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ABSTRACT 16 

Protein interaction networks are dynamically remodeled during signaling and proteostasis, but 17 

many transient, low-stoichiometry, or degradation-coupled contacts are lost during affinity 18 

purification and difficult to distinguish from proximity-labeling backgrounds. Here, we introduce 19 

photocatalytic zero-length proximity crosslinking (PZPC), a genetically encoded, blue-light-20 
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controlled strategy that covalently captures protein-of-interest-containing covalent complexes in 21 

living cells. We further develop LinkMasser, a blind-search crosslinking mass spectrometry 22 

algorithm that identifies unknown crosslink-associated mass offsets, revealing an oxidative Lys–23 

His zero-length coupling signature underlying PZPC-mediated crosslinking. Using the ubiquitin-24 

independent degradation factor midnolin as a benchmark system, PZPC recovered inducible 25 

transcription factors and short-lived regulatory proteins largely missed by conventional AP–MS, 26 

leading to the identification of five novel midnolin substrates. We next applied PZPC to 63 human 27 

F-box proteins, generating a family-wide proximity atlas of 554 candidate interactors and 28 

functionally validating 81 candidate substrates from 257 tested proteins. By coupling this atlas to 29 

an antiviral signaling screen, we identified FBXO44 as a positive regulator of the RIG-I–MAVS–30 

IFN pathway and degraded ADAR1, EIF3B, and TUFM as FBXO44-regulated negative 31 

modulators of antiviral signaling. These results establish PZPC as a scalable framework for 32 

resolving dynamic protein networks and uncovering E3-regulated signaling circuits in living cells. 33 

 34 

INTRODUCTION 35 

 Protein-protein interactions (PPIs) form dynamic and context-dependent networks that 36 

govern nearly every aspect of cellular physiology, including signal transduction, transcriptional 37 

regulation, organelle organization, and protein homeostasis1. Although the human proteome 38 

comprises approximately 20,000 proteins, these components assemble into a far larger and highly 39 

plastic interactome that varies across cell types, developmental states, and environmental cues2. 40 

Many of the most functionally consequential interactions are transient, weak, low-stoichiometry, 41 

or conditionally induced, making them difficult to preserve during biochemical isolation and 42 

challenging to distinguish from background in living-cell proteomics3,4. Methods that can capture 43 
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these interactions with high sensitivity, spatial precision, and molecular specificity are therefore 44 

essential for understanding how cellular networks are organized and rewired5,6. 45 

 Proximity-based methods have transformed the study of PPIs in native cellular 46 

environments. Stoichiometric proximity crosslinking strategies, including those based on 47 

genetically encoded unnatural amino acids, can covalently trap interacting proteins with 48 

chemically defined linkers7,8. However, these approaches often require extensive optimization of 49 

insertion sites and typically suffer from low crosslinking efficiency because each installed reactive 50 

group acts only once and is susceptible to solvent quenching. Catalytic proximity labeling methods, 51 

including APEX9, BioID/TurboID10,11, miniSOG-based labeling12-14, and photocatalytic platforms 52 

such as μMap15, overcome some of these limitations by generating reactive intermediates near a 53 

protein of interest (POI)5,16, thereby amplifying labeling efficiency and enabling detection of weak 54 

or transient associations. Yet these methods generally report spatial proximity rather than direct or 55 

functionally linked interactions. Because the reactive intermediates are small and diffusible, 56 

labeling can extend to nearby but non-interacting proteins, generating backgrounds that complicate 57 

interpretation and obscure real interaction events17,18.  58 

 These limitations reveal a central trade-off in proximity-based interactomics: catalytic 59 

amplification improves sensitivity, whereas diffusible chemistry compromises spatial confinement. 60 

Simply increasing reactivity or shortening intermediate lifetime can reduce diffusion but cannot 61 

fully eliminate labeling of neighboring proteins if the reactive species remain freely diffusible. In 62 

principle, the effective diffusion distance of a reactive intermediate is governed by both its lifetime 63 

and mobility; protein-associated labeling intermediates diffuse much more slowly than small-64 

molecule reactive species and are therefore expected to remain more spatially confined. Inspired 65 

by tyrosine–tyrosine crosslinking under oxidative conditions19, we hypothesized that locally 66 
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generated reactive oxygen species (ROS) could first oxidize amino acid side chains, generating 67 

protein-associated intermediates that subsequently react with physically associated proteins to 68 

form proximity-dependent crosslinked products. Coupling this chemistry to selective enrichment 69 

of POI-containing products would further distinguish POI-associated covalent complexes from 70 

nonspecific ROS-induced reactions. Such a strategy could retain the sensitivity of catalytic 71 

proximity chemistry while improving the molecular specificity needed to resolve dynamic 72 

interaction networks in living cells. 73 

Here, we introduce photocatalytic zero-length proximity crosslinking (PZPC), a 74 

genetically encoded, blue-light-controlled strategy that combines localized ROS catalysis with 75 

POI-restricted enrichment to capture POI-containing covalent complexes in living cells. To define 76 

the underlying chemistry, we further develop LinkMasser, a blind-search crosslinking mass 77 

spectrometry algorithm that discovers unknown crosslink-associated mass offsets and reveals an 78 

oxidative Lys–His zero-length coupling signature. We benchmark PZPC using the ubiquitin-79 

independent degradation factor midnolin, showing that it recovers inducible transcription factors 80 

and short-lived regulatory proteins largely missed by conventional AP–MS. We then scale PZPC 81 

across 63 human F-box proteins to generate a family-wide interactomics atlas, functionally 82 

validate 81 candidate substrates, and identify FBXO44 as a positive regulator of RIG-I-MAVS-83 

IFN signaling through degradation of ADAR1, EIF3B, and TUFM. Together, these studies 84 

establish PZPC as a scalable framework for converting proximity chemistry into functionally 85 

informative covalent interaction maps, enabling systematic discovery of dynamic protein networks 86 

and E3-regulated signaling circuits in living cells. 87 

 88 

RESULTS AND DISCUSSION 89 
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PZPC enables POI-filtered covalent capture of protein interaction networks. To overcome 90 

the trade-off between catalytic labeling efficiency and spatial specificity in proximity-based 91 

proteomics, we developed the PZPC platform, a strategy that couples localized ROS generation 92 

with POI-restricted enrichment. In PZPC, a genetically encoded photosensitizer is fused to a POI. 93 

Upon blue-light irradiation, the photosensitizer catalytically generates ROS in the vicinity of the 94 

POI, promoting covalent crosslinking between associated proteins.  95 

 A key feature of PZPC is that crosslinking and enrichment are functionally separated. To 96 

achieve this, we incorporated an AviTag into the POI fusion construct, allowing site-specific 97 

biotinylation by BirA and high-affinity capture of POI-containing species using NeutrAvidin beads 98 

(Fig. 1A)20. As a result, crosslinked products that contain the POI are selectively retained, whereas 99 

ROS-induced reactions that do not involve the POI are removed by stringent SDS- and urea-based 100 

washing. This POI-filtering design preserves the sensitivity of catalytic ROS chemistry while 101 

reducing background from non-POI-associated oxidation or crosslinking events. 102 

 We first optimized the PZPC workflow by evaluating the compatibility of cell lysis 103 

conditions with BirA-mediated biotinylation (Fig. S1A–D). We then compared the crosslinking 104 

efficiency of three genetically encoded photosensitizers—miniSOG, SOPP2, and SOPP3—using 105 

two nuclear proteins, histone H2BC11 and Lamin A, as model POIs. HEK293T cells stably 106 

expressing N-terminal photosensitizer and C-terminal AviTag fusion proteins were subjected to 107 

blue-light irradiation, affinity enrichment, and immunoblot analysis. For both H2BC11 and Lamin 108 

A, light activation produced multiple high-molecular-weight anti-V5-reactive species, consistent 109 

with the formation of POI-containing covalent complexes (Fig. 1B, F). Efficient BirA-mediated 110 

biotinylation of the POI fusions was also confirmed (Fig. S1J–L), supporting the feasibility of 111 

combining photocatalytic crosslinking with AviTag-based enrichment. 112 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.17.000244. This version posted May 18, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



6 

 

 We next asked whether PZPC could recover biologically meaningful interaction networks 113 

by LC-MS/MS analysis of enriched samples. In the H2BC11 system, SOPP2-based PZPC enriched 114 

multiple known or functionally related chromatin-associated proteins, including PPM1G, H2BC18, 115 

H2AC25, and H2AZ2 (Fig. 1C). Comparison across photosensitizers revealed distinct recovery 116 

profiles. SOPP2 yielded the largest number of candidate interactors and the highest fraction of 117 

literature-supported H2BC11-associated proteins compared with miniSOG and SOPP3 (Fig. 1D, 118 

E and Fig. S1E-I). We observed similar performance using Lamin A as an independent test case. 119 

SOPP2-based PZPC recovered established Lamin A-associated proteins, including LMNB1, 120 

LMNB2, EMD, BANF1, and NUP153 (Fig. 1G). Across the three photosensitizers, SOPP2 again 121 

produced the strongest interaction recovery and the highest proportion of reference-supported 122 

Lamin A interactors (Fig. 1H, I and Fig. S2). Together, these results establish that PZPC can 123 

generate POI-filtered covalent interaction maps in living cells and identify SOPP2 as the preferred 124 

photosensitizer for subsequent applications. 125 

 126 

 127 
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 128 

Fig. 1 Development and validation of the PZPC platform for POI-filtered interactome profiling. A) 129 

Schematic comparison of conventional proximity labeling and PZPC. Conventional proximity labeling 130 
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relies on diffusible reactive intermediates that can label nearby non-interacting proteins. In PZPC, a 131 

genetically encoded photosensitizer fused to the POI promotes light-dependent covalent crosslinking, while 132 

AviTag-based enrichment selectively retains POI-containing crosslinked products. B, F) Anti-V5 133 

immunoblot analysis of V5–SOPP2–H2BC11–AviTag-expressing cells in B or V5–SOPP2–Lamin A–134 

AviTag-expressing cells in F with or without blue-light irradiation. High-molecular-weight species indicate 135 

light-dependent formation of POI-containing covalent complexes. Signal intensity profiles are shown on 136 

the right. C, G) Volcano plots showing proteins enriched from V5–SOPP2–H2BC11–AviTag cells in C or 137 

V5–SOPP2–Lamin A–AviTag cells in G relative to parental HEK293T control cells. Statistically enriched 138 

proteins are shown as circles, and singletons are shown as squares. Reported or functionally relevant POI-139 

associated proteins are highlighted. D, H) Distribution of reference-supported and previously unreported 140 

H2BC11-associated proteins in D or Lamin A-associated proteins in H identified using miniSOG-, SOPP2-, 141 

or SOPP3-based PZPC. E, I) Venn diagrams comparing candidate H2BC11- associated proteins in E or 142 

