicantly reduce Ub-
transfer ability (compare lanes 2 & 3 with lane 4 in Fig. 4E).
Taken together, the above experiments suggest that in vitro
ubiquitination benets from induced proximity driven by DNA
hybridization, but that the linker to DNA can impact relative
efficiency of Ub-transfer. To achieve the ultimate goal of using
7734 | Chem. Sci., 2025, 16, 7730–7738
a dual display library to match optimal pairs, the remaining
challenge was to verify that the selection operated in pooled
format for both small molecules and proteins.

Ub transfer in a mini-pool of DNA-linked molecules

We rst tested the selection against IKZF2b with a handful of
DNA-linked molecules (Fig. 5A) to see if we could identify the
best binder while holding the protein constant. IKZF2b was
conjugated individually with 5 different templates and equally
mixed. In principle, if DNA template-based recruitment of the
small molecules was not essential to dictate Ub-transfer effi-
ciency, then each of these POI-template conjugates would be
equally ubiquitinated and indistinguishable from background
since the only difference between them is their DNA sequence.
NVP_DNA, Pom_DNA, lenalidomide (Len_DNA), glutarimide
(Gluta_DNA) and amine_DNA conjugates – each with comple-
mentarity to one of the POI-template sequences – were then
added along with all other components of the in vitro
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Proof-of-concept and parameter determination for a dual display screen. (A) Exploration of small molecule substrate scope. Four MGDs
were bound to different DNA-template, with a fifth bearing only amine (top); enrichments relative to an amine-bearing DNA measured by qPCR
after the in vitro Ub-transfer assay (bottom). (B) Exploration of zinc finger scope. Four different zinc fingers-SNAP fusions where bound to
different templates with a fifth template bearing a bare SNAP-Tag (top); enrichments relative to the SNAP-tag bearing DNA measured by qPCR
after the in vitro Ub-transfer assay (bottom). (C) Library size exploration where NVP and amine-templates were diluted with partially double-
stranded background DNA at different ratios. All error bars are given as SEM.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
N

ye
ny

an
ku

lu
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

02
6-

02
-0

4 
00

:0
6:

54
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ubiquitination mixture (see the ESI Section 5.1 for precise
chemical structures of Len_DNA, Gluta_DNA). A negative
control with all the small molecules replaced by amine was also
performed (shown in Fig. S29†). Based on both absolute DNA
quantitation (ESI Fig. S27 and 28†) and relative enrichment
values (Fig. 5A) we see that binders are clearly distinguished
from background (amine_DNA). Importantly, all binders were
correctly identied and the best binder to IKZF2 (NVP) always
gave the highest amount of DNA. To summarize, the results in
Fig. 5A indicate that the functional selection system could rank
Ub-transfer efficiency of MGDs to a specic POI.

Ub transfer in a mini-pool of protein targets

Aer the validation of the selection from a mixture of DNA-
linked molecules, we next needed to see whether MGDs could
be selected out of a mixture of protein targets. NVP was chosen
as the test molecule and was coupled with 5 different DNA
strands complementary to 5 DNA templates. The DNA templates
were linked to four different ZFs as well as one control protein
(SNAP). The NVP_DNA conjugates were added to the POI-
templates mixture, along with the in vitro ubiquitination
system. A negative control with all the NVP replaced by amine
was also performed (shown in Fig. S30 and 31†). The four ZF-
bearing proteins in the mixture were expected to be ubiquiti-
nated by NVP in the ubiquitination condition, while the dummy
protein (SNAP) should not. Gratifyingly, the ZF-linked templates
all show enrichments relative to the template bearing no
protein. Although the assay gave only expected Ub-transfer
events, in contrast to small molecule variation (where the
© 2025 The Author(s). Published by the Royal Society of Chemistry
expected winner was clearly identied, i.e. Fig. 5A), the ranking
of optimal protein substrates is less efficient. Although ZFs are
clearly identiable over background, the superiority of IKZF2
over IKZF1 for NVP is likely too small to distinguish in this case
(Fig. 5B). Nevertheless, these results validate that MGDs could
be identied and ranked based on their Ub-transfer ability on
a pool of protein substrates.

