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Self-labeling protein tags are an efficient means to visualize, manipulate, and isolate engineered fusion
proteins with suitable chemical probes. The SNAP-tag, which covalently conjugates to benzyl-guanine
and —chloropyrimidine derivatives is used extensively in fluorescence microscopy, given the availability
of suitable SNAP-ligand-based probes. Here, we extend the applicability of the SNAP-tag to targeted
protein degradation. We developed a set of SNAP PROteolysis TArgeting Chimeras (SNAP-PROTACsS),
which recruit the VHL or CRBN-ubiquitin E3 ligases to induce the degradation of SNAP-fusion proteins.
Endogenous tagging enabled the visualization and the selective depletion of a SNAP-clathrin light chain
fusion protein using SNAP-PROTACs. The addition of PROTACs to the SNAP-tag reagent toolbox
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Introduction

Studying the function of proteins inside cells and within
organisms is key to our understanding of cellular processes and
complex biological systems. To selectively visualize, isolate, or
perturb proteins of interest (POIs), cell biologists often resort to
the generation of fusion proteins." For example, the genetic
engineering of POIs with fluorescent protein domains is applied
to study POI expression and localization, while the fusion of the
POI with distinct modifying enzymes enables proximity biotinyla-
tion, thereby mapping the surroundings of the POL" To create a
POI with multiple capabilities, the use of self-labeling protein tags
(SLPs) is an attractive strategy.>” SLPs are small protein domains,
which covalently conjugate to their corresponding ligands.>*
These ligands can be functionalized with various chemical probes
e.g. fluorescent moieties, relaying the technology development
onto chemical synthesis. Following this chemical genetic strategy,
a single genetic engineering event, linking the SLP to the POI, can
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facilitates the comprehensive analysis of protein function with a single gene tagging event.

provide access to a variety of technologies, provided the appro-
priate chemical probes are available.? The advancement of genetic
engineering strategies, such as CRISPR-Cas9-based gene editing,
has even extended our ability to characterize endogenously tagged
POIs at their natural expression level and regulation.*®

The SNAP- and CLIP-tags are versatile SLPs, originally derived
from human O°alkylguanine DNA acetyltransferase.”*° While
the SNAP-tag reacts with benzyl-guanine (SNAP1 ligand) or
benzyl-chloropyrimidine (SNAP2 ligand) derivatives, the ortho-
gonal CLIP-tag reacts with benzyl-cytosine (CLIP ligand)
derivatives.””'" Engineered SNAP-fusion proteins are extensively
used to visualize POIs in high resolution (live) cell microscopy
studies."™"® For this application, a multitude of (wash-free)
fluorescent dyes spanning the near-UV, visible, and near-IR
spectrum are available."*'® SNAP-conjugating compounds ser-
ving as reporters on cellular metabolites and the protein home-
ostasis state of cells are also available.">"” Resins for pull-down
studies enable the efficient isolation of SNAP-fusion proteins.
Proximity labeling with a SNAP-conjugating photo-proximity
probe enables mapping the cellular environment of SNAP-fusion
proteins.'® Heterobifunctional compounds containing a SNAP
ligand can be used to induce protein dimerization with other
orthogonally tagged POIs."

A powerful chemical biology approach that relies on hetero-
bifunctional compounds is targeted protein degradation (TPD)
using PROteolysis TArgeting Chimeras (PROTACs).>>*' PRO-
TACs are heterobifunctional small molecules that recruit
the cellular ubiquitination machinery to a POI to induce its
ubiquitination and subsequent degradation.”® The most fre-
quently recruited ubiquitination enzymes are the Cullin-RING

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ubiquitin ligases, comprising either the van-Hippel-Lindau
(VHL) or cereblon (CRBN) substrate adaptors.>” The predominant
recruitment of the VHL and CRBN substrate adaptors by the
majority of the currently published PROTACs is driven by the
availability of highly specific small molecule VHL and CRBN
ligands.”® Equally, recruitment of the POI depends on the avail-
ability of a suitable ligand. Direct engagement of the POI by an
active PROTAC provides the basis for TPD as a promising
therapeutic modality.”* When ligands directly interacting with
the POI are lacking, protein domains with available high affinity
ligands can be leveraged as efficient recruiting elements.
Combined with endogenous tagging of the POI, TPD approaches
thereby provide an important strategy for target validation in drug
discovery programs and loss-of-function studies in basic
research.”*?® For example, genetically engineered fusion proteins
with the FKBP**®Y domain as part of the dTag system can be
efficiently degraded by the use of VHL- or CRBN-recruiting
PROTACs.*”*® Similarly, the DHFR domain and the Bromodo-
main of BRD4 were turned into efficient tag-PROTAC systems.>*~*°
In addition to these non-covalent tag-targeting PROTACS, covalent
HaloPROTACs induce the acute and efficient degradation of
HaloTag fusion proteins.*"** The self-labeling HaloTag covalently
conjugates to synthetic chloroalkane ligands.**** Functionaliza-
tion of this ligand with VHL-recruiting ligands afforded highly
specific covalent HaloPROTACs.*'~*

PROTACs targeting POI-fusion proteins emerged as an
attractive alternative to conventional RNAi-based knockdown
or genetic knock-out approaches, as they address limitations
inherent to these traditional methods.>**> Compared to genetic
knock-outs, which represent an irreversible perturbation, TPD
offers temporal control of POI depletion. Accordingly, TPD can
circumvent cellular adaptation to prolonged POI depletion, a
common occurrence in permanent genetic knock-outs, masking
important loss-of-function phenotypes and confounding down-
stream analysis. Compared to RNAi-based approaches, which
prevent the synthesis of new protein, TPD directly targets the
pre-existing POI pool and frequently offers enhanced selectivity.

Here we describe the development of SNAP-PROTACS,
thereby extending the applicability of the self-labeling SNAP-
tag from protein isolation, visualization, and proximity bioti-
nylation to TPD.

Experimental procedures

Cloning

SNAP-HA-EGFP (SNAP-EGFP) was cloned into the multiple
cloning site of pcDNA5/FRT (Invitrogen) using the HindIII
and Notl restriction sites. The SNAP-tag was amplified from
B4GT-SNAP-HT2 in pcDNA5/FRT/TO,*® HA-EGFP was amplified
from Halo-HA-EGFP in pcDNA5/FRT®' using accordingly
designed primers. Upon restriction digest the two PCR frag-
ments and the vector were ligated. To create CLIP-HA-EGFP
(CLIP-EGFP) in pcDNA5/FRT, the SNAP-tag was removed from
SNAP-HA-EGFP in pcDNA5/FRT by restriction digest with Nhel
and replaced with the CLIP-tag using the NEBuilder HiFi DNA
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Assembly Cloning Kit (NEB) with accordingly designed primers.
The CLIP-tag sequence was amplified from EGFP-CLIP in
PcDNAS5/FRT, a kind gift from Kai Johnsson.

Cell culture

HAP1 cells®” were cultured in DMEM (Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific), 100 U per ml penicillin and 100 pg per ml
streptomycin (Invitrogen), referred to as growth medium.
Parental HEK293 Flp-In T-REx cells (Thermo Fisher Scientific)
were cultured in growth medium containing 100 pg per ml
zeocin (InvivoGen) and 15 pg per ml blasticidin (InvivoGen).
Cells were kept at 37 °C and 5% CO, and regularly tested for
mycoplasma infection using Venor®GeM OneStep mycoplasma
detection kit (Minerva Biolabs). Stable HEK293 Flp-In cell lines
constitutively expressing SNAP-EGFP or CLIP-EGFP were gen-
erated using the Flp-In T-REx system (Thermo Fisher Scientific)
in combination with the pcDNA5/FRT vector according to the
manufacturer’s protocol. Stable HEK293 SNAP-EGFP and CLIP-
EGFP cells were selected and cultured in growth medium
supplemented with 100 pg per ml hygromycin B (InvivoGen).

Generation of gene-edited SNAP-CLCa"™ knock-in cells

The guide RNA for targeting the CLTA gene (gene ID 1211),
encoding the CLCa protein, and the homology repair (HR)
plasmid for SNAP-CLCa were previously described in ref. 13.
Transfection of guide RNA and HR plasmids into HAP1 cells
was done using a NEPA21 electroporation system (Nepa Gene).
For electroporation of HAP1 cells, 3 million cells were washed
twice with Opti-MEM (Gibco) and resuspended in 90 ul Opti-
MEM with 10 pg of DNA in an electroporation cuvette with a
2 mm gap. HAP1 cells were electroporated with a poring pulse
of 200V, 5 ms pulse length, 50 ms pulse interval, 2 pulses, with
decay rate of 10% and + polarity; consecutively with a transfer
pulse of 20V, 50 ms pulse length, 50 ms pulse interval, 5 pulses,
with a decay rate of 40% and =+ polarity. To select for positively
edited cells after electroporation, HAP1 cells were treated with
1 pg per ml puromycin (Gibco). After selection, HAP1 cells were
further sorted based on cell size and fluorescence to obtain
homogenous population of edited haploid cells.*®