Lamin A-associated proteins in I identified by miniSOG, SOPP2, and SOPP3. Selected overlapping 143 

proteins are shown on the right. UBA52 was annotated as a recurrent background protein in the H2BC11 144 

dataset. Experiments were performed at least twice with similar results. 145 

 146 

Blind-search crosslinking proteomics identifies a recurrent oxidative Lys–His signature in 147 

PZPC. Blue-light irradiation of genetically encoded photosensitizers can generate multiple 148 

ROS14,21, but the species and chemical products responsible for PZPC-mediated covalent capture 149 

remained unclear. We first examined the sensitivity of PZPC crosslinking to a panel of ROS 150 

scavengers and modulators (Fig. S3A-C). Direct addition of H₂O₂ failed to induce detectable 151 

crosslinked species, indicating that bulk peroxide oxidation is insufficient to drive crosslink 152 

formation. Sodium azide, a commonly used singlet oxygen quencher, did not suppress 153 

crosslinking, and replacement of H₂O with D₂O, which prolongs singlet oxygen lifetime, did not 154 
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enhance crosslinking. D-mannitol and vitamin C/ascorbate also had little effect on the crosslinking 155 

pattern. In contrast, Trolox markedly reduced crosslink formation across different photosensitizer 156 

fusions. Consistently, LC–MS/MS analysis of SOPP2–Lamin A samples showed that Trolox 157 

treatment reduced the recovery of known Lamin A-associated proteins, including Lamin B1 and 158 

Lamin B2, after normalization to the endogenous biotinylated control protein PCCA (Fig. S3D, 159 

E). These results argue against bulk H₂O₂ or freely diffusible singlet oxygen as the sole driver of 160 

PZPC crosslinking and instead support a mechanism involving Trolox-sensitive, locally generated 161 

radical intermediates.  162 

 Defining the chemical nature of PZPC-induced crosslinks is challenging because their mass 163 

offsets are not known as a priori. Conventional crosslinking mass spectrometry typically relies on 164 

synthetic crosslinkers with predefined spacer masses22-25. By contrast, PZPC uses local 165 

photooxidation to promote zero-length covalent coupling between protein residues, which requires 166 

an unbiased strategy to discover crosslink-associated mass signatures directly from MS/MS data. 167 

To address this challenge, we developed LinkMasser, a blind-search crosslinking mass 168 

spectrometry algorithm for identifying unknown crosslink-associated mass offsets. LinkMasser 169 

first searches tandem mass spectra without precursor-mass constraints to retrieve top-ranked 170 

candidate peptide sequences. Candidate α- and β-peptide pairs are then assembled and filtered, and 171 

the residual precursor mass offset is calculated by subtracting the combined mass of the two 172 

candidate peptides from the observed precursor mass. Recurrent offsets are then clustered using 173 

DBSCAN26 to nominate candidate crosslink-associated masses (Fig. 2A). 174 

 We benchmarked LinkMasser using datasets generated with six established chemical 175 

crosslinkers, including DSS, DSSO, CDI, ADH, DSBU, and DSBSO. In each case, the dominant 176 

mass-offset peaks matched the expected crosslinker-derived modifications, validating the ability 177 
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of LinkMasser to recover known crosslink-associated masses without prior specification (Fig. 178 

S4A). We then incorporated LinkMasser into the PZPC analysis workflow. Linear peptides were 179 

first identified using pFind327, and proteins supported by at least two peptide sequences were used 180 

to construct a reduced protein database, thereby decreasing the search space for crosslinked peptide 181 

identification. LinkMasser was then applied to discover recurrent mass offsets, which were 182 

subsequently used as input for pLink3-based assignment of crosslinked peptide pairs (Fig. 2B).  183 

Application of this workflow to SOPP2–H2B samples revealed a prominent recurrent mass 184 

offset of approximately +14 Da (Fig. 2C). This mass shift was assigned as H(−2)O(+1), consistent 185 

with an oxidative dehydrogenative coupling-associated product28. This result indicated that PZPC 186 

generates discrete covalent products with a defined mass signature rather than only nonspecific 187 

oxidative aggregation. Using the +14-Da offset, pLink3 identified crosslinked peptide pairs in 188 

SOPP2–H2B samples. A representative MS/MS spectrum of an intra-protein crosslinked peptide 189 

showed fragment ions supporting both peptide chains and localized the crosslink to a Lys–His 190 

residue pair within POI-derived peptides (Fig. 2D). Notably, the same +14-Da H2B intra-protein 191 

crosslink was also detected in the miniSOG–H2B sample, with the expected single Leu-to-Trp 192 

substitution in the β-peptide arising from sequence differences between miniSOG and SOPP2 193 

constructs (Fig. S5A). In addition to intra-protein crosslinks, +14-Da inter-protein crosslinks were 194 

detected in the SOPP2–Lamin A proteomic dataset, including a Lamin A–Lamin A crosslink and 195 

a Lamin B1/B2–HNRNPU crosslink (Fig. S5B, D). Structural mapping of the Lamin A–Lamin A 196 

crosslink placed His-378 and Lys-386 on adjacent Lamin A molecules in close spatial proximity29, 197 

supporting the structural feasibility of the assigned inter-protein crosslink (Fig. S5C).  198 

Based on the recurrent +14-Da mass shift and Lys–His linkage, we propose a working 199 

model in which local photooxidation generates an oxidized histidine intermediate that is captured 200 
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by a proximal lysine ε-amino group, followed by dehydrogenative coupling to yield a net 201 

H(−2)O(+1) mass change (Fig. S4B). This model remains a chemically plausible hypothesis rather 202 

than a definitive structural assignment, but it provides a mechanistic framework for the recurrent 203 

+14-Da Lys–His crosslinks detected by PZPC. Finally, structural modeling of the SOPP2–H2B 204 

intra-protein crosslink using Protenix30 under a covalent constraint yielded a high-confidence 205 

model, further supporting compatibility of the assigned Lys–His linkage with the predicted protein 206 

conformation (Fig. 2E). Together, these results establish LinkMasser as an unbiased workflow for 207 

decoding PZPC-induced crosslinks, with potential broader utility for elucidating unknown 208 

crosslinking chemistries. 209 
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 210 

Fig. 2 LinkMasser-enabled blind search identifies a recurrent +14-Da oxidative Lys–His crosslinking 211 

signature in PZPC. A) Schematic workflow of LinkMasser, a blind-search algorithm developed to 212 

discover unknown crosslink-associated mass offsets from cross-linking mass spectrometry data. MS/MS 213 

spectra are searched without predefined precursor-mass constraints to retrieve top-ranked candidate peptide 214 

sequences. Candidate peptide pairs are then assembled and filtered, and the residual precursor mass offset 215 

is calculated by subtracting the combined mass of the paired peptides from the observed precursor mass. 216 
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Recurrent offsets are clustered to nominate candidate crosslink-associated masses. B) Overall proteomic 217 

data-analysis workflow for PZPC crosslink discovery. Linear peptides are first identified using pFind3, and 218 

proteins supported by at least two peptide sequences are used to construct a reduced protein database. 219 

LinkMasser is then used to discover recurrent crosslink-associated mass offsets, followed by pLink3-based 220 

assignment of crosslinked peptide pairs. C) Frequency distribution of candidate mass offsets identified from 221 

SOPP2–H2B samples. A prominent recurrent offset of approximately +14 Da was detected and assigned as 222 

H(−2)O(+1). Peaks corresponding to methionine oxidation and cysteine iodoacetamide alkylation were also 223 

annotated. D) Representative MS/MS spectrum of a +14-Da crosslinked peptide pair identified from the 224 

SOPP2–H2B sample. Fragment ions supporting both peptide chains are annotated. The localized Lys–His 225 

crosslinking residues are highlighted, and oxidized methionine is indicated in red. E) AlphaFold3-based 226 

structural modeling of the Lys–His crosslink identified in D. The crosslinked residues were modeled onto 227 

a truncated protein structure predicted by Protenix under a covalent constraint. The Lys–His linkage is 228 

shown as sticks, and the model yielded a pTM score of 0.88. 229 

 230 

PZPC captures transient midnolin-associated substrates and regulatory proteins. To 231 

benchmark PZPC in a biologically dynamic interaction system, we focused on midnolin (MIDN), 232 

a proteasome-associated regulator that promotes ubiquitin-independent protein degradation31. 233 

Midnolin contains an N-terminal ubiquitin-like domain, two Catch domains, and a C-terminal α-234 

helix, with the Catch domains proposed to recognize substrate degrons and deliver short-lived 235 

substrate proteins to the proteasome (Fig. 3A). Because reported MIDN substrates are enriched for 236 

immediate-early genes and other rapidly turned-over proteins, this system provides a stringent test 237 

of whether PZPC can capture transient substrate-receptor contacts in living cells. 238 

We generated HEK293T cells stably expressing V5-SOPP2-MIDN and first examined 239 

light-dependent crosslinking by immunoblotting. Blue-light irradiation induced high-molecular-240 
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weight V5-tagged species, consistent with the formation of MIDN-containing covalent complexes. 241 

These signals were enhanced by proteasome inhibition with MG132 and were further increased 242 

upon PMA stimulation, conditions expected to stabilize short-lived substrates and induce 243 

immediate-early regulatory proteins, respectively (Fig. 3B). Streptavidin-HRP blotting further 244 

confirmed the formation of light-dependent biotinylated crosslinked species (Fig. S6A). These 245 

results indicate that PZPC captures inducible and degradation-linked MIDN-associated covalent 246 

complexes in a condition-dependent manner. 247 

We next performed PZPC-based proteomic profiling of MIDN-containing complexes. 248 

Compared with control samples, V5–SOPP2–MIDN treated with PMA and MG132 enriched the 249 

known MIDN substrate EGR1 together with a series of immediate-early transcription factors and 250 

regulatory proteins, including FOS, JUN, MYC, ATF3, ATF4, CEBPB, YY1, and TRIM33 (Fig. 251 

3C). Under MG132 treatment alone, PZPC recovered a partially overlapping set of MIDN-252 

associated proteins and PMA stimulation further reshaped the MIDN proximity profile, increasing 253 

the recovery of inducible transcriptional regulators and revealing PMA-induced MIDN-associated 254 

proteins (Fig. S6B-F). Reactome pathway analysis of these PMA-induced candidates highlighted 255 

transcriptional and stress-response programs, including ATF4-mediated responses to ER stress, 256 

