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Dear Editor,
Targeted protein degradation (TPD) through proteasomal 
pathways has become a powerful tool for biomedical 
development (Tsai et al., 2024). PROTACs and molecular 
glues use E3 ligases to polyubiquitinate substrates for 
degradation (Békés et al., 2022). However, ubiquitination- 
dependent approaches face several challenges in their 
therapeutic use (Tsai et al., 2024). Firstly, only a few 
human E3 ligases have been successfully utilized for 
TPD, and their expression varies across cells (Békés et 
al., 2022; Khan et al., 2019; Zhao et al., 2022). Secondly, 
numerous deubiquitinating enzymes (DUBs) (Snyder 
and Silva, 2021) in targeted cells may complicate the 
degradation efficiency and promote drug resistance. 
Thirdly, it is difficult to achieve subcellular-specific deg-
radation, potentially increasing off-target toxicity. As the 
proteasome exists ubiquitously in all known cell types,  
ubiquitination-independent proteasomal degradation 
may be a solution to these challenges.

Midnolin was discovered to promote degradation of 
non-ubiquitinated proteins in a ubiquitin-independent 
manner, by directly recruiting substrates to proteasomes 
(Gu et al., 2023). As a critical nuclear regulator of protein 
homeostasis, midnolin mediates precise and rapid deg-
radation of substrates in the nucleus, such as immediate 
early gene-encoded proteins and other cell type-specific 
transcriptional regulators such as IRF4, responding to 
dynamic changes in intracellular stress and metabolic 
signals (Gu et al., 2023). Thus, the midnolin-proteasome 
pathway provides a template for developing novel TPD 

strategies through direct 26S proteasome recruitment. 
Midnolin features an N-terminal ubiquitin-like (UBL) 
domain important for substrate degradation, a Catch 
domain responsible for substrate recruitment, and a 
C-terminal α-helix (C-Helix), which mediates interac-
tions with the proteasome (Gu et al., 2023) (Figs. 1A and
S1). How midnolin interacts with the proteasome and
promotes substrate degradation remains enigmatic, hin-
dering its potential application.

To understand how midnolin interacts with 26S pro-
teasome to mediate substrate degradation, we deter-
mined the cryo-EM structures of midnolin in complex 
with 26S proteasome (Figs. 1, S2 and S3). Unsupervised 3D 
classification identified three distinct states, designated 
MA, MB, and MD, with nominal resolutions of 4.32 Å,  
3.76 Å, and 3.31 Å, respectively (Figs. 1B–D and S4;  
Table S1). All three states show clear density for midno-
lin C-Helix, but only the MB state shows clear density for 
the UBL domain of midnolin and weak density for the 
Catch domain of midnolin.

Both the AAA-ATPase channel in the regulatory parti-
cle (RP) and the 20S core particle gate are closed in the 
MA state. For the MB state, its lid is rotated ~15˚ out-
wards away from the axis of ATPase relative to the MA 
state, which enlarges the entrance to the ATPase channel  
(Fig. S5). The RP of MD state undergoes a large-scale con-
formational change, which results in the alignment of 
the translocation channel within the RP and the open 
core particle gate to facilitate substrate degradation. 
We found that MA, MB, and MD states resemble the 
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Figure 1.  Structural and mechanistic analysis of protein-degradation mediated by the midnolin-proteasome system. (A) Domain 
organization of the human midnolin. (B and C) Cryo-EM density maps of the midnolin-proteasome complex in the MA and MD 
states, respectively. (D) Cryo-EM density map (left) of midnolin-proteasome complex in the MB state and cartoon structure (right) 
of midnolin and partial RP subunits. While cryo-EM densities for MIDN-UBL and C-Helix are clearly enough for model building, the 
density for MIDN-Catch in the MB state is visible but not clear enough to allow precise model building. Thus, an AlphaFold3 model 
for the Catch domain is roughly fitted into the density. (E) Structural illustration of the MIDN C-Helix–RPN1 interaction. (F) Close-up 
views of specific interactions between MIDN C-Helix and RPN1. RPN1 and midnolin are colored in pink and slate, respectively. (G) 
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canonical ubiquitinated substrate-engaged states EA1, 
EB, and ED2 (Fig. S5A), key functional conformations for 
ubiquitin recognition, deubiquitylation, and processive 
degradation, respectively (Dong et al., 2019). Notably, in 
the MB state, MIDN-UBL binds to RPN11 and its adja-
cent Catch domain located above the AAA-ATPase entry 
site to facilitate substrate translocation and unfolding  
(Fig. 1D).