Cell treatments and in lysate labeling

All SNAP-targeting compounds were prepared as 1000x stocks
in DMSO. All cell treatments with the SNAP-ligands 1a-1m
were performed at a final concentration of 1 uM for 15 min.
Treatments with the SNAP-PROTACs were performed using the
concentrations and timepoints indicated in the respective
figure description. To indirectly assess binding of the SNAP-
ligands and SNAP-PROTACs to the SNAP-tag, in lysate labeling
was performed. For this, the cultured cells were trypsinised,
resuspended in growth medium and collected by centrifugation
at 1.000 g for 5 min at RT. Pellets were washed with PBS before
resuspension in lysis buffer (50 mM Tris pH 7.5, 100 mM NacCl,
0.1% Tween20, 1x protease inhibitor cocktail (Roche)). Lysed
cells were incubated with 1.5 puM SNAP-TMR dye for 30 min
at RT and then mixed in a 1:1 ratio with 100 mM Tris pH 7.5,
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300 mM NaCl, 2 mM EDTA, 0.5% SDS, 2% NP-40, 1% Triton
X-100, 1x protease inhibitor cocktail (Roche) and incubated on
ice for 15 min. Next, the cells were spun down at 20.000 g for
10 min, the supernatant was collected and the protein concen-
tration determined using the Pierce™ BCA Protein Assay Kit
(Thermo Scientific). The remaining supernatant was mixed
with 4x SDS sample buffer (200 mM Tris pH 6.8, 8% SDS,
40% glycerol, 4% B-mercaptoethanol, bromophenol blue) and
incubated at 95 °C for 5 min before analysis by SDS-PAGE. SDS-
PAGE gels were supplemented with 0.5% 2,2,2-trichloroethanol
(TCE) for visualization of proteins following electrophoresis.
TCE and SNAP-TMR signals were detected with the stain-free
(UV light) and Cy3 settings of the ChemiDoc MP imaging
system (BioRad), respectively. Band quantification from SDS-
PAGE gels was performed with Image Lab (BioRad). TMR
signals were normalized to TCE signals as loading controls.
Data were plotted and analysed in Prism (GraphPad).

Western blot

Cells were harvested on ice in lysis buffer (50 mM Tris pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.25% SDS, 1% NP-40, 0.5% Triton
X-100, 1x protease inhibitor cocktail (Roche)). Lysates were
centrifuged for 10 min at 20.000 g at 4 °C and further processed
as described above. Protein extracts were applied to SDS-PAGE
gels followed by transfer to a nitrocellulose membrane for
90 min at 75 V. Membranes were blocked in 5% non-fat dry
milk in TBS supplemented with 0.1% Tween-20 for 1 h prior to
incubation with the primary antibody dilutions. Membranes
were probed for CLC (Merck, Cat#AB9884, 1:000), actin
(Santa Cruz Biotechnology, Catttsc-47778, 1:1000), or tubulin
(Sigma-Aldrich, Cat#T9026, 1:10.000). Incubation was per-
formed overnight at 4 °C and followed by incubation with
HRP-conjugated secondary antibodies diluted 1:20.000 in
TBS supplemented with 0.1% Tween-20 (anti-mouse-HRP, Invi-
trogen, Cat#31444 or anti-rabbit-HRP, Invitrogen, #31460).
Secondary antibodies were incubated for 45 min at RT before
detection at the ChemiDoc MP imaging system (BioRad) using
ECL start (Cytiva) or ECL prime (Cytiva) western blotting detec-
tion reagents. Band intensities were analyzed using Image Lab
(BioRad) and further processed using Prism (Graphpad).

Flow cytometry

Cultured cells were trypsinised, resuspended in growth medium
and collected by centrifugation at 1.000 g for 5 min. Growth
medium was removed and cells were resuspended in PBS, 1%
FBS, 1 mM EDTA and transferred to a 96-well plate. Cells were
flowed at the Miltenyi MACSQuant VYB Flow Cytometer, mea-
suring 20.000 events per sample. Flow cytometry data (fcs-files)
were analysed in Kaluza (Beckmann Coulter) and plotted in
Prism (Graphpad).

Fluorescence microscopy

For microscopy experiments cells were grown on fibronectin
coated coverslips and, after the indicated treatment, fixed in
4% paraformaldehyde in PBS. Cells were permeabilized, and
blocked in 10% FBS in PBS + 0.01% Triton X-100, for 45 min at
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RT, followed by incubation with Alexa Fluor-633 Phalloidin
(Invitrogren, Cat#A22284, 1:2000) and Hoechst for 45 min at RT.
Coverslips were mounted on microscopy slides in Vectashield
mounting medium (Vector Laboratories). Images were acquired at
a Leica TCS SP8 HCS A using a 63x oil objective and processed
using Fiji.*

Sample preparation for LC/MS

Single-Pot Solid-Phase-enhanced Sample Preparation (SP3) for
LC/MS sample preparation for LC/MS/MS is based on the SP3
protocol.*® 15 pg protein extracts were taken up in 100 pL 1x
SP3 lysis buffer (final concentrations: 1% (wt/vol) SDS; 10 mM
TCEP; 200 puL 40 mM chloracetamide; 250 mM HEPES pH 8) and
heated for 5 min at 90 °C. After cooling the samples to room
temperature 7 units Benzonase (Merck) were added to each
sample and incubated for 30 min at 37 °C. Next the Benzonase
treated samples were mixed with 150 pg hydrophobic
(#65152105050250) and 150 pg hydrophilic (#45152105050250)
SeraMag Speed Beads (Cytiva) (bead to protein ratio 10 to 1) and
gently mixed. Then 100 pL 100% vol/vol Ethanol (EtOH) was
added before incubation for 20 min at 24 °C shaking vigorously.
The beads were collected on a magnet and the supernatant
aspirated. The beads were then washed 4 times with 180 pL 80%
EtOH (collection time on the magnet minimum of 4 min). The
beads were finally taken up in 100 pL 25 mM ammoniumbicar-
bonate (ABC) containing 1 pg trypsin (protein:trypsin ratio
30:1). To help bead dissociation, samples were incubated for
5 min in a sonification bath (preheated to 37 °C). Samples were
incubated overnight, shaking vigorously (1300 rpm). Next day
samples were acidified with formic acid (FA, final 1% vol/vol)
before collection on a magnet. The supernatants were trans-
ferred to a fresh Eppendorf tube, before removing trace beads
using a magnet for 5 min. The tryptic digests were then desalted
on home-made C18 StageTips as described.*' Briefly, peptides
were immobilized and washed on a 2 disc C18 StageTip. Samples
were then dried using a vacuum concentrator (Eppendorf) and
the peptides were taken up in 0.1% formic acid solution (10 pL)
and directly used for LC-MS/MS experiments.

LC-MS/MS

Experiments were performed on an Orbitrap Fusion Lumos
(Thermo) that was coupled to an EASY-nLC 1200 liquid chro-
matography (LC) system (Thermo). The LC was operated in the
one-column mode. The analytical column was a fused silica
capillary (75 pm X 41 cm) with an integrated frit emitter
(CoAnn Technologies) packed in-house with Kinetex C18-XB
core shell 1.7 pm resin (Phenomenex). The analytical column
was encased by a column oven (Sonation) and attached to a
nanospray flex ion source (Thermo). The column oven tem-
perature was adjusted to 50 °C during data acquisition. The LC
was equipped with two mobile phases: solvent A (0.2% formic
acid, FA, 99.9% H,0) and solvent B (0.2% formic acid, FA, 80%
Acetonitrile, ACN, 19.8% H,0). All solvents were of UPLC grade
(Honeywell). Peptides were directly loaded onto the analytical
column with a maximum flow rate that would not exceed the
set pressure limit of 980 bar (usually around 0.5-0.7 uL min ™).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Peptides were subsequently separated on the analytical column
by running a 105 min gradient of solvent A and solvent B (start
with 3% Bj; gradient 3% to 9% B for 6:30 min; gradient 9% to
30% B for 62:30 min gradient 30% to 50% B for 24 min;
gradient 50% to 100% B for 2:30 min and 100% B for
9:30 min) at a flow rate of 300 nl min~". The mass spectro-
meter was operated using Tune v3.3.2782.28. The mass spectro-
meter was set in the positive ion mode. Precursor ion scanning
was performed in the Orbitrap analyzer (FTMS; Fourier trans-
form mass spectrometry) in the scan range of m/z 300-1500 and
at a resolution of 240000 with the internal lock mass option
turned on (lock mass was 445.120025 m/z, polysiloxane).*?
Product ion spectra were recorded in a data dependent fashion
in the ITMS at “rapid” scan rate. The ionization potential (spray
voltage) was set to 2.5 kV. Peptides were analyzed using a
repeating cycle consisting of a full precursor ion scan (AGC
standard; max acquisition time “Auto”) followed by a variable
number of product ion scans (AGC 300% and acquisition time
auto) where peptides are isolated based on their intensity in the
full survey scan (threshold of 4000 counts) for tandem mass
spectrum (MS2) generation that permits peptide sequencing
and identification. Cycle time between MS1 scans was 3 s.
Fragmentation was achieved by stepped higher energy collision
dissociation (sHCD) (NCE 27, 32, 40). During MS2 data acquisi-
tion dynamic ion exclusion was set to 20 seconds and a repeat
count of one. Ion injection time prediction, preview mode for
the FTMS, monoisotopic precursor selection and charge state
screening were enabled. Only charge states between +2 and +7
were considered for fragmentation.