PERK-dependent regulation of gene expression, and nuclear events associated with transcription 257 

factor activation (Fig. S6E). Together, these data show that PZPC sensitively reports condition-258 

dependent remodeling of the MIDN-associated protein network. 259 

To determine whether these candidates were incorporated into MIDN-containing 260 

crosslinked products rather than simply co-enriched during purification, we performed biotin-261 

mediated enrichment followed by target-specific immunoblotting. Representative candidates, 262 

including EGR1, DNAJA1, PPM1G, TRIM28, and JUN, appeared as high-molecular-weight 263 
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species after PZPC enrichment, supporting their incorporation into midnolin-containing covalent 264 

complexes (Fig. 3D). Thus, the PZPC signal reflects covalent capture of midnolin-associated 265 

complexes rather than nonspecific recovery of soluble proteins.  266 

We then asked whether PZPC-enriched candidates were structurally compatible with 267 

midnolin recognition. AlphaFold-Multimer predicted multiple possible SOPP2–MIDN-containing 268 

complexes, as illustrated by the SOPP2–MIDN–PPM1G model (Fig. 3E). In parallel, AlphaFold3-269 

based modeling suggested that β-strand-like segments from ATF4 and YY1 could be 270 

accommodated within the MIDN Catch-domain groove (Fig. 3F). Similar models were obtained 271 

for additional candidate substrates, including DACH2, TRIM33, and CEBPB (Fig. S6G). 272 

Although these predictions do not define definitive binding modes, they support the possibility 273 

that a subset of PZPC-enriched proteins engage MIDN through Catch-domain-mediated degron 274 

recognition. 275 

Consistent with this interpretation, immunoblot analysis showed that ATF4, JUN, YY1, 276 

TRIM33, and CEBPB exhibited MIDN-dependent abundance changes upon midnolin knockdown 277 

or overexpression, supporting their assignment as newly identified candidate substrates (Fig. 3G). 278 

By contrast, other PZPC-enriched proteins, including MYC, TNPO1, TNPO2, PPM1G, 279 

KAP1/TRIM28, DNAJA1, DNAJA2, ADRM1, and SET, did not show obvious MIDN-dependent 280 

abundance changes (Fig. S6H, K). We further examined selected candidates following serum 281 

stimulation, a condition known to induce immediate-early proteins. In midnolin-stable cells, 282 

CEBPB displayed serum-responsive induction similar to the reported substrate EGR1, whereas 283 

IRF2BP2, JUN, and TRIM33 showed more limited serum responsiveness under the tested 284 

conditions (Fig. S6I).  285 
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Finally, we compared PZPC with previously reported anti-HA IP-MS results for midnolin31. 286 

Although anti-HA IP-MS recovered more proteins overall, its overlap with PZPC was limited and 287 

was dominated by stable proteasome-associated components, including PSMC and PSMD family 288 

proteins. By contrast, the PZPC-unique set was preferentially enriched for inducible transcription 289 

factors and regulatory proteins, including FOS, FOSB, JUN, EGR1, ATF3, ATF4, CEBPB, YY1, 290 

MYC, TRIM33, and DACH2 (Fig. 3H). Many of these proteins are reported substrates or were 291 

novelly discovered substrates in this study. Thus, benchmarking against AP–MS shows that PZPC 292 

preferentially captures transient, inducible, and degradation-coupled midnolin-associated contacts 293 

that are underrepresented in conventional affinity purification. These results establish midnolin as 294 

a stringent test case for PZPC and demonstrate the ability of the platform to reveal functionally 295 

informative substrate–receptor interaction networks in living cells. 296 

 297 

 298 
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Fig. 3 PZPC benchmarking captures transient midnolin-associated substrates and regulatory 300 

proteins. A) Schematic of midnolin domain organization and its proposed substrate-recognition model. 301 

Midnolin contains an N-terminal ubiquitin-like domain, two Catch domains, and a C-terminal α-helix. The 302 

Catch domains recognize substrate degrons and promote ubiquitin-independent proteasomal degradation. 303 

B) Anti-V5 immunoblot analysis of PZPC-mediated crosslinking in HEK293T cells stably expressing V5–304 

SOPP2–MIDN. Cells were treated with MG132, PMA, and blue light as indicated. High-molecular-weight 305 

V5-reactive species indicate light-dependent formation of MIDN-containing covalent complexes. C) 306 

Volcano plot showing proteins enriched in the V5–SOPP2–MIDN cells treated with PMA and MG132 307 

relative to control HEK293T cells treated with MG132. Statistically enriched proteins are shown as circles, 308 

and singletons are shown as squares. The known midnolin substrate EGR1 and representative candidate 309 

midnolin-associated proteins are highlighted. D) Immunoblot validation of representative midnolin-310 

containing crosslinked products. Biotin-mediated enrichment was performed to isolate SOPP2–MIDN-311 

containing complexes, followed by immunoblotting with antibodies against the indicated candidate proteins. 312 

High-molecular-weight bands indicate incorporation of the candidates into midnolin-containing covalent 313 

complexes. Input samples are shown below. E) Representative AlphaFold-Multimer prediction of the 314 

SOPP2–MIDN–PPM1G complex. The model is shown with the indicated predicted local distance 315 

difference test (pLDDT) and buried solvent-accessible surface area (BSASA) values. F) AlphaFold3-based 316 

models of the midnolin Catch domain bound to degron-like β-strand segments from ATF4 or YY1. 317 

Predicted substrate β-strands are shown in red for ATF4 and brown for YY1. G) Immunoblot analysis of 318 

representative candidate midnolin-regulated proteins in HEK293T-WT, shMIDN, and midnolin-319 

overexpressing cells. EGR1 was included as a positive control, together with candidate substrates ATF4, 320 

JUN, YY1, TRIM33, and CEBPB. β-Actin was used as a loading control. H) Comparison of proteins 321 

identified by conventional anti-HA IP–MS and PZPC. The Venn diagram summarizes overlapping and 322 

PZPC-unique candidates. Selected proteins are grouped by functional category, including protein synthesis 323 

and degradation, regulatory proteins, transcription factors, RNA-binding proteins, and others. Experiments 324 

were repeated at least twice with consistent results. 325 
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 326 

A family-wide F-box proximity atlas reveals modular degradation-associated interaction 327 

networks. Having established that PZPC can capture transient midnolin-associated substrate 328 

contacts, we next asked whether this strategy could be scaled to systematically map interaction 329 

networks for a large family of substrate-recognition proteins. We focused on human F-box proteins, 330 

which serve as substrate-recruiting modules in SKP1–CUL1–F-box (SCF) E3 ubiquitin ligase 331 

complexes. By engaging diverse substrates through their variable substrate-recognition domains, 332 

F-box proteins control protein turnover across many biological pathways (Fig. 4A)32. However, 333 

systematic characterization of F-box substrate-recognition landscapes remains challenging 334 

because many E3–substrate interactions are transient, low-stoichiometry, and coupled to rapid 335 

proteasomal degradation. We therefore reasoned that the covalent and proximity-restricted nature 336 

of PZPC could provide a powerful strategy to capture these otherwise labile interactions across an 337 

entire E3 substrate-receptor family. 338 

 We first optimized the PZPC configuration using SKP2/FBXL1 as a model F-box protein33. 339 

Comparison of fusion orientation and expression strategy showed that transient expression of an 340 

N-terminal AviTag–SOPP2–SKP2 fusion produced stronger light-dependent crosslinked signals 341 

and more robust proteomic recovery than either a stable cell line or the corresponding C-terminally 342 

tagged SOPP2–SKP2–AviTag construct (Fig. S7A–D). The reduced performance of the C-343 

terminal fusion is consistent with potential interference with F-box-associated interaction surfaces 344 

or substrate-recognition regions. MG132 treatment was included before blue-light irradiation to 345 

stabilize short-lived substrates and associated complexes. Under the optimized condition, SKP2 346 

profiling recovered expected SCF- and proteostasis-associated proteins, including SKP1, UBE2M, 347 

RNF126 and PSMD2, supporting the feasibility of PZPC for F-box proximity mapping. 348 
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 We next extended this strategy to 63 human F-box proteins, covering 33 FBXO, 21 FBXL 349 

and 9 FBXW family members (Fig. 4B, Fig S9-21). Representative profiles from the three 350 

subfamilies revealed distinct enrichment patterns, as illustrated by FBXO2, FBXW2 and FBXL2 351 

(Fig. 4C). Across the full dataset, PZPC identified 554 unique candidate interactors under stringent 352 

enrichment criteria. The global enrichment distribution showed a median log2 fold change of 3.31 353 

(Q1 = 1.587, Q3 = 5.29), indicating a strong signal-to-background ratio across the atlas (Fig. S7E). 354 

Candidate interactor numbers varied substantially across the family, ranging from highly 355 

connected members such as FBXO2, FBXL18 and FBXW2 to F-box proteins with more selective 356 

proximity profiles, with an average of 31 candidate interactors per F-box protein (Fig. S7F). We 357 

then assembled a family-wide F-box proximity interaction map, which revealed a highly 358 

heterogeneous but structured interaction landscape across the FBXO, FBXL and FBXW 359 

subfamilies (Fig. 4D). 360 

 Several features emerged from this atlas. First, PZPC robustly recovered canonical SCF-361 

associated components, including SKP1, CUL1 and RBX1, validating the ability of the approach 362 

to capture core F-box complex architecture in cells. Second, multiple chaperone and protein 363 

quality-control factors, including DNAJA1, HSP90AA1 and HSP90AB1, appeared as recurrent 364 

hub-like interactors across many F-box proteins. This pattern suggests that F-box substrate 365 

recognition is closely coupled to protein folding, chaperone-assisted substrate loading or quality-366 

control surveillance. Third, in addition to canonical SCF components, CUL4B was unexpectedly 367 

enriched with a subset of F-box proteins, together with RBX1. Co-immunoprecipitation validated 368 

representative CUL4B-associated F-box proteins, including FBXL2, FBXL6, FBXL6 and 369 

FBXL10 (Fig. S8A-D). These results raise the possibility that selected F-box proteins may 370 

participate in non-canonical cullin-associated assemblies. Interestingly, we also observed cross-F-371 
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box detection events, with several F-box proteins, including FBXL18, FBXL2 and FBXO39, 372 

appearing as prey proteins in other F-box datasets. Together with the recovery of CAND134-36, a 373 

known regulator of cullin–RING ligase remodeling and F-box exchange, in several F-box profiles. 374 

These observations are consistent with the possibility that PZPC captures dynamic exchange or 375 

higher-order organization within the broader CRL network. 376 

 Beyond core ligase architecture, the atlas revealed broad connections between F-box 377 

proteins and major cellular regulatory systems. Multiple cell-cycle and proliferation-associated 378 

proteins, including CDK2, PCNA, MCM proteins, TP53, RUVBL1 and other mitotic or replication 379 

factors, were enriched in specific F-box profiles. These findings support a broad role for F-box 380 

proteins in coordinating cell-cycle progression, DNA replication, chromatin regulation and mitotic 381 

control. We also detected cytoskeleton-associated proteins, including FLNA, MAP4, ACTB, 382 

DYNLL2, PLS3 and CLTC. Notably, CLTC is a core component of the TACC3–ch-TOG–clathrin 383 

complex, which has been implicated in stabilizing kinetochore fibers of the mitotic spindle by 384 

forming inter-microtubule bridges37. Thus, the F-box proximity atlas links selected F-box proteins 385 

not only to CDK-driven cell-cycle regulation but also to cytoskeletal and spindle-associated 386 

processes, suggesting a potential coupling between proteolytic regulation and mitotic architecture. 387 