Our cryo-EM structure clearly shows that the midnolin 
C-Helix binds to the T2 site of RPN1 subunit within 26S
proteasome (Figs. 1E, S6A and S6B) through three sets of
contacts, with a hydrophobic core buttressed by hydro-
philic interactions on both sides, burying an interface
area of 1,133.5 Å2 (Fig. 1F). Using a biolayer interferom-
etry (BLI) assay, we measured the affinity between full-
length RPN1 and GST-tagged midnolin C-Helix (375–413), 
revealing a tight interaction with a KD of ~88.5 nmol/L
(Fig. S6C).

To identify interface hotspots, we generated 10 
mutants on the midnolin C-Helix residues contact-
ing RPN1 (Figs. 1G and S6E). Single or triple mutants of  
V392/L395/L399 strongly reduced or completely abolished 
the binding of midnolin to 26S proteasome, underscor-
ing the importance of this hydrophobic core. N-terminal 
mutant (E384A/N385A) strongly reduced the binding 
of midnolin to 26S proteasome (Fig. 1G). In contrast, 
C-terminal mutants (R406A/K402A, R410A/R413A,
and R405A/R409A) did not significantly affect binding
(Figs. 1G and S6E), consistent with the primary func-
tion of the 402KRLRRKARR410 segment as a nuclear local-
ization signal (Gu et al., 2023; Tsukahara et al., 2000).
Furthermore, consistent with our Co-IP results, mutants
that disrupt the interaction of C-Helix with RPN1 signifi-
cantly reduce the ability of midnolin to promote the deg-
radation of IRF4 degron fused eGFP (Fig. S6F).

In the MB state, our cryo-EM structure clearly shows 
that the UBL domain of midnolin binds to the RPN11 
subunit (Figs. 1D, S7A and S7B), a deubiquitinase subunit 
within RP with a known ubiquitin-binding site (Fig. S7C 

and S7D; Worden et al., 2017). We found that the highly 
conserved C-terminal tail of UBL (residue 102–105) forms 
an antiparallel three-stranded β sheet with the RPN11 
Ins-1 loop. And UBL Y43, L64, and L98 form a hydropho-
bic pocket with RPN11 L136. UBL L74 forms hydropho-
bic interactions with RPN11 V90. In addition, UBL T38 
and D77 form hydrogen bonds with RPN11 Q92 and K94, 
respectively. In support of this MIDN-UBL/RPN11 inter-
action model, deletion of UBL102–105 and mutagenesis of 
MIDN interface residues impair the ability of midnolin 
to promote the degradation of IRF4 degron fused eGFP  
(Fig. 1I). Overall, our structural studies of the proteasome- 
midnolin complex revealed that midnolin’s UBL domain 
and C-Helix interact with the proteasome RPN11 and 
RPN1 subunits, respectively, aligning its substrate- 
binding Catch domain above the proteasome ATPase 
motor, thus facilitating substrate degradation.

Next, we characterized degrons of known midnolin 
substrates (Fig. S8) and tested if midnolin can mediate 
the degradation of proteins indirectly recruited by mid-
nolin. Our results showed that the FOSB degron is the 
most effective one among the tested degrons, and that 
midnolin can mediate the degradation of substrates 
directly (in cis) or indirectly (in trans) by the FOSB degron 
(Fig. 1J and 1K). Thus, our work suggested that the “two-
arm” midnolin system is highly effective and can poten-
tially be engineered for the degradation of other proteins.

Therefore, we hypothesized that an engineered mid-
nolin, when its Catch domain is replaced with a binding 
domain/motif of a specific target protein, may function 
and degrade the specific target protein in the nucleus, 
named as engineered midnolin targeting chimeras 
(MidTAC; Fig. 2A). To test this hypothesis, we specifically 
tested the degradation of nuclear β-catenin, which is 
a multifunctional protein. While cadherin-associated 
β-catenin near the membrane connects adherens junc-
tions to the cytoskeleton and serves as a tumor suppres-
sor (Grimson et al., 2000), nuclear β-catenin activates 
Wnt-target genes and promotes tumorigenesis (Nusse 