Peptide and protein identification using MaxQuant

RAW spectra were submitted to an Andromeda®® search in
MaxQuant (2.0.2.0.) using the default settings** Label-free
quantification and match-between-runs was activated.*> The
MS/MS spectra data were searched against the Uniprot
H. sapiens reference proteome (ACE_0719_UP000005640_9606_-
full.fasta; 79071 entries) where the original P09496|CLCa
sequence was replaced by the SNAP-CLCa version used in this
project. All searches included a contaminants database search
(as implemented in MaxQuant, 245 entries). The contaminants
database contains known MS contaminants and was included
to estimate the level of contamination. Andromeda searches
allowed oxidation of methionine residues (16 Da) and acetyla-
tion of the protein N-terminus (42 Da). Carbamidomethylation
on cysteine (57 Da) was selected as static modification. Enzyme
specificity was set to ‘“‘trypsin/P”’. The instrument type in
Andromeda searches was set to Orbitrap and the precursor
mass tolerance was set to 20 ppm (first search) and +4.5 ppm
(main search). The MS/MS match tolerance was set to £0.5 Da.
The peptide spectrum match FDR and the protein FDR were set
to 0.01 (based on target-decoy approach). For protein quantifi-
cation unique and razor peptides were allowed. Modified
peptides were allowed for quantification. The minimum score
for modified peptides was 40. Label-free protein quantification
was switched on, and unique and razor peptides were considered
for quantification with a minimum ratio count of 2. Retention
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times were recalibrated based on the built-in nonlinear time-
rescaling algorithm. MS/MS identifications were transferred
between LC-MS/MS runs with the “match between runs” option
in which the maximal match time window was set to 0.7 min and
the alignment time window set to 20 min. The quantification is
based on the “value at maximum” of the extracted ion current. At
least two quantitation events were required for a quantifiable
protein. Further analysis and filtering of the results was done in
Perseus v1.6.10.0.® Comparison of protein group quantities
(relative quantification) between different MS runs is based solely
on the LFQs as calculated by MaxQuant, MaxLFQ algorithm.*

Free energy calculations

FEP calculations were conducted on a series of analogs of the
SNAP2 ligand with diverse substitutions in the phenyl ring.
The unsubstituted benzyl chloropyrimidine was chosen as the
reference ligand due to its shared substructure with all the
assessed molecules. For compounds capable of binding in two
different orientations due to a 180-degree rotation of a pyridine
ring or a phenyl ring with a meta-substituent (1b, 1d, 1f, 1h, 1j,
and 1m), both conformations were simulated. Throughout the
simulations, all ligands exhibited low root-mean-square devia-
tion (RMSD) values relative to their initial conformations.

Protein structures were retrieved from the protein data bank
(PDB) at https://www.rcsb.org and subsequently imported into
Maestro (Schrodinger Release 2023-4: Schrodinger, LLC: NewYork,
NY, 2023). Protein Preparation Wizard in Maestro were used
to process these structures. LigPrep with Epik were used for
assigning protonation states.”” To generate 3D conformations
within the binding site, Glide core-constrained docking, based
on the co-crystallized ligand as a reference, was executed.*® Poses
resulting from this procedure underwent visual inspection. In
cases where multiple potential binding modes were identified
(especially for molecules with a single m-substitution), the second
symmetrical conformation was manually generated by adjusting
the corresponding torsion.

Prospective free energy calculations were subsequently carried
out using the Schrédinger FEP+ method within Schrodinger Suite
version 2023-4.*° The OPLS4 forcefield, using the custom para-
meters generated via the Force Field Builder, was employed.*
Calculations adhered to default settings, with the sampling
extended to 10 ns per A-window and a total of 48 A-windows per
transformation. Optimal topology perturbation map was biased
towards the ligand with the unsubstituted phenyl ring. The results
of calculations were analyzed using the FEP+GUI.

Results and discussion
Development of VHL-SNAP-PROTACs

To identify PROTACs that afford rapid and efficient degrada-
tion of SNAP-fusion proteins, we initially synthesized a set
of compounds recruiting the VHL E3 ligase. We used the
VHL-ligand depicted in Fig. 1B and explored alkyl-linkers of
varying length, extending from the amine exit vector, in combi-
nation with the SNAP1 ligand (Scheme S1, ESIT). To screen the
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Fig. 1 Development of VHL-recruiting SNAP- and CLIP-tag targeting PROTACSs. (A) Crystal structure of benzylated SNAP-tag. (B) Chemical structures of
selected PROTACs comprising the SNAP1- or CLIP ligands, linker, and VHL-recruiting ligand (related to Scheme S1, ESIf). (C) Flow cytometry analysis of
SNAP-EGFP levels in HEK293 SNAP-EGFP cells treated with different concentrations of VHL-SNAP1-PROTACSs for 24 h. (D) Flow cytometry analysis of
CLIP-EGFP levels in HEK293 CLIP-EGFP cells treated with different concentrations of VHL-CLIP-PROTACs for 24 h. (E) Analysis of cross-reactivity of
SNAP- and CLIP-targeting PROTACs. HEK293 cells expressing either SNAP-EGFP or CLIP-EGFP were treated for 24 h with 2.5 pM VHL-CLIP-5C or 1 uM
VHL-SNAP2-5C. Decrease in EGFP-levels was measured by flow cytometry (n = 3, data represent mean + s.d.).

VHL-SNAP1-PROTAC series in a high-throughput manner, we
generated a SNAP-EGFP-expressing HEK293 cell line, which
enables quantification of protein levels by flow cytometry
(Fig. 1B and Fig. S1A, ESIt). In a dose response PROTAC
treatment for 24 h we observed a reduction of SNAP-EGFP
levels for all tested VHL-SNAP1-PROTACs (Fig. 1C). PROTACs
with a linker length of n = 4-6 carbons proved most efficient in
inducing SNAP-EGFP degradation.

On the basis of the VHL-SNAP-PROTACS, we also generated
CLIP-tag targeting PROTACs with a linker length of n = 4-6
carbons (Fig. 1B) and assessed their degradation efficiency by
flow cytometry in a CLIP-EGFP-expressing HEK293 cell line
(Fig. 1D and Fig. S1B, ESIf). The maximum degradation of
CLIP-EGFP was ~50% at 5-100 uM PROTAC concentration.
The overall low potency of the CLIP-PROTACs may be due to
their reduced solubility in growth medium, as strong precipita-
tion was observed at concentrations of 50-100 uM. Neverthe-
less, to explore degradation selectivity, we tested the cross-
reactivity of SNAP- and CLIP-targeting PROTACs (Fig. 1E), given
that minor cross-reactivity of TMR functionalized SNAP and
CLIP-ligands was previously reported.”® Treating SNAP-EGFP
expressing cells with 2.5 uM VHL-CLIP-5C resulted in a minor
decrease (~5%) of protein levels, while VHL-SNAP2-5C did not

1236 | RSC Chem. Biol., 2024, 5,1232-1247

induce degradation of CLIP-EGFP at 1 puM concentration
for 24 h.

Overall, our initial screening efforts revealed a linker length
(n = 4-6 carbons) that enables productive degradation of the
SNAP-EGFP fusion protein by the VHL E3 ligase, with minimal
cross-reactivity with the CLIP-tag.

Improving SNAP-ligand chemistry

We next wanted to improve the SNAP-PROTACs by optimizing
the SNAP ligand. Previous work focused on protein engineering
of the SNAP-tag and evaluating the influence of the guanine or
pyrimidine leaving group of the SNAP ligand to increase
reactivity (Fig. 24).""""°> We therefore turned to the phenyl
ring of the SNAP ligand (Fig. 2A) with the goal of improving
SNAP labeling efficiency. In addition, we wanted to expand the
chemistry that could be utilized for SNAP-PROTAC synthesis
and that potentially could further increase cell permeability.
With these criteria in mind, we selected 15 SNAP ligands
(Fig. 2B) with varied substituents on the phenyl ring to afford
differing electronic impact on the benzylic position, in combi-
nation with the previously described more cell-permeable
chloropyrimidine-based SNAP2 ligand (1i)."" In our design, we
included reversed amides (1a-f), relative to the reference

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compound 1i, allowing the exploration of more electron-
deficient benzylic positions, as well as new chemistry. Amides
from primary (1a-b, e-f) and secondary amines (1c-d) were also
included, as many commercial building blocks and intermedi-
ate collections have terminal amines.” Alkyne (1g-h) and ether
(1l-m) substituents have the potential to improve cell perme-
ability, by removal of the amide, and provide new chemistry.
Differences in the substitution pattern on the phenyl ring (ortho,
meta, or para, e.g. 1i-k) affect the reactivity of the benzylic
position. In the context of a PROTAC, different exit vectors can
potentially change the spatial arrangement in the ternary

© 2024 The Author(s). Published by the Royal Society of Chemistry

complex and hence affect degradation potency.>* Removal of
the methylene bridge of 1i would provide 1n, which would yield a
more electron rich benzylic position, as well as reduced flexibility
of the exit vector. We were able to synthesize 13 of the 15 selected
ligands (Fig. 2B). 1n and 10 could not be obtained, since we
observed immediate degradation of any formed product during
synthesis. We speculate that this instability may arise from
promotion of a Sy1 type pathway in electron rich substrates that
generates a highly reactive benzylic carbocation in situ.
Labeling of the SNAP-tag depends on the formation of a
SNAP-tag-ligand complex. Accordingly, Wilhelm et al have
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previously seen a correlation between ligand binding affinities
and SNAP-tag labeling kinetics.”>! To categorize the 13 obtained
chloropyrimidines (1a-m), we therefore set out to predict
binding affinities. The synthesized compounds belong to a
congeneric series (Fig. 2B) and are all close analogues, which
makes relative Free Energy Perturbation (FEP) calculations a
suitable tool to assess binding affinities. We conducted FEP
calculations starting from a crystal structure of the SNAP-tag in
complex with the benzylguanine (PDB code: 3KZZ), assuming
that benzylguanines share a similar binding mode with benzyl
chloropyrimidines. Interestingly, four compounds (1a, 1c, 1d,
and 1j) are predicted to have affinities comparable to or better
than the reference compound 1i (Table S1, ESIt). Compound 1k
was predicted not to form a productive protein-substrate
complex due to steric clashes with the SNAP-tag (Table S1, ESIT).