In parallel, many F-box proteins were linked to proteasome-associated and ubiquitin-system 388 

factors, including PSMD2, PSMC3, RAD23A, RAD23B, ADRM1, UBA1, UBE2M, UBAP2L, 389 

SUMO3 and UBQLN2. We also observed recurrent enrichment of non-canonical ubiquitin ligases 390 

or ubiquitin-related regulators, such as HUWE138, JADE239, RNF126, RNF214, TRIM28, 391 

STUB140, RCHY141, MGRN142 and RANBP2, suggesting extensive crosstalk between F-box 392 

proteins and broader ubiquitin-ligase networks. 393 
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 A further prominent theme was the connection between F-box proteins and protein quality-394 

control/ER-associated degradation pathways. VCP/p97 and BAG6 were repeatedly detected across 395 

multiple F-box datasets, together with ER or secretory-pathway components such as 396 

HSP90B1/GRP94, CANX43,44 and SEC61A1 in selected profiles. These observations suggest that 397 

subsets of F-box proteins may be functionally coupled with protein triage, retro-translocation or 398 

ER-associated degradation rather than acting solely on classical cytosolic substrates. 399 

Representative interactions identified by PZPC, including F-box associations with PHB2, AMOT, 400 

PDGFRB and p53, were further validated by co-immunoprecipitation (Fig. S8E-J). 401 

 Together, this family-wide analysis establishes PZPC as a scalable strategy for mapping 402 

transient E3 substrate-receptor proximity networks in living cells. Rather than producing a simple 403 

list of candidate interactors, the F-box atlas reveals a modular and highly heterogeneous 404 

degradation-associated interaction landscape, linking individual F-box proteins to canonical SCF 405 

assembly, non-canonical cullin-associated complexes, chaperone-assisted quality control, cell-406 

cycle regulation and ERAD45,46-related proteostasis pathways. These data provide a resource for 407 

discovering F-box substrates and regulatory mechanisms and demonstrate the power of PZPC to 408 

systematically resolve transient protein-interaction networks that are difficult to capture by 409 

conventional affinity purification. 410 

 411 

 412 
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Fig. 4 PZPC profiling of the human F-box protein interactome atlas. A) Schematic representation of 414 

an SCF-type E3 ubiquitin ligase complex. F-box proteins serve as substrate-recognition modules that are 415 

associated with SKP1 and CUL1 to recruit substrates for ubiquitination. B) Composition of the F-box 416 

proteins profiled in this study. A total of 63 F-box proteins were analyzed, including 33 FBXO, 21 FBXL 417 

and 9 FBXW family members. C) Representative volcano plots showing PZPC-enriched interactors for one 418 

example from each F-box subfamily. Significantly enriched candidate interactors are highlighted and 419 

labeled. D) Global interaction map of the 63 profiled F-box proteins. Heatmap shows candidate F-box-420 

associated proteins identified by PZPC across the FBXO, FBXL and FBXW families. Color intensity 421 

indicates enrichment relative to the control, shown as log2 fold change. UBA52 and PNN were removed as 422 

common background proteins. 423 

 424 

Functional validation converts the F-box proximity atlas into a candidate substrate network. 425 

Having established a family-wide F-box proximity atlas, we next asked whether PZPC-enriched 426 

interactors could be further prioritized as functional degradation substrates. Because proximity 427 

capture alone cannot distinguish substrates from adaptors, cofactors or stable complex components, 428 

we implemented a secondary validation workflow based on perturbation-dependent protein 429 

stabilization. PZPC-enriched candidates detected in fewer than three F-box profiles were 430 

prioritized to identify relatively selective F-box-associated substrates. In parallel, we searched the 431 

F-box interaction database for proteins containing the reported DSGXXS phosphodegron motif47,48, 432 

identifying CTNNB1, TCOF1, SRRM2, RBM15, and URB2 as additional candidate substrates for 433 

validation. Each candidate was then examined by immunoblotting after siRNA-mediated depletion 434 

of its corresponding F-box protein, with increased protein abundance used as the criterion for F-435 

box-dependent regulation (Fig. 5A).  436 
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F-box knockdown was confirmed by RT–qPCR or immunoblotting when suitable 437 

antibodies were available (Fig. S30-33). We first used the FBXO34-AMOT pair as a representative 438 

example. AMOT was identified as a candidate FBXO34-associated protein by PZPC, and co-439 

immunoprecipitation confirmed the interaction between endogenous AMOT and V5-tagged 440 

FBXO34 (Fig. 5B). Depletion of FBXO34 using three independent siRNAs increased AMOT 441 

abundance, as well as additional FBXO34-associated candidates including DBN1 and EMD (Fig. 442 

5C). Cycloheximide-chase analysis further showed that AMOT was stabilized upon FBXO34 443 

knockdown, supporting regulation at the level of protein turnover rather than indirect 444 

transcriptional induction (Fig. 5D). Conversely, increasing expression of FBXO34 reduced AMOT 445 

protein abundance in a dose-dependent manner (Fig. 5E). Together, these orthogonal experiments 446 

support AMOT as a candidate FBXO34-regulated substrate.  447 

We then extended this validation strategy across the F-box family. Representative 448 

examples included FBXL6-associated candidates TKT, TCOF1, GANAB and SLC7A5; FBXO22-449 

associated candidates NUMA1 and BAG3; and FBXW2-associated candidates SQSTM1, DSC1 450 

and DSP, which showed increased abundance upon depletion of the corresponding F-box protein 451 

in at least two siRNA conditions (Fig. 5F–H). Across the full validation set, we tested 257 452 

candidate proteins and identified 81 reproducibly stabilized candidates, corresponding to an 453 

overall validation rate of approximately 30% (Fig. S22-29).  454 

The resulting validation map revealed a selective yet modular F-box substrate network (Fig. 455 

5I). Validated candidates spanned all three F-box subfamilies and covered diverse biological 456 

processes, including transcriptional regulation, RNA processing, cytoskeletal organization, 457 

metabolism, protein quality control and cell-cycle control. Most substrates were stabilized by 458 

depletion of only one or a few F-box proteins, arguing against broadly promiscuous regulation and 459 
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suggesting substantial substrate selectivity across the family. Conversely, several F-box proteins, 460 

including FBXO2, FBXO34, FBXL8, FBXL18, FBXW1A and FBXW2, showed multiple 461 

validated substrates, indicating heterogeneous substrate-regulatory capacity among individual F-462 

box proteins. Hierarchical clustering further suggested groups of substrates that may be co-463 

regulated by related or overlapping F-box proteins, pointing to potential degradation modules 464 

linked to specific cellular processes. Importantly, this validation scheme provides a functional 465 

filter to distinguish candidate degradation targets from non-degradative interactors or condition-466 

dependent associations. Together, these results convert the PZPC-derived F-box proximity atlas 467 

into a functional degradation map and establish an integrated proximity-capture/perturbation 468 

workflow for scalable discovery of F-box-dependent degradation pathways. 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.17.000244. This version posted May 18, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



27 

 

 480 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.17.000244. This version posted May 18, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



28 

 

Fig. 5  Functional validation of F-box-associated proteins identifies candidate degradation substrates. 481 

A) Workflow for systematic validation of candidate F-box substrates. PZPC-enriched candidate interactors 482 

detected in fewer than three F-box proximity profiles as well as proteins with reported DSGXXS 483 

phosphodegron were prioritized for siRNA-based functional screening. After siRNA-mediated knockdown 484 

of the corresponding F-box protein, candidate interactor abundance was measured by immunoblotting to 485 

identify proteins stabilized upon F-box depletion. B) Co-immunoprecipitation validation of the FBXO34–486 

AMOT interaction. V5-tagged FBXO34 was detected after AMOT immunoprecipitation, with IgG as a 487 

negative control. C) Immunoblot analysis of representative candidates after FBXO34 knockdown using 488 

three independent siRNAs. AMOT, DBN1 and EMD showed increased abundance upon FBXO34 depletion. 489 

β-Actin was used as a loading control. D) Cycloheximide-chase analysis of AMOT stability in control and 490 

FBXO34-depleted cells at the indicated time points. FBXO34 knockdown stabilized AMOT. E) Dose-491 

dependent regulation of AMOT by FBXO34. Increasing amounts of FBXO34 plasmid reduced AMOT 492 

protein abundance. F–H) Representative validation of additional F-box–candidate substrate pairs by 493 

siRNA-mediated F-box knockdown and immunoblotting. Candidate substrates showed increased 494 

abundance after depletion of the corresponding F-box protein. I) Summary heatmap of validated candidate 495 

F-box substrates across the family. Purple boxes indicate F-box–substrate pairs supported by immunoblot 496 

validation. F-box proteins are grouped by subfamily. All substrate-validation experiments were repeated at 497 

least twice with consistent results. 498 

 499 

PZPC-guided functional screening reveals an FBXO44-centered antiviral regulatory circuit. 500 

Having established a family-wide proximity atlas of F-box proteins, we next asked whether this 501 

resource could uncover pathway-specific functions of individual F-box members. We focused on 502 

innate antiviral signaling, a process governed by inducible protein–protein interactions and 503 

proteasome-dependent regulation49,50. To functionally interrogate the F-box family, we established 504 

an ISRE-driven luciferase reporter assay in HEK293T cells, in which individual F-box proteins 505 
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were transiently expressed before Sendai virus (SeV) infection and type I interferon-ISGF3 506 

pathway activation was quantified by luciferase activity (Fig. 6A).  507 

This family-wide screen revealed a heterogeneous regulatory landscape, with most F-box 508 

proteins showing limited effects on SeV-induced ISRE activity, whereas a small subset 509 

reproducibly modulated the antiviral response (Fig. 6B). Among these, FBXO44 emerged as the 510 

strongest positive regulator. Because SeV activates RIG-I–MAVS signaling, leading to type-I 511 

interferon production, JAK–STAT activation and induction of interferon-stimulated genes 512 

(ISGs)51,52, we further evaluated the effect of FBXO44 at endogenous signaling outputs (Fig. 6C). 513 

FBXO44 overexpression markedly increased SeV-induced expression of IFNB1 and IFIT1, as well 514 

as ISG15, Mx1 and TNFα (Fig. 6D and Fig. S34B), and enhanced STAT1 phosphorylation, 515 

particularly at 9–12 h post infection (Fig. S34A). Conversely, FBXO44 depletion reduced SeV-516 

induced STAT1 activation and attenuated the induction of IFNB1, IFIT1, ISG15, Mx1 and IL6 (Fig. 517 

6E, F and Fig. S34C). Together, these data establish FBXO44 as a previously undercharacterized 518 

positive regulator of the RIG-I–MAVS–IFN signaling axis. 519 

 520 
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 521 

Fig. 6 Functional screening identifies FBXO44 as a positive regulator of RIG-I–MAVS signaling. A) 522 