Specific residues within the MIDN C-Helix are required for midnolin’s interaction with RPN1, as shown by Co-IP assays. The mutants 
are color-coded by corresponding regions in the C-Helix, same as in (E). (H) Structural illustration of the midnolin-UBL–RPN11 
interaction and key interface residues. (I) Midnolin residues mediating the UBL–RPN11 interaction are critical for promoting substrate 
degradation. The indicated wild-type full-length midnolin or its mutants were transfected into MIDN KO HEK293T cells with an 
IRF4-eGFP-P2A-mCherry plasmid. Protein stability was measured as the eGFP/mCherry ratio. The empty vector serves as a control. 
Error bars indicate standard deviations; unpaired two-tailed t tests were used for statistical analyses. (J) The FOSB degron has the 
best degradation capacity in cis among four different midnolin degrons. IRF4, c-FOS, EGR1, and FOSB peptide, which encompass the 
predicted β strand bound to the midnolin Catch domain, were either directly fused to the N-terminal (left) or C-terminal (right) side 
of eGFP to assess degradation efficiencies in cis. eGFP fusions were transfected into MIDN KO HEK293T cells with/without midnolin 
plasmids, and eGFP/mCherry ratios were measured as indicators of corresponding protein stabilities. Error bars indicate standard 
deviations; unpaired two-tailed t tests were used for statistical analyses. (K) The FOSB degron has the best degradation capacity in 
trans among four different midnolin degrons. Four midnolin degrons were either fused to the N-terminal (left) or C-terminal (right) 
side of a nanobody against eGFP for degradation in trans. EGFP-Nb fusions were co-transfected with the eGFP-P2A-mCherry plasmid 
into MIDN KO HEK293T cells with/without midnolin plasmids. Fluorescence was measured with flow cytometry and normalized to 
corresponding midnolin non-transfected pairs. Error bars indicate standard deviations; unpaired two-tailed t tests were used for 
statistical analyses.
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and Clevers, 2017). As such, for cancer treatment and 
mechanistic analysis of Wnt signaling, approaches to spe-
cifically deplete nuclear β-catenin are highly desirable. 

To substitute midnolin Catch domain, we reconstituted 
two previously reported β-catenin interacting domains 
(BID; Graham et al., 2002; Sampietro et al., 2006; Xing 
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Figure 2.  Engineered midnolin targeting chimeras (MidTAC) can efficiently promote targeted protein degradation in vitro and 
in live cells. (A) Schematic representation of engineered midnolin-mediated degradation. POI: protein of interest. (B) Structure 
superposition of β-catenin with its binders: β-catenin/ICAT complex (Graham et al., 2002) (PDB:1LUJ), β-catenin/AXIN complex (Xing et 
al., 2003) (PDB:1QZ7), and β-catenin/BCL9/TCF4 complex (Sampietro et al., 2006) (PDB:2GL7). (C) Engineered midnolin has comparable 
capacity to activate 26S proteasome as wt midnolin, as shown by in vitro peptidase activity of purified 26S proteasomes (1 nmol/L) 
and measured by AMC fluorescence after hydrolysis of LLVY-AMC (10 μmol/L). Buffer was used as a control. (D) Purified engineered 
midnolin mediated degradation of purified β-catenin in the presence of purified human 26S proteasomes in vitro, and MG132 inhibits 
this degradation. PAGE gel stained by Coomassie Brilliant Blue. (E) Schematic representation of various engineered midnolins.  
(F) MidTAC-mediated degradation of nuclear β-catenin in HEK293T cells, but not cytoplasmic β-catenin, as shown by Western blot.
Lamin B1 and GAPDH were used as loading controls. (G) MidTAC-mediated inhibition of Wnt/β-catenin signaling activity. Various
MidTACs were transfected into HEK293T cells, and the Wnt/β-catenin signaling activity was measured by TOPflash assays. Error
bars indicate standard deviations; unpaired two-tailed t tests were used for statistical analyses. (H) Schematic representation of
control and MidTACs used in (I and J). MidTAC 1 and MidTAC 2 represent the constructs shown as red and purple in (E), respectively. 
(I) Representative images of clone formation assays for HCT116 and RKO cells after transfection with the indicated lentivirus. 
(J) Quantification of clone formation ability of HCT116 and RKO cells after transfection with the indicated lentivirus, as shown in
(I). Error bars indicate standard deviations; unpaired two-tailed t tests were used for statistical analyses.
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et al., 2003), namely ICAT1–81 and BCL9347–392-AXIN436–498 
fusion (BA; Fig. 2B). Both purified MidTACs can stimulate 
26S peptidase activity with a level similar to that of wild-
type midnolin (Fig. 2C).