We tested the ability of the obtained compounds to engage
the SNAP-EGFP protein in HEK293 cells, given our final goal to
use them as target-recruiting elements in PROTACs. We indir-
ectly monitored their engagement of the SNAP-tag, by labeling
unengaged SNAP-EGFP protein in cell lysates with a SNAP-TMR
dye. Initially we compared SNAP-TMR-labeling of the SNAP-EGFP
protein upon treating cells with the SNAP1- and SNAP2-ligands.
While faster reaction kinetics are described for SNAP1- versus
SNAP2-ligands in experiments using purified SNAP-protein,”" in
cells, the more cell-permeable SNAP2 ligand outperformed
SNAP1 (Fig. 2C). Upon 15 min incubation at 1 pM compound
concentration, the SNAP2 ligand yielded a nearly complete block
of SNAP-EGFP labeling with the SNAP-TMR dye. In fact, from the
13 compounds shown in Fig. 2B, the SNAP2 ligand, reference
compound 1i, most potently blocked labeling with the SNAP-
TMR dye (Fig. 2D). Notably, two compounds, 1a and 11, blocked
SNAP-TMR labeling to a similar extent (Fig. 2D). Compound 11,
while engaging the SNAP-EGFP protein in cells, is unstable.
Characterization of chemical stability (Table S2, ESIT) showed
a short half-life for 11 at pH 7.4 (¢;, ~ 10 h) compared to 1i and
1a (t;, > 149 days). To our surprise 1c and 1d, were inactive in
cells. We further tried to rationalize this discrepancy between in-
cell data and FEP calculations. However, 1c showed comparable
chemical stability to the reference compound 1i (Table S2, ESIt)
and molecular docking showed that the piperidine substituent of
1c is solvent exposed, excluding any steric clashes (Fig. S2, ESIT).

The para-substituted 1g and meta-substituted compounds
1b, 1h, 1j, and 1m, showed reduced but robust engagement of
the SNAP-tag (40-80%) in our assay. Of these, 1b, carrying a
reversed amide, showed the highest potency for blocking SNAP-
TMR labeling. In line with the computational prediction, ortho-
substituted 1k, did not impair SNAP-TMR labeling, suggesting
that this compound cannot engage with the SNAP-tag.

In summary, we found that the methylene-linked amide, as
in 1i, harbors the required sweet spot of reactivity and stability
for efficient and selective SNAP-tag labeling. Increasing electron
density in the phenyl ring results in compounds that still label
the SNAP-tag but are unstable in buffer conditions (e.g. 1l).
A reversed amide in the para position, as in 1a, is however
feasible and enables conjugation to the SNAP2 ligand in a so far
undescribed manner, by a simple amide coupling reaction to
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the SNAP-targeting phenyl core component. In general, we
found that substitutions at the para position (1a, 1i, 11) afford
highest SNAP labeling, however substitutions at the meta posi-
tion are also well tolerated (e.g. 1b) and could potentially be
explored for the generation of PROTACs.

PROTACs with an improved SNAP-targeting ligand

To improve the lead VHL-SNAP1-PROTACs, we synthesized
matched-pairs using the previously reported more cell perme-
able SNAP2 ligand (1i) (Fig. 3A)."" SNAP1- and SNAP2-derived
PROTACs have similar molecular weight, we did however
observe a smaller experimental polar surface area (EPSA)
(14 A* smaller) and higher ChromLogD values (~1.5 units
higher) for the SNAP2-derived PROTACs (n = 4-6 carbons)
(Table S3, ESIT). According to emerging guidelines for achiev-
ing oral absorption of beyond rule of 5 compounds, size and
polarity influence passive cell permeability.>>*® With this in
mind, cell permeability is predicted to be higher for VHL-
SNAP2-PROTACs. Indeed, all VHL-SNAP2-PROTACs induced
SNAP-EGFP protein degradation at lower concentrations than
the matching VHL-SNAP1-PROTACs (Fig. 3B), while the max-
imum degradation that could be achieved remained unchanged.
PROTAC concentrations of 50-100 uM disfavor the formation of
a ternary complex between SNAP-EGFP, PROTAC and the E3
ligase and therefore result in reduced degradation, illustrating
the so-called hook effect (Fig. 3B). A more pronounced hook-
effect at lower PROTAC concentration was observed for VHL-
SNAP2-PROTAC-4C and -6C, hinting at a higher intracellular
PROTAC concentration, and thus improved cell permeability.
For further characterization, we chose the VHL-SNAP1/2-
PROTAC-pair containing the 5-carbon linker. By applying a
similar strategy, as shown in Fig. 2C - labeling of unengaged
SNAP-EGFP protein with a SNAP-TMR dye - we assessed differ-
ences in cell permeability of the PROTACs. Using the SNAP-
PROTACs at the concentrations, which achieved maximum
degradation in the dose response screen, VHL-SNAP2-5C at
1 uM showed faster target engagement than VHL-SNAP1-5C at
2.5 uM (Fig. 3C), corroborating the higher cell permeability
contributed by the SNAP2 ligand."" However, while over 75% of
SNAP-EGFP protein was engaged with VHL-SNAP2-5C after 2 h
of treatment, degradation showed slower kinetics (Fig. 3D).
In fact, time course analyses of SNAP-EGFP degradation by flow
cytometry showed only minor differences between SNAP1- or
SNAP2-based VHL-PROTACS (Fig. 3E and Fig. S3, ESIf). These
data indicate that target engagement is not the rate limiting
step in SNAP-EGFP degradation, but possibly ternary complex
formation and further downstream processing of the target. For
the following experiments, we continued working with the VHL-
SNAP2-PROTAC-based compounds, which showed faster SNAP-
tag engagement and a trend towards faster degradation.
Accordingly, we developed potent and specific VHL-recruiting
PROTAC: for the degradation of SNAP fusion proteins. The three
VHL-SNAP2-PROTACs (-4C, -5C, -6C) induce efficient degradation
of the SNAP-EGFP protein and can be explored in a target-specific
manner, when applying this technology to other SNAP-fusion
proteins. Notably, the three compounds do not show cytotoxicity

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ligand. (B) Dose response of VHL-SNAP1- or -SNAP2-based PROTACs in HEK293 SNAP-EGFP cells treated for 24 h. SNAP-EGFP levels were quantified by flow
cytometry (n = 3, data represent mean + s.d.). (C) SDS-PAGE of HEK293 SNAP-EGFP cells after time course with either 1 uM VHL-SNAP2-5C or 2.5 uM VHL-
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up to 50 uM treatment concentration (Table S3, ESIt). Additional
data on physicochemical properties of the lead compounds are
listed in Table S3 (ESIY).

Development of CRBN-SNAP-PROTACs

To further increase the versatility of SNAP-PROTACs as
chemical biology tools, we explored PROTACs recruiting the

© 2024 The Author(s). Published by the Royal Society of Chemistry

CRBN E3 ligase. Previous work showed that the target
spectrum®”’ and cell line-specific activity’® of PROTACs is
E3 ligase-dependent, motivating our efforts to include CRBN-
ligands in developing SNAP-PROTACs. We explored different
linker lengths and compositions as well as two exit vectors of
the CRBN ligand (Fig. 4A and Fig. S4A, ESIY), as these can affect
ternary complex formation and hence degradation efficiency.®
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Since SNAP2 ligand-based VHL-PROTACs showed faster target
engagement (Fig. 3), we excluded the SNAP1 ligand from our
design. From the resulting CRBN-PROTAC series CRBN5-
SNAP2-0C-PIP and CRBN5-SNAP2-1C-PIP showed the most
potent degradation of the SNAP-EGFP protein (Fig. 4B and
Fig. S4B, ESIf), with a Dp. of ~75% at 1 uM PROTAC
concentration. Also for the CRBN-recruiting PROTACs a clear
hook effect is observed at concentrations of 5 pM and higher. At

1240 | RSC Chem. Biol., 2024, 5,1232-1247

concentrations of 50-100 pM CRBN5-SNAP2-0/1C-PIP, cytotoxic
effects were obvious from visual inspection of the cells by
bright field microscopy. Data on cytotoxicity and physicochem-
ical properties are listed in Table S4 (ESIT). We also assessed
the kinetics of SNAP-EGFP degradation induced by CRBN5-
SNAP2-0C/1C-PIP at 1 uM concentration (Fig. 4C), where both
CRBN-PROTACs showed only slightly slower degradation
kinetics than the VHL-PROTACs. Hence, in addition to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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VHL-recruiting PROTACs, we developed CRBN-SNAP2-0C/1C-
PIP as efficient tools for TPD of SNAP-fusion proteins.