Workflow of the ISRE-driven luciferase reporter screen. HEK293T ISRE–luciferase reporter cells were 523 

transiently transfected with individual F-box expression plasmids, infected with Sendai virus (SeV), and 524 
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assayed for luciferase activity. B) Family-wide F-box screen using the ISRE reporter assay after SeV 525 

infection. Relative luciferase activity for each F-box construct was normalized to the empty vector control. 526 

Dotted lines indicate 80% and 120% of the baseline reporter response. Points denote independent replicates; 527 

bars indicate mean ± s.d. C) Schematic of the RIG-I–MAVS–IFN signaling pathway and ISRE-dependent 528 

transcriptional output. Viral RNA sensing activates RIG-I–MAVS signaling, leading to IRF-dependent IFN 529 

production, JAK–STAT activation and induction of interferon-stimulated genes (ISGs). D) Gain-of-530 

function validation of FBXO44. qPCR analysis of IFNB1 and IFIT1 expression following SeV infection in 531 

control and FBXO44-overexpressing cells. E) Immunoblot analysis of STAT1 phosphorylation following 532 

SeV infection in control, FBXO44-overexpressing and FBXO44-depleted cells. Total STAT1 and β-actin 533 

were used as controls. F) Loss-of-function validation of FBXO44. qPCR analysis of IFNB1, IFIT1, ISG15 534 

and Mx1 expression following SeV infection in cells treated with control or FBXO44-targeting siRNAs. 535 

Statistical significance was determined by two-tailed unpaired Student’s t test; **P < 0.01, ***P < 0.001, 536 

****P < 0.0001. Experiments were repeated at least twice with similar results. 537 

  538 

We next used PZPC to define the FBXO44-associated protein network under viral infection 539 

conditions. HEK293T cells expressing AviTag–SOPP2–FBXO44 showed robust light-dependent 540 

formation of high-molecular-weight FBXO44-containing species after SeV infection, as detected 541 

by anti-V5 immunoblotting. Streptavidin–HRP blotting further confirmed the generation of 542 

biotinylated crosslinked products, indicating efficient capture of FBXO44-proximal complexes in 543 

infected cells (Fig. 7A). Quantitative proteomic profiling identified a focused FBXO44 proximity 544 

network enriched under SeV stimulation (Fig. 7B). In addition to canonical ubiquitin–proteasome 545 

and SCF-associated components, including SKP1, PSMC1, PSMD2 and RNF126, this network 546 

contained proteins linked to innate immunity, RNA metabolism and viral responses, such as 547 

ADAR1, EIF3B, TUFM, DDX17, ZC3HAV1, TRIM28, PUM2 and TTC453. Reactome analysis 548 
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reinforced this functional connection, revealing enrichment for proteasome-mediated protein 549 

catabolism, regulation of protein ubiquitination, innate immune response, defense response to 550 

virus, positive regulation of RIG-I signaling and viral gene expression-related processes (Fig. 7C). 551 

Thus, PZPC placed FBXO44 at the interface between ubiquitin-dependent proteostasis and 552 

antiviral signaling. 553 

We validated representative FBXO44-associated proteins by co-immunoprecipitation. 554 

EIF3B, TUFM and ADAR1 reproducibly co-precipitated with V5-tagged FBXO44, supporting 555 

their association under the tested conditions (Fig. 7D). We then used protein abundance changes 556 

after FBXO44 depletion as a functional filter to distinguish candidate regulatory substrates from 557 

non-degradative interactors. Among selected FBXO44-proximal proteins, ADAR1 p150 isoform, 558 

TUFM and EIF3B increased upon FBXO44 knockdown, whereas TTC4, PUM2, TRIM28, 559 

ZC3HAV1 and DDX17 showed limited or no consistent stabilization under the same conditions 560 

(Fig. 7E and Fig. S34D). These results nominate ADAR1 p150, TUFM and EIF3B as candidate 561 

FBXO44-regulated proteins within the antiviral proximity network. 562 

Finally, we asked whether these FBXO44-regulated candidates influence antiviral 563 

signaling output. Individual depletion of TUFM, EIF3B or ADAR1 enhanced SeV-induced 564 

STAT1 phosphorylation (Fig. 7F), which is in line with the reported roles of TUFM and ADAR1 565 

in interferon pathways54,55. Consistently, knockdown of each candidate increased expression of 566 

antiviral genes, including IFNB1, IFIT1, ISG15 and Mx1 (Fig. 7G and Fig. S34E). These data 567 

indicate that TUFM, EIF3B and ADAR1 act as negative modulators of the antiviral response in 568 

this cellular context. Together with the FBXO44 gain- and loss-of-function results, these findings 569 

support a model in which FBXO44 promotes RIG-I–MAVS–IFN signaling by restraining 570 

inhibitory proteins within the antiviral network (Fig. 7H). 571 
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Collectively, this section reveals an FBXO44-centered antiviral regulatory circuit. The 572 

family-wide ISRE screen first nominated FBXO44 as a positive regulator of SeV-induced antiviral 573 

signaling. PZPC then resolved an infection-associated FBXO44 proximity network enriched for 574 

ubiquitin–proteasome and innate immune regulators. Finally, perturbation of FBXO44-proximal 575 

candidates identified ADAR1 p150, TUFM and EIF3B as negative modulators whose abundance 576 

is controlled, directly or indirectly, by FBXO44. Thus, PZPC does not simply catalog proximity 577 

interactions, but enables functional reconstruction of E3-regulated signaling circuits in living cells. 578 
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Fig. 7 PZPC maps the FBXO44 proximity network and identifies candidate regulators of antiviral 580 

signaling. A) PZPC crosslinking of AviTag–SOPP2–FBXO44 under Sendai virus (SeV) infection. HEK293T 581 

cells expressing AviTag–SOPP2–FBXO44 were irradiated with blue light as indicated. Anti-V5 immunoblotting 582 

detected high-molecular-weight FBXO44-containing crosslinked species, and streptavidin–HRP blotting 583 

confirmed biotinylated products. B) Quantitative proteomic analysis of FBXO44-associated proteins identified 584 

by PZPC under SeV stimulation. Proteins enriched in the FBXO44 condition relative to SeV-treated control cells 585 

are plotted by log2fold change and statistical significance. Statistically significant enriched proteins are shown 586 

as circles, and singletons are shown as squares. Proteins annotated as viral infection- or innate immunity-587 

associated factors are highlighted. C) Reactome pathway analysis of PZPC-identified FBXO44-associated 588 

proteins under SeV treatment. D) Co-immunoprecipitation validation of representative FBXO44-associated 589 

proteins identified by PZPC. TUFM, ADAR1, and Flag-tagged EIF3B were recovered with V5-tagged FBXO44, 590 

with IgG serving as a negative control. E) Immunoblot analysis of selected FBXO44-associated proteins 591 

following siRNA-mediated FBXO44 knockdown. ADAR1 p150, TUFM and EIF3B showed increased 592 

abundance upon FBXO44 depletion. β-Actin was used as a loading control. F) Functional assessment of 593 

candidate FBXO44-regulated proteins. STAT1 phosphorylation was analyzed by immunoblotting after SeV 594 

infection in control cells, FBXO44-overexpressing cells, or cells treated with control siRNA or siRNAs targeting 595 

TUFM, EIF3B or ADAR1. Total STAT1 and β-actin were used as controls. G) qPCR analysis of IFNB1, IFIT1, 596 

and ISG15 expression following SeV infection in control cells, FBXO44-overexpressing cells, or cells 597 

knockdown of TUFM, EIF3B or ADAR1. H) Working model of FBXO44-mediated antiviral regulation. 598 

FBXO44 promotes degradation of TUFM, ADAR1, and EIF3B; FBXO44 knockdown stabilizes these negative 599 

regulators and attenuates RIG-I–MAVS–IFNα/β signaling. Experiments were repeated at least twice with similar 600 

results. 601 

 602 

DISCUSSION 603 

In this study, we establish photocatalytic zero-length proximity crosslinking (PZPC) as a 604 

genetically encoded and light-controlled strategy for mapping protein interaction networks in 605 
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living cells. By coupling localized photosensitizer-mediated oxidation with POI-restricted biotin 606 

enrichment, PZPC enables covalent capture of proximal protein contacts with high spatial and 607 

temporal control. Unlike conventional proximity labeling, which relies on diffusible reactive 608 

species to label neighboring proteins, PZPC captures protein contacts through covalent 609 

crosslinking, thereby providing a more stringent readout of physical proximity. Unlike 610 

conventional chemical crosslinking mass spectrometry, PZPC does not require addition of 611 

exogenous bifunctional crosslinkers and can be directed to a specific POI as “zero-length” 612 

crosslinking in cells. These features make PZPC particularly suitable for interrogating transient, 613 

low-stoichiometry and degradation-coupled interactions that are difficult to preserve by affinity 614 

purification. 615 

A key technical advance of this work is the development of LinkMasser, a blind-search 616 

strategy for discovering unknown crosslink-associated mass offsets from crosslinking mass 617 

spectrometry data. Because PZPC is not based on a predefined synthetic crosslinker, the chemical 618 

mass of the resulting crosslinked peptide pair cannot be assumed in advance. LinkMasser 619 

addresses this problem by searching tandem MS spectra without precursor mass constraints, 620 

nominating candidate peptide pairs, calculating residual precursor mass offsets and clustering 621 

recurrent offsets to identify candidate crosslink masses. To our knowledge, this represents the first 622 

blind-search framework specifically designed to infer unknown crosslink-associated masses. 623 

Using LinkMasser, we identified a recurrent +14-Da mass shift, assigned as H(−2)O(+1), 624 

consistent with oxidative dehydrogenative coupling. MS/MS data further supported Lys–His 625 

crosslinks as a representative chemical signature of PZPC-mediated zero-length crosslinking. 626 

Although the precise chemical structure of the crosslink remains to be fully defined, this 627 

computational and experimental workflow provides a general route for decoding unknown 628 
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crosslinking chemistries directly from proteomic data. 629 

PZPC is complementary to, but distinct from, existing photo-crosslinking and proximity 630 

labeling strategies. In the midnolin system, conventional anti-HA AP–MS mainly recovered stable 631 

proteasome-associated components, whereas PZPC captured a focused set of inducible 632 

transcription factors and other regulatory proteins that are largely missed by standard affinity 633 

purification. This distinction is biologically important because midnolin substrates, especially 634 

immediate-early transcription factors, are short-lived and degradation-coupled. Recent photo-635 

crosslinking approaches have also been applied to the midnolin system using genetically encoded 636 

photo-crosslinking amino acids or residue-selective photo-crosslinkers56. While these approaches 637 

are powerful, they require careful selection of UAA incorporation sites, amber suppression, or 638 

additional crosslinker chemistry. In contrast, PZPC uses a single photosensitizer fusion and avidin-639 

based enrichment design, making the workflow operationally simpler and readily scalable to 640 

diverse POIs. In our midnolin application, this design enabled robust capture of these labile 641 

regulatory proteins, functional validation of candidate substrates, and discrimination between 642 

degradative substrates and non-degradative interactors. Thus, PZPC provides a simple and scalable 643 

strategy for mapping dynamic degradation-coupled interaction networks in cells.  644 