To directly test whether the MidTAC for β-catenin  
has the ability to specifically degrade nuclear β-catenin,  
we reconstituted an in vitro degradation system, using 
MidTAC and β-catenin purified from E. coli, and human 
26S proteasome purified from HEK293T cells (Figs. 2D 
and S9). Addition of β-catenin alone did not result in 
its degradation, while addition of MidTAC-ICAT alone 
resulted in its partial degradation, and this degrada-
tion was blocked by MG132, a proteasome inhibitor  
(Fig. 2D). Importantly, when both MidTAC-ICAT and  
β-catenin were added to the reaction, β-catenin was 
largely degraded and MidTAC-ICAT was partially 
degraded along with β-catenin, and MG132 inhibited 
β-catenin degradation (Fig. 2D). Thus we showed that 
MidTAC-ICAT can promote proteasomal β-catenin deg-
radation in reconstituted systems.

To interrogate whether MidTAC can promote nuclear 
β-catenin degradation in live cells, we generated var-
ious MidTAC constructs (Fig. 2E). We designed a short 
linker of 15 amino acids between MidTAC-UBL and BID 
to position β-catenin close to the ATPase motor. And we 
also designed different lengths of linkers between BID 
and C-Helix to ensure sufficient flexibility for MidTAC 
to function effectively. We fractionated HEK293T cells 
overexpressing MidTAC. The results showed that both 
MidTACs significantly reduced nuclear β-catenin lev-
els, but had little effect on cytoplasmic β-catenin levels 
(Fig. 2F), demonstrating the efficiency and specificity of 
MidTACs.

Using Topflash assays, we tested MidTACs’ ability to 
inhibit Wnt signaling. BIDs alone inhibited Wnt signal-
ing, as they can interfere with β-catenin and transcrip-
tion factor interactions (Fig. 2G). BID fused to C-Helix 
has a similar inhibitory effect on Wnt signaling as BID 
itself, probably because fusing C-Helix alone is unable 
to degrade β-catenin efficiently. However, “two-arm” 
MidTACs enhanced the inhibitory effect on Wnt signal-
ing and reduced the signal even below the non-activated 
state (Fig. 2G), likely combining the effect of tran-
scriptional complex assembly inhibition and nuclear  
β-catenin degradation. Next, we further explored their 
β-catenin-inhibition abilities in colorectal cancer cell 
lines (Fig. 2H). MidTAC significantly suppressed prolif-
eration of the HCT116 cell line (which has abnormally 
upregulated Wnt/β-catenin activity), but not the RKO 
cell line (which has a low basal level of β-catenin; Fig. 
2I and 2J), demonstrating β-catenin-dependent activity.

In conclusion, our structural and functional data reveal 
how midnolin mediates ubiquitination-independent  
substrate degradation (Fig. S10A). Based on structural 
and mechanistic understanding of midnolin-proteasome 

pathway, we developed MidTAC, a ubiquitination- 
independent TPD approach (Fig. S10B). As proof of con-
cept, we targeted β-catenin for proteasomal degradation 
by generating a heterobifunctional MidTAC composed of 
the N-terminal UBL, a β-catenin binder, and the C-Helix. 
We show that MidTAC effectively degraded β-catenin 
in vitro. Notably, MidTACs specifically degrade nuclear 
β-catenin, but not cytoplasmic β-catenin in tested cell 
lines. Thus, this approach provides therapeutic poten-
tial for traditionally “undruggable” proteins, such as 
β-catenin.

MidTAC presents significant advantages over con-
ventional TPD approaches. Firstly, as a ubiquitination- 
independent system, it can degrade proteins that do not 
have lysine residues, significantly expanding the range of 
targets. Secondly, since the 26S proteasome is abundant 
and ubiquitous, MidTAC can degrade target proteins 
across all cell/tissue types, and may specifically degrade 
target proteins located in a desired subcellular compart-
ment (with a localization signal). Thirdly, as optimized 
protein binders can be more specific than a small mol-
ecule binder, MidTAC can achieve remarkable specificity 
to minimize off-target effects.
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