Mode-of-action of VHL- and CRBN-SNAP-PROTACSs

To address the mode-of-action of the developed SNAP-
PROTACs, we explored whether target degradation is induced
by the formation of a ternary complex between the SNAP-
PROTAC, the SNAP-fusion protein, and the ubiquitin E3 ligase.
We first confirmed that all lead SNAP-PROTAGC:s still bind the
respective VHL and CRBN E3 ligases in vitro (Tables S3 and 54,
ESIT). To determine the PROTAC mode-of-action in cells, we
focused on VHL-SNAP2-5C and CRBN5-SNAP2-0C/1C-PIP. To
study the dependence of PROTAC-induced degradation on E3
ligase engagement, we synthesized control compounds that do
not engage the VHL or CRBN E3 ligases. We used the previously
reported epimer of the VHL ligand to generate an inactive
analogue of the VHL-PROTAC (N-VHL-SNAP2-5C) (Fig. 3A).°%°"
For the CRBN negative control compounds (N-CRBN5-SNAP2-0C/
1C-PIP, Fig. 4A), we used a warhead, where CRBN binding is
impaired by exchanging the imide for an amide. This exchange
results in a ~1000-fold increase in ICs, values in TR-FRET
experiments (Table S4, ESIT). All control compounds at 1 uM
concentration induced only a minor reduction in SNAP-EGFP
levels at the 24 h treatment time point, demonstrating that they
are largely inactive, compared to the active PROTACs (Fig. 4D).
The activity of the VHL-based PROTAC is also reduced in the
presence of free VHL ligand, further corroborating the dependence
on the VHL E3 ligase (Fig. S4C, ESIf). Finally, we assessed the
dependency of SNAP-EGFP degradation on target engagement. We
blocked the active site of the SNAP-tag by treating cells with the
SNAP2-ligand (1i) 30 min prior to addition of 1 pM VHL-SNAP2-5C.
SNAP-EGFP degradation was completely abolished under these
conditions, confirming the dependence on the PROTAC-SNAP-tag
interaction (Fig. $4D, ESIt). The PROTAC-induced degradation of
SNAP-EGFP was also abolished by co-treating cells with the protea-
some inhibitor MG132, demonstrating that target degradation is
proteasome-dependent (Fig. 4E). Taken together, these experiments
support that the tested VHL- and CRBN-PROTACs engage their
respective ubiquitin E3 ligases and the SNAP-fusion protein to
induce the proteasomal degradation of the latter.

A cellular model for clathrin light chain visualization and
degradation

To test the applicability of SNAP-PROTACs in depleting endo-
genously tagged proteins, we generated a CRISPR-Cas9 knock-
in cell line expressing endogenously SNAP-tagged clathrin
light chain isoform a (SNAP-CLCa™", EN = endogenous) in the
haploid human cell line HAP1.%> In mammalian cells, clathrin-
coated vesicles mediate intracellular trafficking in the secretory
and endocytic pathways.®*®* The clathrin complex is a triske-
lion consisting of three clathrin heavy chains, each bound to
one clathrin light chain.®® While the clathrin heavy chains
constitute a fundamental structural component of the vesicle
coat, the clathrin light chains primarily play regulatory roles.®
Mammalian cells express two types of clathrin light chains:
CLCa and CLCb, with CLCa showing higher relative abundance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in most tissues.®” Also in HAP1 cells we observed higher levels
of CLCa compared to CLCb, as detected by a pan-CLC antibody
(Fig. 5A). We introduced an N-terminal SNAP-tag into the
endogenous locus of the CLCa gene (CTLA), thereby generating
a fusion protein with ~55 kDa (Fig. 5A). We tested the induced
degradation of SNAP-CLCa™ with the VHL-SNAP2-5C (1 uM) and
CRBN5-SNAP2-PIP-1C (0.1 pM) PROTACs at a short (2 h) and a
long (24 h) treatment time point (Fig. 5B and C). Both PROTACs
induced the depletion of SNAP-CLCa®™ nearly below detection
limit of the Western blot within 24 h (Fig. 5B and C). We
continued working with the VHL-recruiting PROTAC, since at
the 2 h-time point VHL-SNAP2-5C outperformed CRBN5-SNAP2-
PIP-1C. In a time course experiment, VHL-SNAP2-5C induced
maximum depletion of SNAP-CLCa™ within 4-6 h (Fig. 5D).

Based on this initial characterization, we performed a quan-
titative mass spectrometry experiment of HAP1 SNAP-CLCa™
cells upon 6 h and 24 h treatment with 1 yM VHL-SNAP2-5C.
The proteomics data showed a ~ 3-fold decrease of SNAP-CLCa
levels after 6 h and a ~6-fold decrease after 24 h PROTAC
treatment (Fig. 6). In contrast, the levels of the clathrin heavy
chain and of CLCb are not significantly affected by the PROTAC
treatment. At the 24 h treatment time point, we observed an
increase in levels of the endoplasmic reticulum (ER) protein
quality control factors SEC61G, Derlin, and UBQLN2, indicating
that long-term depletion of CLCa may affect (ER) protein
homeostasis. In this context, reduced levels of the Signal
Recognition Particle 19 (SRP19), which targets nascent proteins to
the ER, may contribute to a reduced protein folding load in the ER.
We also observed higher levels for the Prefoldin chaperone sub-
units -1, -5, and -6. The Prefoldin complex is a hetero-hexameric
chaperone important for the quality control of the cytoskeleton
proteins actin and tubulin.®®®® Clathrin light chains connect
clathrin-coated vesicles to the actin cytoskeleton.”®”* Previous work
further established that depleting CLCa and CLCb by siRNA leads
to actin overassembly and accumulation in patches.” Interestingly,
myosin light chain 1 (MYL1), previously associated with clathrin-
coated vesicles is also decreased at the 24 h treatment time point”*
(Fig. 6). In imaging experiments, we assessed the integrity of the
actin cytoskeleton upon PROTAC-mediated depletion of SNAP-
CLCa™ for 24 h using phalloidin (Fig. S5, ESIT). In these experi-
ments, we did not observe any bulk structural differences in the
actin cytoskeleton upon SNAP-CLCa™ degradation, suggesting that
depletion of both clathrin light chains is required for a phenotype
to manifest in imaging experiments.

We also observed other proteins significantly in- or decreased
upon PROTAC treatment (Fig. 6, shown in grey). However, to our
knowledge these hits currently have no reported functional
relation to clathrin-coated vesicles. We believe that the observed
changes are due to an indirect effect of PROTAC treatment,
which requires further investigation in follow-up studies.

Conclusion

The use of SNAP-fusion proteins has facilitated the character-
ization of a multitude of POIs. In this work, we targeted a

RSC Chem. Biol., 2024, 5,1232-1247 | 1241
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Fig. 5 Degradation of endogenously tagged SNAP-CLCa. (A) (left) Western blot of HAP1 SNAP-CLCa®N and parental HAP1 cells. CLC signal was detected
with a pan-CLC antibody. (right) Confocal images of HAP1 SNAP-CLCatN cells labeled with SNAP-TMR dye. Scale bars are 10 pm. Dose response of VHL-
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TMR-labeling. (D) Time course analysis of HAP1 SNAP-CLCaEN cells treated with 1 pM VHL-SNAP2-5C. Western blots in B—D show technical duplicates.

component of the clathrin vesicle coat in mammalian cells, by
generating a CRISPR-Cas9 knock-in cell line expressing an
endogenously SNAP-tagged CLCa fusion protein. As we could
show for SNAP-CLCa™, an engineered POI can easily be
visualized with SNAP-dyes and depleted with SNAP-PROTACs
(Fig. 5 and 6). SNAP-dyes are suitable for super-resolution
microscopy and allow tracking vesicles and tubules coated
with SNAP-CLCa™ with high precision."® Depletion experi-
ments can easily be applied in the same cell lines, provided
the SNAP-tag is homozygously integrated. Interfering with

1242 | RSC Chem. Biol., 2024, 5,1232-1247

transport processes in the secretory and endocytic pathway by
depletion of vesicle coat proteins or regulatory proteins is an
important strategy to understand the structural and regulatory
roles of POIs. As vesicle transport processes are fast-paced,
acute depletion of coat components and regulatory factors is
preferred over long-term genetic knock-out approaches. With
our TPD set-up, we identified differences between short-term
and long-term depletion of CLCa, an approach not feasible with
a genetic knock-out strategy. Specifically, our proteomics data
highlight differences between depletion of SNAP-CLCa™ from

© 2024 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/d4cb00184b

Open Access Article. Published on 21 October 2024. Downloaded on 11/6/2025 1:22:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Chemical Biology
(o] I
2 l
(]
o! !
ol |
g |
© 3 |
| :
I |
I I
| |
I I
I I
o | |
()] | |
o | |
—,' 1 1
*/CLTA (CLCa) !
1 I
: : =0.01
N L__°_ e W B, S ____ p=u.u1
! *(LTC (GHC) !
| Y 8, 9~ |
? Bl EEONG
*PEDN2
i B Dﬂg \CLTB (CL
| DR DN+ "CLTB (CLCD)
© | | |
T T T T L T 1 T L T T T
-5 -4 -3 -2 -1 0 1 2 3 4
Log2 (6h VHL-SNAP2-5C - 6h DMSO)
ol I
(20 |
(]
! 1
5! 1
g |
© oMYL1 E: !
T 1
i ! *PFDN1
I I
1 ~
I I
; *PFDN6
Q <t | UBQLN2
D 1 |
3 1 | Rl 1
| I .
7 ! \ *PFDN5
| sC|.TC(CHC) !
*CLTA (CLGa) !
N - —— - fUBEZ2D3 Lo --- | ogle Qe _ R p=0.01
I L
i |
' sPFDN2 ;
; | '
! oCLTB ((%LCb)
o : |-PFDN4 :
T T T T L T T T L T T T
-5 -4 3 -2 -1 0 1 2 3 4

Log2 (24h VHL-SNAP2-5C - 24h DMSO)

Fig. 6 Characterization of SNAP-CLCa®N depletion. Mass spectrometry analysis of cell lysates from HAP1 SNAP-CLCat" cells treated with 1 uM VHL-
SNAP2-5C for 6 h (top) or 24 h (bottom). Volcano plots show effect of VHL-SNAP2-5C on protein levels in HAP1 SNAP-CLCaEN cells relative to DMSO
control. Labeled in red are clathrin chains and myosin light chain 1 (MYL1). Green labels show subunits of the Prefoldin complex. Orange labels show ER
protein homeostasis factors and labeled in grey are other hits that are significantly in- or decreased upon PROTAC treatment. Each experiment with four
technical replicates, each data point represents mean value. Statistical significance was determined using a two-sided Student's t test.