We further extended PZPC from individual POIs to family-wide profiling of F-box 645 

proteins, a major class of substrate-recognition receptors in SCF ubiquitin ligases. F-box proteins 646 

regulate many essential biological processes, including cell-cycle control, protein quality control, 647 

stress responses and immune signaling. Recent studies have highlighted the mechanistic richness 648 

of individual F-box proteins, such as FBXO42-mediated degradation of PP2A catalytic subunits 649 

through a CCDC6-dependent degradosome-like assembly57, and FBXO31-mediated recognition 650 

of C-terminal amide-bearing damaged proteins58. These studies underscore that F-box proteins are 651 
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not merely interchangeable substrate receptors but can encode highly specialized degron-652 

recognition logic and pathway-specific regulatory mechanisms. In addition, F-box proteins are 653 

increasingly being explored as E3 ligases for targeted protein degradation, as exemplified by 654 

FBXO31-recruiting terminal amide-functionalized degraders59. Therefore, systematic 655 

identification of F-box interaction and substrate landscapes is not only important for basic biology, 656 

but also for expanding the repertoire of E3 ligases available for therapeutic protein degradation. 657 

Using optimized PZPC conditions, we generated a family-wide proximity atlas covering 658 

63 F-box proteins across the FBXO, FBXL and FBXW subfamilies. This atlas revealed extensive 659 

heterogeneity in interaction network size and composition, suggesting that individual F-box 660 

proteins differ substantially in their substrate-regulatory capacity. The dataset recovered canonical 661 

SCF components, including SKP1, CUL1 and RBX1, validating the platform, but also revealed 662 

unexpected connections to CUL4B, CAND1, chaperones, proteasome-associated factors, ER-663 

associated degradation components and other ubiquitin-system regulators. These findings suggest 664 

that F-box proteins may function within a broader and more plastic cullin–RING ligase network 665 

than the canonical SCF model alone would predict. Functional validation further converted this 666 

proximity atlas into a candidate substrate map: among 257 tested candidates, 81 showed 667 

reproducible stabilization upon depletion of the corresponding F-box protein. The validated 668 

substrates span transcriptional regulation, RNA processing, cytoskeletal organization, metabolism, 669 

protein quality control and cell-cycle control. Importantly, the substrate map is selective rather 670 

than globally promiscuous, with most substrates linked to only one or a few F-box proteins, while 671 

several F-box members function as substrate-rich hubs. This integrated proximity-capture and 672 

perturbation workflow provides a scalable strategy for discovering F-box-dependent degradation 673 

pathways. 674 
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Beyond constructing an atlas, we used this resource to uncover a pathway-specific 675 

regulatory mechanism in antiviral signaling. A family-wide ISRE reporter screen nominated 676 

FBXO44 as a positive regulator of Sendai virus-induced RIG-I–MAVS signaling. Gain- and loss-677 

of-function experiments showed that FBXO44 enhances STAT1 phosphorylation and promotes 678 

induction of antiviral genes, including IFNB1, IFIT1, ISG15 and Mx1. PZPC profiling of FBXO44 679 

under viral infection further revealed an infection-associated proximity network enriched for 680 

ubiquitin–proteasome factors and innate immune regulators. Among these, ADAR1, EIF3B and 681 

TUFM were stabilized upon FBXO44 depletion and acted as negative regulators of antiviral gene 682 

induction. These data support a model in which FBXO44 promotes RIG-I–MAVS–IFN signaling 683 

by restraining inhibitory proteins within the antiviral network. 684 

The identification of ADAR1 as a candidate FBXO44-regulated protein is particularly 685 

intriguing. The interferon-inducible ADAR1 p150 isoform is approximately 150 kDa and contains 686 

an N-terminal Zα domain that distinguishes it from the constitutive p110 isoform60,61. ADAR1 687 

p150 has important roles in sensing or editing structured viral and endogenous RNAs and in 688 

preventing aberrant activation of innate immune pathways62,63. Our data suggest that FBXO44 may 689 

enhance antiviral signaling by limiting inducible ADAR1 p150 abundance, thereby relieving an 690 

inhibitory brake on the RIG-I–MAVS–IFN axis. In this model, FBXO44-dependent degradation 691 

of ADAR1 and other negative modulators such as EIF3B and TUFM would amplify antiviral 692 

signaling and potentially enhance viral restriction. Future studies will be needed to define the direct 693 

ubiquitination sites, degron features and infection-stage specificity of this regulation, but the 694 

current results establish an FBXO44-centered antiviral regulatory circuit uncovered through 695 

PZPC-guided discovery. 696 

Together, this work integrates methodological innovation, computational tool development 697 
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and biological discovery. Methodologically, PZPC provides a light-controlled, genetically 698 

encoded and POI-directed zero-length crosslinking platform for mapping protein interaction 699 

networks in living cells. Computationally, LinkMasser enables unbiased discovery of unknown 700 

crosslink-associated masses and provides a route to mechanistic annotation of crosslinking 701 

chemistry. Biologically, PZPC captured transient midnolin–transcription factor interactions, 702 

generated a family-wide F-box proximity and substrate atlas, and uncovered an FBXO44–703 

ADAR1/EIF3B/TUFM antiviral regulatory circuit. Thus, PZPC does not simply catalog proximity 704 

interactions; it enables functional reconstruction of dynamic protein networks and degradation 705 

pathways. We anticipate that this platform will be broadly useful for studying transient protein 706 

interactions, E3 ligase substrate recognition, immune signaling and therapeutically relevant protein 707 

degradation systems. 708 

 709 

Methods 710 

Cell culture. HEK293T cell line was obtained from ATCC (CRL-3216). All cell lines tested negative for 711 

mycoplasma. HEK293T was cultured in DMEM supplemented with 10% fetal bovine serum and 1% 712 

penicillin/streptomycin.  713 

 714 

Plasmid construction. All genetic constructs used in this study are listed in Supplementary Table 1. Unless 715 

otherwise stated, plasmid construction was performed by General Biol. The pET21a-BirA-6×His plasmid 716 

was a gift from Prof. Peng Chen’s laboratory. The coding sequence of MIDN was synthesized according to 717 

the sequence reported previously31 and subsequently cloned into the pLX304 vector. For knockdown 718 

experiment, shRNA targeting MIDN was cloned into the pLKO.1 vector (Supplementary Table 2). 719 

 720 
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In vitro biotinylation optimization. HEK293T cells stably expressing SOPP3–H2BC11–AviTag were 721 

lysed under different conditions to optimize AviTag biotinylation efficiency. Cells were lysed in RIPA lysis 722 

buffer (Beyotime, P0013B), PBS, or RIPA lysis buffer followed by dilution with an equal volume of PBS. 723 

For PBS-based lysis, cells were disrupted by sonication at 35% amplitude for 1 min using a 1 s on/2 s off 724 

cycle. Lysates were clarified by centrifugation, and protein concentrations were determined using a BCA 725 

assay. The lysates were then adjusted to 1 mg/mL with the corresponding buffer and subjected to in vitro 726 

biotinylation. Biotinylated samples were analyzed by SDS–PAGE and western blotting, and the optimal 727 

lysis condition was selected based on the biotinylation signal intensity of SOPP3–H2BC11. 728 

To optimize BirA concentration, in vitro biotinylation was performed using the 1:1 RIPA/PBS lysis 729 

condition with BirA at final concentrations of 10, 30, 40 or 400 μg/mL. Samples were analyzed by SDS–730 

PAGE and western blotting. The optimal BirA concentration was determined based on the biotinylation 731 

signal of SOPP3–H2BC11 while minimizing BirA self-biotinylation. 732 

 733 

PZPC sample preparation and LC-MS/MS analysis. To identify POI-associated proteins by PZPC, 734 

parental HEK293T cells were used as blank controls, and stable or transiently transfected cells were 735 

assigned to light-treated and dark-control groups. Unless otherwise stated, three biological replicates were 736 

prepared for each condition. Cells were cultured in 10-cm dishes to approximately 90% confluence and 737 

treated with MG132 (10 μM final concentration; Macklin, M832899) for 6 h before harvest. Additional 738 

treatment conditions are described in the corresponding figure legends. Cells were then washed twice with 739 

HBSS. For light-treated samples, cells were irradiated with blue LED light at 450 nm for 10 min in fresh 740 

HBSS. Dark-control samples were kept protected from light throughout the procedure. Cells were then 741 

collected in ice-cold PBS and lysed in RIPA buffer supplemented with EDTA-free protease inhibitor 742 

cocktail (MCE, HY-K0011) on ice for 30 min. Lysates were briefly sonicated to reduce viscosity and 743 

clarified by centrifugation at 13,000 × g for 10 min at 4 °C. Protein concentrations were determined using 744 

a BCA assay (Beyotime, P0009). For each sample, 2 mg of total protein was adjusted to 8 mg/mL in RIPA 745 
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buffer in a final volume of 250 μL and then diluted with an equal volume of PBS containing protease 746 

inhibitor cocktail to a final concentration of 4 mg/mL. A small portion of each lysate was retained as input 747 

for western blot analysis to assess light-induced crosslinking. 748 

For in vitro biotinylation of AviTag-fused proteins, ATP (Beyotime, D7378), MgCl₂, D-biotin (Sangon, 749 

A100340) and BirA were added to lysates at final concentrations of 2 mM, 5 mM, 10 μM and 40 μg/mL, 750 

respectively. Samples were incubated overnight at 25 °C with shaking. After biotinylation, proteins were 751 

precipitated using a methanol/chloroform/water mixture (4:1:3.5 mL), followed by centrifugation at 4,500 752 

× g for 10 min at room temperature. Protein pellets were washed twice with 1 mL methanol and resuspended 753 

in 1 mL of 8 M urea in 50 mM ammonium bicarbonate (ABC) buffer. A portion of each sample was analyzed 754 

by western blotting to confirm biotinylation efficiency.  755 

Proteins were reduced with 10 μL DTT at a final concentration of 10 mM at 55 °C for 40 min and 756 

alkylated with 50μL iodoacetamide at a final concentration of 15 mM in the dark at room temperature for 757 

30 min. Alkylation was quenched by adding 5 μL DTT to a final concentration of 5 mM. Samples were 758 

diluted with 4 mL PBS and incubated with 50 μL pre-washed NeutrAvidin agarose resin (Thermo Fisher 759 

Scientific, 29204) for 4 h at room temperature. Beads were washed three times with 5 mL PBS containing 760 