Exploring the size restriction for a pooled dual display screen

The potential library size we could explore in a dual display
MGD/substrate screen will be set by the screen's ability to
robustly detect individual library members at higher and higher
dilution. As such, to dene an upper limit for library size we
mimicked increasing library size by diluting active MGD-bound
DNAs with inactive background DNA (Fig. 5C). We set
a threshold of 10-fold enrichment over background as the
minimum value we should maintain (brown dotted line in
Fig. 5C) to give robust data. To explore assay sensitivity we
performed the DNA-templated NVP/IKZF2 ubiquitination using
10 pmol of NVP_DNA and 10 pmol of amine-bearing DNA while
adding varying amounts of partially double-stranded back-
ground DNA (rst four columns of Fig. 5C, the amount of
background DNA is converted to a “virtual library size” to
simplify the mental math for the reader). To our delight, the
signal of the template complementary to NVP_DNA was much
higher than the signal of the template complementary to ami-
ne_DNA, suggesting large amounts of background DNA (as is
present in a real encoded library setup) are not detrimental to
sensitivity. To further explore the limits of library size we then
Chem. Sci., 2025, 16, 7730–7738 | 7735
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reduced the amount of input DNA for the template-matched
system. Specically, we kept the total library input (i.e.
NVP_DNA + amine_DNA + dummy DNA) as 10 nmol, while
incrementally decreasing (10 pmol, 5 pmol, 2.5 pmol, 1 pmol,
0.1 pmol) the copy number of theNVP_DNA (see columns 5–8 in
Fig. 5C). Even at the very lowest copy number of 0.1 pmol of the
NVP_DNA we still see robust enrichment of the positive signal
over background (∼16-fold, last column in Fig. 5C). While it
seems there would still be room for additional dilution, these
conditions would support a library size of 105 members – which
is already more than we plan to synthesize in the MGD DEL. For
calibration, in a dual display setup, screening 10 proteins with
this size of MGD library would give Ub-transfer data for
a million potential interactions.
Conclusion

In summary, our research has demonstrated that DNA
hybridization-induced proximity can accelerate selective Ub-
transfer, and hence be used to select winners in pooled selec-
tions. The method continues to deliver strong enrichment
signal even with simulated libraries of up to 100 000members—
a size sufficient for large-scale library selections. While DEL
selections are now standard in early drug discovery, conducting
functional selections in a pooled format continues to pose
challenges. Recent innovative efforts underscore the signicant
commitment to establishing functional DEL selections.6,26,28,52,53

Our work introduces a novel functional selection applicable to
pooled format, setting the stage for a full screen that determines
optimal pairs of MGDs and protein substrates for Ub-transfer
reactions. We focus on Ub-transfer due to the challenge of
discovering novel MGDs, but in principle similar functional
assays could be developed for any enrichable tag that can be
biochemically reconstituted (SUMOylation, phosphorylation). A
drawback of our approach is the need for custom library
synthesis for each selection and that the effect of the linker will
be built into the selection data. Hence the application needs to
be carefully chosen such that the insights gained from the
resulting dataset justify the effort in library construction and
that linker incorporation is not problematic. The current
application, which connects MGDs with potential substrates
using the CRBN E3 ligase, is particularly well-suited for this
approach. Since the mechanism of action of CRBN-directed
therapeutics has been dened,14,54,55 enormous efforts have
been made across numerous research labs to dene both active
MGDs and their optimal protein degrome for the CRBN E3
ligase.13,17,29,56 The approach we developed here has the potential
to generate unprecedentedly large datasets exploring this
problem, while simultaneously reducing cost and effort – we are
currently synthesizing a CRBN-focused DEL to generate this
dataset.
Data availability

The data supporting the article SC-EDG-02-2025-001251 have
been included as part of the ESI.†
7736 | Chem. Sci., 2025, 16, 7730–7738
Author contributions

Pinwen Cai helped concenptualize the study, ran most of the
experiments, performed data analysis, and helped with
preparing the dra of themanuscript. Chiara Disraeli generated
data contributing to Fig. 2A, C and 4C–E, helped with data
analysis and visualization, performed solid-phase peptide
synthesis, and proof-read the paper. Basilius Sauter supervised
the scientic work, helped in data analysis, helped with data
visualization and participated in manuscript writing. Saule
Zhanybekova helped in supervision for developing biochemical
assays and cloning, and also helped with protein production.
Dennis Gillingham conceptualized the study, supervised the
experiments, and wrote the rst dra of the manuscript with
input from all authors.
Conflicts of interest

The authors report no conict of interest.
Acknowledgements

We would like to thank Koder Dagher for the help of protein
production. We would also like to acknowledge the Swiss
National Science Foundation for funding (Grant:
200020_215758).
References

1 S. Brenner and R. A. Lerner, Encoded combinatorial
chemistry, Proc. Natl. Acad. Sci. U. S. A., 1992, 89, 5381–5383.

2 N. Favalli, S. Biendl, M. Hartmann, J. Piazzi, F. Sladojevich,
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