HAP1 cells with VHL-SNAP2-5C for 6 h and 24 h. While at the
6 h time point we did not find any group of proteins signifi-
cantly increased, we observed higher protein levels of prefoldin
chaperone subunits at the 24 h time point, hinting at an effect
on the cytoskeleton upon CLCa depletion. Prefoldin, a multi-
subunit chaperone, facilitates the folding of actin and tubulin
subunits.®®® Its upregulation is in line with previous work
describing a role for clathrin light chains in regulating local

© 2024 The Author(s). Published by the Royal Society of Chemistry

actin assembly.”? Our imaging data show that depletion of
CLCa is not sufficient to induce previously observed phenotypes
of actin cytoskeleton disorganization, yet we anticipate that the
established SNAP-CLCa depletion system when applied in
polarized cell lines could help define non-redundant roles of
CLCa and CLCb.

Our experimental workflow for SNAP-CLCa™ serves as a
blueprint for applying SNAP-PROTACS to endogenously tagged
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SNAP-fusion proteins. In our example, we used VHL-SNAP2-5C to
induce efficient SNAP-CLCa™ degradation. However, we antici-
pate target-specific differences in SNAP-PROTAC-induced degra-
dation, as observed for other induced degradation systems
leveraging protein tags.>””’> To this end, we developed three
VHL- and two CRBN-recruiting SNAP-PROTACs that can be
screened to evaluate the most efficient target degradation. We
recommend to apply SNAP-PROTAC concentrations below 5 uM,
as a hook effect was observed at higher concentrations and
CRBN-recruiting PROTACs even showed cytotoxicity above
50 uM (Fig. 3B and 4B). This evaluation can be carried out with
an overexpressed SNAP-fusion protein, prior to, or in parallel to
the generation of a homozygous knock-in cell line, an experi-
mental workflow that is typically more time-consuming. In this
work, we used HEK293 and HAP1 cell lines, however we expect the
SNAP-PROTAC approach to be widely applicable, since the VHL
and CRBN E3 ligases are active in a wide range of cell lines.”®

A limitation of SNAP-PROTACs may be their covalent nature,
as they cannot act in a catalytic manner, thus requiring
stoichiometric PROTAC concentration to induce efficient
degradation. However, they represent an efficient means to
easily integrate loss-of-function experiments with SNAP-fusion
proteins. The SNAP-tag now combines access to protein visua-
lization, isolation, proximity biotinylation, and TPD in a single
protein tag and thereby greatly reduces genetic engineering
efforts that are often time- and cost-intensive. In general,
the introduction of SNAP-PROTACs extends the tag-PROTAC
systems and it may even be combined with previously described
TPD approaches targeting the dTag, eDHFR, the BromoTag,
or the HaloTag, as it is orthogonal to these.”’** Previous
work also highlights target-specific differences in the ability
of tag-targeting PROTACs to induce the degradation of fusion
proteins.>”””> To this end, SNAP-PROTACs may offer access to
targets which are currently difficult to degrade with existing
tag-PROTAC systems.

One future directive to further expand the applicability of
SNAP-PROTACs to different targets is the use of alternative
SNAP-targeting ligands as recruiting elements. To this end, we
identified additional SNAP-ligands, which conjugate to the
SNAP-tag in cells (Fig. 2). The activity of the reference com-
pound 1i and the top hits, 1a and 11, were predicted based on
FEP calculations. Contradictory to the FEP calculations, com-
pound 1c and 1d, were inactive in cells. One explanation for the
discrepancy could be that FEP calculations only consider the
formation of the protein-substrate complex and do not take
into account the stabilization of the transition states by the
protein. FEP calculations further only take into account the
binding affinity (i.e. Kp), but not the kinetics of the enzymatic
conjugation reaction. Taken together, we found that SNAP
ligands carrying a reversed amide (1a) or an alkyne (1g) in
the para position are well tolerated. We further showcased a
larger scope of tolerated substitutions in the meta position,
previously unexplored (1b, 1h, 1j, and 1m, Fig. 2B). All of these
diverse functional handles can be explored in future design
of SNAP-targeting probes and specifically in the design of
SNAP-PROTACsS.

1244 | RSC Chem. Biol., 2024, 5,1232-1247

View Article Online

Paper

Author contributions

S. A. P. and G. S. performed cell biology experiments. J. B., S. L.,
D. L. P. and M. P. performed chemical synthesis. F. K. and M. K.
performed MS experiments. L. W. D. and F. B. engineered the
HAP1 cell line. V. P. B. performed FEP calculations. M. P. and
D. H. conceived, outlined, and supervised the project. M. P.
and D. H. prepared the manuscript with the help of G. S., S. L.,
and V. P. B, and input from all co-authors.

Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE’® partner
repository  (https://www.ebi.ac.uk/pride/archive/) with the
dataset identifier PXD049283.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

We thank Lars Borgards, Tim Vanselow, Yannick Schnurbusch,
Lea Robin Krift, Anne Derichs, and Lorena Lindermann for
support of cell biology experiments. We also thank Svenja
Heimann and Jenny Bormann for help with sample preparation
for mass spectrometry. We thank Malin Lemurell for support-
ing the project. This work was funded by the Sofja Kovaleves-
kaja Award by the Alexander von Humboldt Foundation
endowed by the Federal Ministry of Education and Research
and by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) - SFB1430 - Project-ID 424228829 (sub-
projects: A07 (D. H.), BO1 (M. K.), Z03 (F. K.)). L. W. D.’s work is
funded by the DFG - Project-ID 278001972 — TRR 186 and Freie
Universitdt Berlin. We acknowledge the Imaging Center Cam-
pus Essen (ICCE), Center of Biotechnology (ZMB), University of
Duisburg-Essen, for providing the imaging equipment and sup-
port in microscope usage and image analysis. Leica TCS SP8 HCS
A microscope was funded by the Deutsche Forschungsge-
meinschaft (DFG, German Research Foundation) - Project-ID
219183055.

References

1 G. Vandemoortele, S. Eyckerman and K. Gevaert, Pick a Tag
and Explore the Functions of Your Pet Protein, Trends
Biotechnol., 2019, 37(10), 1078-1090.

2 N. Johnsson and K. Johnsson, A fusion of disciplines:
chemical approaches to exploit fusion proteins for func-
tional genomics, ChemBioChem, 2003, 4(9), 803-810.

3 C. A. Hoelzel and X. Zhang, Visualizing and Manipulating
Biological Processes by Using HaloTag and SNAP-Tag Tech-
nologies, ChemBioChem, 2020, 21(14), 1935-1946.

4 H. Bukhari and T. Muller, Endogenous Fluorescence Tag-
ging by CRISPR, Trends Cell Biol., 2019, 29(11), 912-928.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://www.ebi.ac.uk/pride/archive/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00184b

Open Access Article. Published on 21 October 2024. Downloaded on 11/6/2025 1:22:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

5

10

11

12

13

14

15

16

17

18

19

J. A. Doudna and E. Charpentier, Genome editing. The new
frontier of genome engineering with CRISPR-Cas9, Science,
2014, 346(6213), 1258096.

P. D. Hsu, E. S. Lander and F. Zhang, Development and
applications of CRISPR-Cas9 for genome engineering, Cell,
2014, 157(6), 1262-1278.

A. Gautier, A. Juillerat, C. Heinis, I. R. Correa, M. Kindermann
and F. Beaufils, et al, An engineered protein tag for multi-
protein labeling in living cells, Chem. Biol., 2008, 15(2), 128-136.
T. Gronemeyer, C. Chidley, A. Juillerat, C. Heinis and
K. Johnsson, Directed evolution of O6-alkylguanine-DNA
alkyltransferase for applications in protein labeling, Protein
Eng., Des. Sel., 2006, 19(7), 309-316.

A. Keppler, S. Gendreizig, T. Gronemeyer, H. Pick, H. Vogel
and K. Johnsson, A general method for the covalent labeling
of fusion proteins with small molecules in vivo, Nat. Bio-
technol., 2003, 21(1), 86-89.