0.2% SDS, three times with 5 mL PBS containing 1 M urea and three times with 5 mL PBS. Beads were 761 

then resuspended in 300 μL of 25 mM ABC buffer containing 1 M urea, 1 mM CaCl₂ and 20 ng/μL trypsin, 762 

and on-bead digestion was performed overnight at 37 °C with shaking. After centrifugation at 8,000 rpm 763 

for 5 min, the peptide-containing supernatant was collected and acidified to pH 2-3 with 20% formic acid. 764 

Peptides were desalted using a SOLAμ SPE plate (Thermo Fisher Scientific, 60309-001), dried in a vacuum 765 

concentrator at 37 °C and reconstituted in 10 μL of 0.1% formic acid in water. Peptide concentration was 766 

estimated using a NanoDrop spectrophotometer. 767 

For LC–MS/MS analysis, 500 ng peptides were analyzed on a Q Exactive Plus mass spectrometer 768 

equipped with a nano-ESI source and operated using Xcalibur 4.3 software. Peptides were separated on a 769 

150 μm × 20 cm capillary column packed with 1.9 μm C18 resin using an EASY-nLC 1200 UHPLC system. 770 
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Peptides were eluted at a flow rate of 300 nL/min using a 95-min linear gradient from 8% to 50% solvent 771 

B, followed by a 6-min ramp to 98% solvent B. Solvent A was 0.1% formic acid in water, and solvent B 772 

was 0.1% formic acid in 80% acetonitrile. Data were acquired in data-dependent acquisition (DDA) mode. 773 

Full MS scans were acquired over an m/z range of 350-2,000 at a resolution of 120,000, with an AGC target 774 

of 4 × 105 and a maximum injection time of 150 ms. The spray voltage was set to 2.0 kV, and the ion transfer 775 

capillary temperature was 320 °C. The top 10 most abundant precursor ions were selected for HCD 776 

fragmentation at 30% normalized collision energy with a quadrupole isolation window of 1.6 m/z. MS/MS 777 

scans were acquired at a resolution of 30,000, with an AGC target of 5 × 104 and a maximum injection time 778 

of 150 ms. Dynamic exclusion was set to 30 s. Ions with charge states of 1+ or >7+ were excluded from 779 

MS/MS analysis. 780 

Raw files were processed using Proteome Discoverer with a label-free quantification workflow. 781 

Protein abundance values were exported for downstream analysis using an in-house R package. 782 

Endogenously biotinylated proteins, including pyruvate carboxylase (PC), methylcrotonoyl-CoA 783 

carboxylase 1 (MCCC1), propionyl-CoA carboxylase alpha subunit (PCCA) and acetyl-CoA carboxylase 784 

alpha (ACACA), were used for normalization. Differentially enriched proteins were identified based on 785 

fold change and statistical significance. Proteins with fold change ≥ 2 and P < 0.05 were considered 786 

significantly enriched and defined as candidate POI-interacting proteins. Volcano plots were generated 787 

using log2fold change and -log10P value. 788 

 789 

Plasmid and siRNA transfection. HEK293T cells were seeded in the indicated culture dishes and 790 

transfected at 50-70% confluence using Lipo8000 transfection reagent (Beyotime, C0533). For each 10-cm 791 

dish, 15 μg of plasmid DNA was diluted in 750 μL Opti-MEM and mixed with 24 μL Lipo8000 reagent. 792 

After incubation at room temperature for 10 min to allow lipid–DNA complex formation, the mixture was 793 

added dropwise to cells in fresh complete medium. The medium was replaced with fresh complete medium 794 

after 24 h, and cells were harvested 36-48 h after transfection. 795 
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For siRNA transfection, HEK293T cells were seeded in antibiotic-free growth medium one day before 796 

transfection and transfected at 30-50% confluence using Lipofectamine RNAiMAX transfection reagent 797 

(Thermo Fisher Scientific, 13778150). siRNA and RNAiMAX were diluted separately in Opti-MEM, 798 

combined and incubated at room temperature for 10-20 min to allow siRNA–lipid complex formation. The 799 

complexes were then added dropwise to cells to achieve a final siRNA concentration of 16 nM. Cells were 800 

harvested 48-72 h after transfection for knockdown analysis or downstream experiments. All siRNA 801 

sequences used in this study are listed in Supplementary Table 2. 802 

 803 

Stable cell line generation. For stable overexpression cell line generation, HEK293T cells were plated at 804 

2.0 × 10⁵ cells per well in 6-well plates. After 24 h, cells at approximately 80% confluence were transfected 805 

with 2.4 μg recombinant lentiviral plasmid based on the pLX-304 backbone, together with packaging 806 

plasmids psPAX2 and pMD2.G at 3 μg and 1 μg, respectively, using Lipo8000 transfection reagent. The 807 

medium was replaced with fresh complete medium 24 h after transfection. Viral supernatants were collected 808 

48 h later and filtered through a 0.45-μm filter. The filtered viral supernatant was used to transduce 809 

HEK293T cells, followed by selection with blasticidin at 5 μg/mL for at least 7 days. Overexpression was 810 

confirmed by western blotting. 811 

For stable knockdown cell line generation, HEK293T cells were plated at 2.0 × 10⁵ cells per well 812 

in 6-well plates. After 24 h, cells at approximately 80% confluence were transfected with 2.4 μg 813 

recombinant lentiviral plasmid based on the pLKO backbone, together with 3 μg psPAX2 and 1 μg pMD2.G, 814 

using Lipo8000 transfection reagent. The medium was replaced with fresh complete medium 24 h after 815 

transfection. Viral supernatants were collected 48 h later, filtered through a 0.45-μm filter and used to 816 

transduce HEK293T cells. Transduced cells were selected with puromycin at 2 μg/mL for at least 7 days, 817 

and knockdown efficiency was validated by qPCR. 818 

 819 
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Western blot analysis. For western blot validation of mass spectrometry results from the 63 F-box protein 820 

datasets, input and biotin-enriched samples were separated by SDS–PAGE and transferred onto PVDF 821 

membranes. Input samples were incubated with anti-V5 antibody (Cell Signaling Technology, 80076) 822 

overnight at 4 °C, followed by incubation with the appropriate HRP-conjugated secondary antibodies. 823 

Biotin-enriched samples were detected using streptavidin–HRP (Solarbio, SE068). Protein bands were 824 

visualized using enhanced chemiluminescence. Detailed information for all antibodies used in this study is 825 

provided in Supplementary Table 3. 826 

 827 

Purification of recombinant BirA from E. coli. For prokaryotic expression, the pET21a-BirA-6×His 828 

plasmid was transformed into Escherichia coli BL21(DE3) competent cells. Transformed cells were 829 

cultured in LB medium supplemented with ampicillin at 50 μg/mL at 37 °C until the optical density at 600 830 

nm reached approximately 0.6. Protein expression was induced with 0.1 mM IPTG at 20 °C for 14 h with 831 

shaking. Cells were harvested by centrifugation at 4,000 × g for 10 min at 4 °C and lysed in buffer A 832 

containing 20 mM Tris-HCl, 150 mM NaCl and 1 mM DTT, pH 7.5, supplemented with protease inhibitor 833 

cocktail. Cell lysis was performed using a high-pressure homogenizer. The lysate was clarified by 834 

centrifugation, and the supernatant was applied to Ni-NTA agarose resin for affinity purification. The resin 835 

was washed with 50 mL wash buffer containing 50 mM imidazole, 20 mM Tris-HCl, 150 mM NaCl and 1 836 

mM DTT, pH 7.5. Bound proteins were eluted stepwise with wash buffer containing 100, 150 or 250 mM 837 

imidazole. Protein-containing fractions were pooled and further purified by size-exclusion chromatography 838 

(Cytiva, 28990944). Fractions with purity ≥95% were collected, buffer-exchanged into storage buffer 839 

containing 50 mM imidazole, 50 mM NaCl, 5% glycerol and 5 mM β-mercaptoethanol, pH 6.8, aliquoted, 840 

flash-frozen in liquid nitrogen and stored at −80 °C. 841 

 842 

Co-immunoprecipitation and western blot analysis. HEK293T cells were transiently transfected with 843 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.17.000244. This version posted May 18, 2026. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



46 

 

the indicated V5-tagged F-box expression plasmids. After 48 h, cells were washed with PBS and lysed in 844 

IP lysis buffer (Thermo Fisher Scientific, 87787) supplemented with protease inhibitor cocktail. Cell lysates 845 

were clarified by centrifugation, and 1 mg of total protein was used for each immunoprecipitation. Lysates 846 

were incubated overnight at 4 °C with antibodies against the indicated interacting proteins, followed by 847 

incubation with Protein A/G magnetic beads (Yeasen, 36417ES08) for 1 h at 4 °C. The beads were washed 848 

three times with NP-40 buffer containing 1% NP-40, 150 mM NaCl and 50 mM HEPES, pH 7.6, followed 849 

by one wash with RIPA buffer. Bound proteins were eluted in 2× SDS loading buffer by heating at 95 °C 850 

for 10 min, and co-precipitated V5-tagged F-box proteins were detected by western blotting. 851 

For interaction analysis of EIF3B or ADAR1 with FBXO44, cells were transiently co-transfected with 852 

V5-FBXO44 and 3×Flag-tagged EIF3B or ADAR1 expression plasmids, because the corresponding 853 

endogenous antibodies were not suitable for efficient immunoprecipitation. Cell lysates were 854 

immunoprecipitated with anti-Flag antibody, and co-precipitated V5-FBXO44 was detected by western 855 

blotting. For western blot analysis, samples were resolved by SDS–PAGE and transferred onto PVDF 856 

membranes. Membranes were incubated with the indicated primary antibodies at the recommended 857 

dilutions overnight at 4 °C, followed by HRP-conjugated secondary antibodies (TransGen) at 1:5,000. 858 

Protein bands were visualized using enhanced chemiluminescence. 859 

 860 

Immunofluorescence imaging. HEK293T cell lines stably expressing H2BC11 or Lamin A constructs 861 

were seeded into 35-mm confocal dishes at approximately 5 × 10⁵ cells per dish. After 24 h, cells were 862 

washed twice with PBS and fixed with 4% formaldehyde (Sangon, E672002) for 15 min at room 863 

temperature. Cells were washed three times with PBS and permeabilized with 0.25% Triton X-100 in PBS 864 

for 30 min. After three additional PBS washes, cells were blocked with 5% BSA in PBST, consisting of 865 

PBS containing 0.1% Tween-20, for 2 h at room temperature. Primary antibodies diluted in 5% BSA in 866 

PBST were added to the central glass well of each dish and incubated overnight at 4 °C. Cells were then 867 

washed three times with PBST and incubated with the corresponding fluorophore-conjugated secondary 868 
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antibodies for 1 h at room temperature in the dark. After washing, nuclei were stained with Hoechst at 5 869 

μg/mL in PBST for 15 min. Cells were washed three final times with PBST and maintained in PBS before 870 

imaging. Immunofluorescence images were acquired using a ZEISS LSM 980 confocal microscope with 871 