A. E. Pegg, M. E. Dolan and R. C. Moschel, Structure,
function, and inhibition of O6-alkylguanine-DNA alkyltrans-
ferase, Prog. Nucleic Acid Res. Mol. Biol., 1995, 51, 167-223.
I. R. Correa, B. Baker, A. Zhang, L. Sun, C. R. Provost and
G. Lukinavicius, et al, Substrates for improved live-cell
fluorescence labeling of SNAP-tag, Curr. Pharm. Des., 2013,
19(30), 5414-5420.

F. Bottanelli, E. B. Kromann, E. S. Allgeyer, R. S. Erdmann,
S. Wood Baguley and G. Sirinakis, et al., Two-colour live-cell
nanoscale imaging of intracellular targets, Nat. Commun.,
2016, 7, 10778.

A. Stockhammer, P. Adarska, V. Natalia, A. Heuhsen,
A. Klemt and G. Bregu, et al., ARF1 compartments direct
cargo flow via maturation into recycling endosomes, Nat.
Cell Biol., 2024, DOIL: 10.1038/s41556-024-01518-4.

X. Sun, A. Zhang, B. Baker, L. Sun, A. Howard and J. Buswell,
et al., Development of SNAP-tag fluorogenic probes for
wash-free fluorescence ChemBioChem, 2011,
12(14), 2217-2226.

J. B. Grimm, A. N. Tkachuk, R. Patel, S. T. Hennigan, A. Gutu
and P. Dong, et al.,, Optimized Red-Absorbing Dyes for
Imaging and Sensing, J. Am. Chem. Soc., 2023, 145(42),
23000-23013.

E. Prifti, L. Reymond, M. Umebayashi, R. Hovius, H. Riezman
and K. Johnsson, A fluorogenic probe for SNAP-tagged
plasma membrane proteins based on the solvatochromic
molecule Nile Red, ACS Chem. Biol., 2014, 9(3), 606-612.

K. H. Jung, S. F. Kim, Y. Liu and X. Zhang, A Fluorogenic
AggTag Method Based on Halo- and SNAP-Tags to Simulta-
neously Detect Aggregation of Two Proteins in Live Cells,
ChemBioChem, 2019, 20(8), 1078-1087.

D. C. McCutcheon, G. Lee, A. Carlos, J. E. Montgomery and
R. E. Moellering, Photoproximity Profiling of Protein-
Protein Interactions in Cells, J. Am. Chem. Soc., 2020,
142(1), 146-153.

D. Erhart, M. Zimmermann, O. Jacques, M. B. Wittwer,
B. Ernst and E. Constable, et al., Chemical development of
intracellular protein heterodimerizers, Chem. Biol., 2013,
20(4), 549-557.

imaging,

© 2024 The Author(s). Published by the Royal Society of Chemistry

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

View Article Online

RSC Chemical Biology

J. Diamantino and D. Hellerschmied, Cellular Principles of
Targeted Protein Degradation, in Inducing targeted protein
degradation: from chemical biology to drug discovery and
clinical applications, ed. Cromm P., 2023, p. 25-62.

M. Bekes, D. R. Langley and C. M. Crews, PROTAC targeted
protein degraders: the past is prologue, Nat. Rev. Drug
Discovery, 2022, 21(3), 181-200.

S. Ramachandran and A. Ciulli, Building ubiquitination
machineries: E3 ligase multi-subunit assembly and sub-
strate targeting by PROTACs and molecular glues, Curr.
Opin. Struct. Biol., 2021, 67, 110-119.

T. Ishida and A. Ciulli, E3 Ligase Ligands for PROTACs: How
They Were Found and How to Discover New Ones, SLAS
Discovery, 2021, 26(4), 484-502.

D. Chirnomas, K. R. Hornberger and C. M. Crews, Protein
degraders enter the clinic - a new approach to cancer
therapy, Nat. Rev. Clin. Oncol., 2023, 20(4), 265-278.

G. M. Burslem and C. M. Crews, Proteolysis-Targeting
Chimeras as Therapeutics and Tools for Biological Discov-
ery, Cell, 2020, 181(1), 102-114.

C. Mayor-Ruiz and G. E. Winter, Identification and char-
acterization of cancer vulnerabilities via targeted protein
degradation, Drug Discovery Today: Technol., 2019, 31,
81-90.

B. Nabet, F. M. Ferguson, B. K. A. Seong, M. Kuljanin,
A. L. Leggett and M. L. Mohardt, et al, Rapid and direct
control of target protein levels with VHL-recruiting dTAG
molecules, Nat. Commun., 2020, 11(1), 4687.

B. Nabet, J. M. Roberts, D. L. Buckley, J. Paulk, S. Dastjerdi
and A. Yang, et al., The dTAG system for immediate and
target-specific protein degradation, Nat. Chem. Biol., 2018,
14(5), 431-441.

A. G. Bond, C. Craigon, K. H. Chan, A. Testa, A. Karapetsas
and R. Fasimoye, et al.,, Development of BromoTag: A
“Bump-and-Hole”-PROTAC System to Induce Potent, Rapid,
and Selective Degradation of Tagged Target Proteins, J. Med.
Chem., 2021, 64(20), 15477-15502.

J. M. Etersque, I. K. Lee, N. Sharma, K. Xu, A. Ruff and
J. D. Northrup, et al., Regulation of eDHFR-tagged proteins
with trimethoprim PROTACs, Nat. Commun., 2023, 14(1), 7071.
D. L. Buckley, K. Raina, N. Darricarrere, J. Hines, J. L.
Gustafson and I. E. Smith, et al.,, HaloPROTACS: Use of Small
Molecule PROTACs to Induce Degradation of HaloTag
Fusion Proteins, ACS Chem. Biol., 2015, 10(8), 1831-1837.
H. Tovell, A. Testa, C. Maniaci, H. Zhou, A. R. Prescott and
T. Macartney, et al., Rapid and Reversible Knockdown
of Endogenously Tagged Endosomal Proteins via an Opti-
mized HaloPROTAC Degrader, ACS Chem. Biol., 2019, 14(5),
882-892.

L. P. Encell, R. Friedman Ohana, K. Zimmerman, P. Otto,
G. Vidugiris and M. G. Wood, et al., Development of a
dehalogenase-based protein fusion tag capable of rapid,
selective and covalent attachment to customizable ligands,
Curr. Chem. Genomics, 2012, 6, 55-71.

G. V. Los, L. P. Encell, M. G. McDougall, D. D. Hartzell,
N. Karassina and C. Zimprich, et al, HaloTag: a novel

RSC Chem. Biol., 2024, 5,1232-1247 | 1245


https://doi.org/10.1038/s41556-024-01518-4
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00184b

Open Access Article. Published on 21 October 2024. Downloaded on 11/6/2025 1:22:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

35

36

37

38

39

40

41

42

43

44

45

46

47

48

protein labeling technology for cell imaging and protein
analysis, ACS Chem. Biol., 2008, 3(6), 373-382.

G. M. Burslem and C. M. Crews, Small-Molecule Modulation
of Protein Homeostasis, Chem. Rev., 2017, 117(17),
11269-11301.

D. Hellerschmied, Y. V. Serebrenik, L. Shao, G. M. Burslem
and C. M. Crews, Protein folding state-dependent sorting at
the Golgi apparatus, Mol. Biol. Cell, 2019, 30(17), 2296-2308.
P. Essletzbichler, T. Konopka, F. Santoro, D. Chen,
B. V. Gapp and R. Kralovics, et al., Megabase-scale deletion
using CRISPR/Cas9 to generate a fully haploid human cell
line, Genome Res., 2014, 24(12), 2059-2065.

T. B. Beigl, I. Kjosas, E. Seljeseth, N. Glomnes and
H. Aksnes, Efficient and crucial quality control of HAP1 cell
ploidy status, Biol. Open, 2020, 9(11), bio057174.

J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig,
M. Longair and T. Pietzsch, et al, Fiji: an open-source
platform for biological-image analysis, Nat. Methods, 2012,
9(7), 676-682.

C. S. Hughes, S. Moggridge, T. Muller, P. H. Sorensen,
G. B. Morin and J. Krijgsveld, Single-pot, solid-phase-
enhanced sample preparation for proteomics experiments,
Nat. Protoc., 2019, 14(1), 68-85.

J. Rappsilber, M. Mann and Y. Ishihama, Protocol for micro-
purification, enrichment, pre-fractionation and storage of
peptides for proteomics using StageTips, Nat. Protoc., 2007,
2(8), 1896-1906.

J. V. Olsen, L. M. de Godoy, G. Li, B. Macek, P. Mortensen
and R. Pesch, et al., Parts per million mass accuracy on an
Orbitrap mass spectrometer via lock mass injection into a
C-trap, Mol. Cell. Proteomics, 2005, 4(12), 2010-2021.

J. Cox, N. Neuhauser, A. Michalski, R. A. Scheltema,
J. V. Olsen and M. Mann, Andromeda: a peptide search
engine integrated into the MaxQuant environment,
J. Proteome Res., 2011, 10(4), 1794-1805.

J. Cox and M. Mann, MaxQuant enables high peptide
identification rates, individualized p.p.b.-range mass
accuracies and proteome-wide protein quantification, Nat.
Biotechnol., 2008, 26(12), 1367-1372.

J. Cox, M. Y. Hein, C. A. Luber, I. Paron, N. Nagaraj and
M. Mann, Accurate proteome-wide label-free quantification
by delayed normalization and maximal peptide ratio extrac-
tion, termed MaxLFQ, Mol. Cell. Proteomics, 2014, 13(9),
2513-2526.

S. Tyanova, T. Temu, P. Sinitcyn, A. Carlson, M. Y. Hein and
T. Geiger, et al., The Perseus computational platform for
comprehensive analysis of (prote)omics data, Nat. Methods,
2016, 13(9), 731-740.

J. C. Shelley, A. Cholleti, L. L. Frye, J. R. Greenwood,
M. R. Timlin and M. Uchimaya, Epik: a software program
for pK, prediction and protonation state generation for
drug-like molecules, J. Comput.-Aided Mol. Des., 2007,
21(12), 681-691.

R. A. Friesner, J. L. Banks, R. B. Murphy, T. A. Halgren,
J. J. Klicic and D. T. Mainz, et al., Glide: a new approach
for rapid, accurate docking and scoring. 1. Method and

1246 | RSC Chem. Biol., 2024, 5,1232-1247

49

50

51

52

53

54

55

56

57

58

59

60

61

View Article Online

Paper

assessment of docking accuracy, J. Med. Chem., 2004, 47(7),
1739-1749.

L. Wang, Y. Wu, Y. Deng, B. Kim, L. Pierce and G. Krilov,
et al., Accurate and reliable prediction of relative ligand
binding potency in prospective drug discovery by way of a
modern free-energy calculation protocol and force field,
J. Am. Chem. Soc., 2015, 137(7), 2695-2703.

C. Lu, C. Wu, D. Ghoreishi, W. Chen, L. Wang and
W. Damm, et al., OPLS4: Improving Force Field Accuracy
on Challenging Regimes of Chemical Space, J. Chem. Theory
Comput., 2021, 17(7), 4291-4300.

J. Wilhelm, S. Kuhn, M. Tarnawski, G. Gotthard, J. Tunnermann
and T. Tanzer, et al., Kinetic and Structural Characterization of
the Self-Labeling Protein Tags HaloTag7, SNAP-tag, and CLIP-tag,
Biochemistry, 2021, 60(33), 2560-2575.

A. Juillerat, T. Gronemeyer, A. Keppler, S. Gendreizig,
H. Pick and H. Vogel, et al, Directed evolution of O6-
alkylguanine-DNA alkyltransferase for efficient labeling of
fusion proteins with small molecules in vivo, Chem. Biol.,
2003, 10(4), 313-317.

M. P. Plesniak, E. K. Taylor, F. Eisele, C. Kourra,
I. N. Michaelides and A. Oram, et al.,, Rapid PROTAC
Discovery Platform: Nanomole-Scale Array Synthesis and
Direct Screening of Reaction Mixtures, ACS Med. Chem.
Lett., 2023, 14(12), 1882-1890.

K. H. Chan, M. Zengerle, A. Testa and A. Ciulli, Impact of
Target Warhead and Linkage Vector on Inducing Protein
Degradation: Comparison of Bromodomain and Extra-
Terminal (BET) Degraders Derived from Triazolodiazepine
(JQ1) and Tetrahydroquinoline (I-BET726) BET Inhibitor
Scaffolds, J. Med. Chem., 2018, 61(2), 504-513.

V. Poongavanam, B. C. Doak and J. Kihlberg, Opportunities
and guidelines for discovery of orally absorbed drugs in
beyond rule of 5 space, Curr. Opin. Chem. Biol., 2018, 44,
23-29.

S. D. Edmondson, B. Yang and C. Fallan, Proteolysis target-
ing chimeras (PROTACs) in ’beyond rule-of-five’ chemical
space: Recent progress and future challenges, Bioorg. Med.
Chem. Lett., 2019, 29(13), 1555-1564.

A. C. Lai, M. Toure, D. Hellerschmied, J. Salami, S. Jaime-
Figueroa and E. Ko, et al., Modular PROTAC Design for the
Degradation of Oncogenic BCR-ABL, Angew. Chem., Int. Ed.,
2016, 55(2), 807-810.

L. T. Henneberg, J. Singh, D. M. Duda, K. Baek,
D. Yanishevski and P. J. Murray, et al., Activity-based profil-
ing of cullin-RING E3 networks by conformation-specific
probes, Nat. Chem. Biol., 2023, 19(12), 1513-1523.

A. Bricelj, C. Steinebach, R. Kuchta, M. Gutschow and
I. Sosic, E3 Ligase Ligands in Successful PROTACs: An
Overview of Syntheses and Linker Attachment Points, Front
Chem., 2021, 9, 707317.

M. Zengerle, K. H. Chan and A. Ciulli, Selective Small
Molecule Induced Degradation of the BET Bromodomain
Protein BRD4, ACS Chem. Biol., 2015, 10(8), 1770-1777.

D. L. Buckley, I. Van Molle, P. C. Gareiss, H. S. Tae, J. Michel
and D. J. Noblin, et al., Targeting the von Hippel-Lindau E3

© 2024 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/d4cb00184b

Open Access Article. Published on 21 October 2024. Downloaded on 11/6/2025 1:22:46 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

62

63

64

65

66

67

68

69

ubiquitin ligase using small molecules to disrupt the VHL/
HIF-1alpha interaction, J. Am. Chem. Soc., 2012, 134(10),
4465-4468.

L. Wong-Dilworth, C. Rodilla-Ramirez, E. Fox, S. D. Restel,
A. Stockhammer and P. Adarska, et al, STED imaging of
endogenously tagged ARF GTPases reveals their distinct nano-
scale localizations, J. Cell Biol., 2023, 222(7), €202205107.

M. Kaksonen and A. Roux, Mechanisms of -clathrin-
mediated endocytosis, Nat. Rev. Mol. Cell Biol., 2018, 19(5),
313-326.

M. S. Robinson, Forty Years of Clathrin-coated Vesicles,
Traffic, 2015, 16(12), 1210-1238.

A. Fotin, Y. Cheng, P. Sliz, N. Grigorieff, S. C. Harrison and
T. Kirchhausen, et al, Molecular model for a complete
clathrin lattice from electron cryomicroscopy, Nature,
2004, 432(7017), 573-579.

J. Das, M. Tiwari and D. Subramanyam, Clathrin Light
Chains: Not to Be Taken so Lightly, Front. Cell Dev. Biol.,
2021, 9, 774587.

S. Wu, S. R. Majeed, T. M. Evans, M. D. Camus, N. M. Wong
and Y. Schollmeier, et al., Clathrin light chains’ role in
selective endocytosis influences antibody isotype switching,
Proc. Natl. Acad. Sci. U. S. A., 2016, 113(35), 9816-9821.

V. F. Lundin, M. R. Leroux and P. C. Stirling, Quality control
of cytoskeletal proteins and human disease, Trends Biochem.
Sci., 2010, 35(5), 288-297.

I. E. Vainberg, S. A. Lewis, H. Rommelaere, C. Ampe,
J. Vandekerckhove and H. L. Klein, et al, Prefoldin, a
chaperone that delivers unfolded proteins to cytosolic cha-
peronin, Cell, 1998, 93(5), 863-873.

© 2024 The Author(s). Published by the Royal Society of Chemistry

70

71

72

73

74

75

View Article Online

RSC Chemical Biology

S. Boulant, C. Kural, J. C. Zeeh, F. Ubelmann and
T. Kirchhausen, Actin dynamics counteract membrane ten-
sion during clathrin-mediated endocytosis, Nat. Cell Biol.,
2011, 13(9), 1124-1131.

C. Y. Chen and F. M. Brodsky, Huntingtin-interacting
protein 1 (Hip1) and Hipl-related protein (Hip1lR) bind
the conserved sequence of clathrin light chains and thereby
influence clathrin assembly in vitro and actin distribution
in vivo, J. Biol. Chem., 2005, 280(7), 6109-6117.

M. Biancospino, G. R. Buel, C. A. Nino, E. Maspero, R. Scotto
di Perrotolo and A. Raimondi, et al., Clathrin light chain A
drives selective myosin VI recruitment to clathrin-coated pits
under membrane tension, Nat. Commun., 2019, 10(1), 4974.
V. Poupon, M. Girard, V. Legendre-Guillemin, S. Thomas,
L. Bourbonniere and J. Philie, et al, Clathrin light chains
function in mannose phosphate receptor trafficking via
regulation of actin assembly, Proc. Natl. Acad. Sci. U. S. A.,
2008, 105(1), 168-173.

A.D. Rouillard, G. W. Gundersen, N. F. Fernandez, Z. Wang,
C. D. Monteiro and M. G. McDermott, et al., The harmoni-
zome: a collection of processed datasets gathered to serve
and mine knowledge about genes and proteins, Database,
2016, 2016, baw100.

D. P. Bondeson, Z. Mullin-Bernstein, S. Oliver, T. A. Skipper,
T. C. Atack and N. Bick, et al, Systematic profiling of
conditional degron tag technologies for target validation
studies, Nat. Commun., 2022, 13(1), 5495.

76 J. A. Vizcaino, A. Csordas, N. del-Toro, J. A. Dianes, ]J. Griss

and I. Lavidas, et al., 2016 update of the PRIDE database and
its related tools, Nucleic Acids Res., 2016, 44(D1), D447-D456.

RSC Chem. Biol., 2024, 5,1232-1247 | 1247


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00184b