ZEN 3.5 software. 872 

 873 

RT-qPCR analysis. For validation of shRNA- or siRNA-mediated knockdown efficiency, total RNA was 874 

extracted from the indicated cells using RNAiso Plus reagent (TaKaRa, 9109). Genomic DNA removal and 875 

reverse transcription were performed using the FastKing cDNA First-Strand Synthesis Kit (TIANGEN, 876 

KR116-01). Quantitative PCR was performed using SYBR Green Pro Taq HS Premix (Accurate Biology, 877 

AG11718) on a real-time PCR system, with fluorescence detection at 60 °C. Relative gene expression levels 878 

were normalized to GAPDH as the internal control. 879 

To examine genes involved in the RIG-I–MAVS signaling pathway, HEK293T cells were transfected 880 

with the indicated plasmids or siRNAs for 42 h, followed by Sendai virus (SeV) infection for 12 h. Cells 881 

were then collected for RNA extraction, reverse transcription and qPCR analysis as described above. All 882 

qPCR primers used in this study are listed in Supplementary Table 2. 883 

 884 

Validation of midnolin-interacting proteins. HEK293T cells stably expressing SOPP2–MIDN were 885 

cultured to approximately 90% confluence and treated with MG132 at 10 μM (final concentration) and 886 

PMA (Sangon, A606759) at 20 ng/mL (final concentration) for 6 h. Cells were then washed with PBS and 887 

subjected to blue-light irradiation in HBSS. Dark-control samples were kept protected from light throughout 888 

the procedure. After treatment, cells were collected and lysed in RIPA buffer supplemented with protease 889 

inhibitor cocktail. 890 

Lysates were briefly sonicated and diluted with an equal volume of PBS to generate a 1:1 RIPA/PBS 891 

lysis condition. A portion of each lysate was retained as input, and the remaining lysates were subjected to 892 
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in vitro biotinylation, protein precipitation, reduction, alkylation and NeutrAvidin enrichment as described 893 

above. Bound proteins were eluted with 2× SDS loading buffer and analyzed by western blotting using 894 

antibodies against the indicated candidate interacting proteins. 895 

 896 

In vivo ubiquitination assay. HEK293T cells were transiently co-transfected with the indicated expression 897 

plasmids, including V5-FBXO44, EIF3B-3×Flag, TUFM-Flag or ADAR1-3×Flag, together with HA-898 

tagged ubiquitin (HA-Ub). At 36 h after transfection, cells in the virus-treated groups were infected with 899 

SeV for 12 h. Before harvest, cells were treated with MG132 at a final concentration of 10 μM for 6 h to 900 

inhibit proteasomal degradation. Cells were then lysed in IP lysis buffer supplemented with protease 901 

inhibitor cocktail. Lysates were clarified by centrifugation, and the supernatants were incubated with 3 μg 902 

anti-HA antibody overnight at 4 °C, followed by incubation with Protein A/G magnetic beads for 1 h at 903 

4 °C. The beads were washed three times with NP-40 buffer and once with RIPA buffer. Bound proteins 904 

were eluted in 2× SDS loading buffer by heating at 95 °C for 10 min, and the eluates were analyzed by 905 

western blotting with the indicated antibodies. 906 

 907 

Substrate identification assay. To analyze potential MIDN substrates, HEK293T cells, MIDN-908 

overexpressing cells and shMIDN cells were lysed in RIPA buffer supplemented with protease inhibitor 909 

cocktail. Lysates were quantified by BCA assay and normalized across samples. Samples were mixed with 910 

SDS loading buffer, denatured at 95 °C for 10 min, separated by SDS–PAGE and analyzed by western 911 

blotting using the indicated antibodies. 912 

To analyze potential F-box protein substrates, HEK293T cells were transfected with three 913 

independent siRNAs targeting distinct regions of each indicated F-box gene. Knockdown efficiency was 914 

assessed by western blotting or RT–qPCR. Cells were harvested 48–72 h after transfection, lysed and 915 

analyzed by western blotting as described above. Proteins showing reproducible increases in abundance 916 
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upon depletion of the corresponding F-box protein were considered candidate F-box-regulated substrates. 917 

 918 

CHX chase assay. To determine protein degradation kinetics, siRNA-transfected HEK293T cells and 919 

control cells were treated with cycloheximide (CHX; MCE, HY-12320) at a final concentration of 75 μg/mL 920 

48 h after transfection to inhibit de novo protein synthesis. Cells were harvested at the indicated time points 921 

after CHX treatment and lysed in RIPA buffer supplemented with protease inhibitor cocktail. Lysates were 922 

clarified by centrifugation and protein concentrations were determined using a BCA assay. Equal amounts 923 

of protein were mixed with SDS loading buffer, denatured at 95 °C for 10 min and analyzed by western 924 

blotting using the indicated antibodies. 925 

 926 

Serum stimulation assay. HEK293T cells and MIDN-overexpressing cells were cultured separately in 6-927 

cm dishes. At approximately 70% confluence, cells were serum-starved in FBS-free DMEM for 12–16 h 928 

and then stimulated with DMEM containing 20% FBS. Cells were harvested at 0, 0.5, 1, 2, 4 and 6 h after 929 

stimulation and lysed in RIPA buffer supplemented with protease inhibitor cocktail. Lysates were quantified 930 

by BCA assay and normalized across samples. Equal amounts of protein were analyzed by western blotting 931 

using the indicated antibodies. 932 

 933 

ROS species analysis. HEK293T cells stably expressing miniSOG–Lamin A, SOPP2–Lamin A or SOPP3–934 

Lamin A were cultured in 6-cm dishes to approximately 90% confluence. Cells were washed twice with 935 

HBSS and incubated for 1 h with the indicated ROS scavengers or modulators diluted in HBSS. Unless 936 

otherwise indicated, the following final concentrations were used: 10 mM sodium azide, 100 mM D-937 

mannitol, 5 mM Trolox, 0.5 mM vitamin C, 100 μM H₂O₂, or D₂O-containing buffer. After reagent 938 

incubation, light-treated samples were irradiated with blue LED light at 450 nm for 10 min, whereas control 939 

samples were kept in the dark. Cells were then washed twice with HBSS and lysed in RIPA buffer 940 
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supplemented with protease inhibitor cocktail. Lysates were quantified by BCA assay, normalized to 1 941 

mg/mL, mixed with SDS loading buffer, denatured at 95 °C for 10 min and analyzed by western blotting 942 

using the indicated antibodies. 943 

 944 

Optimization of SeV infection duration. HEK293T cells transiently transfected with FBXO44 were 945 

infected with SeV for 0, 3, 6, 9 or 12 h at 36 h after transfection. For western blot analysis, cells were lysed 946 

in RIPA buffer supplemented with protease inhibitor cocktail and phosphatase inhibitors, followed by 947 

immunoblotting for pSTAT1 and total STAT1. For qPCR analysis, total RNA was extracted using RNAiso 948 

Plus and analyzed by RT–qPCR as described above. 949 

 950 

ISRE-luciferase reporter screening assay. HEK293T cells stably expressing Renilla and ISRE-driven 951 

firefly luciferase reporters were plated in 96-well plates at 5–6 × 10⁴ cells per well 24 h before transfection. 952 

Cells were transfected with the indicated F-box expression plasmids at 70–80% confluence. At 8 h after 953 

transfection, cells were infected with SeV for 18 h and then lysed with 1× Passive Lysis Buffer. Reporter 954 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega, E1960) according to 955 

the manufacturer’s instructions. Cell lysates were transferred to white 96-well plates, and firefly luciferase 956 

activity was first measured after addition of Luciferase Assay Reagent II. Stop & Glo Reagent was then 957 

added to quench the firefly luciferase signal and measure Renilla luciferase activity. Relative ISRE-958 

luciferase activity was normalized to Renilla activity, and fold changes were calculated relative to the SeV-959 

treated vector control. 960 

 961 

Western blot analysis of RIG-I-MAVS pathway related proteins. HEK293T cells were transfected with 962 

the indicated plasmids or siRNAs for 42 h and then infected with SeV for 12 h. Cells were lysed in RIPA 963 

buffer supplemented with protease inhibitor cocktail and phosphatase inhibitors. Lysates were clarified by 964 
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centrifugation and protein concentrations were determined by BCA assay. Equal amounts of protein were 965 

mixed with SDS loading buffer, denatured, resolved by SDS–PAGE and analyzed by western blotting for 966 

pSTAT1 and total STAT1. 967 

 968 

LinkMasser benchmarking and PZPC data analysis. The indexing and scoring procedures in 969 

LinkMasser were based on pLink3. The filtering of candidate peptides comprised the following steps: (1) 970 

Score thresholding: a minimum score threshold was applied to candidates from each spectrum, and the top-971 

scoring candidate within that spectrum was additionally required to exceed a second threshold. Spectra with 972 

fewer than two remaining candidate peptides after filtering were discarded. (2) Entrapment database 973 

filtering: candidate sequences were removed if they inferred from decoy proteins or entrapment other than 974 

the original target proteins. (3) Precursor ion filtering: for each scan, only the highest-scoring precursor ion 975 

was kept, and an average amino acid model similarity score >0.8 was required. (4) Filtering of low-976 

confidence cross-linked candidate pairs: pairs in which one peptide was an exact substring of the other were 977 

removed. DBSCAN clustering was implemented using the Python scikit-learn package, version 1.6.1. 978 

For the LinkMasser benchmarking evaluation, six datasets were used: DSS and DSBU cross-linking 979 

data were obtained from PXD01433764, while DSSO, CDI, ADH, and DSBSO data were obtained from 980 

PXD02925265. The FASTA databases provided in the original studies were used. For blind searches, the 981 

peptide length range was set to 6–60 residues and the peptide mass range to 600–6,000 Da. Trypsin 982 

digestion was specified with up to three missed cleavages. Carbamidomethylation of Cys was set as a fixed 983 

modification, oxidation of Met was set as a variable modification and the fragment-ion mass tolerance was 984 

set to 10 ppm. 985 

For analysis of the PZPC data, pFind3 version 3.2.3 and pLink3 version 3.1.4 were used. pFind3 was 986 

used to search linear peptides against a human proteome FASTA database (UniProt, downloaded Nov. 23, 987 

2023) that contained the POI protein sequence fused with the photosensitizer and the enrichment tag. In 988 

addition to the parameters described above, the precursor mass tolerance was set to 10 ppm and the 989 
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fragment-ion mass tolerance to 20 ppm. A closed search was performed, with the false discovery rate (FDR) 990 

controlled at 1% at the peptide level. pLink3 was then used to search cross-linked peptide pairs. The FASTA 991 

database for pLink3 was constructed from the pFind3 results and included only proteins supported by at 992 

least two linear peptide sequences. The specific crosslinker mass was obtained via LinkMasser. In addition 993 

to the parameters described above, the precursor mass tolerance was set to 10 ppm and the fragment-ion 994 

mass tolerance to 10 ppm, with the 1% FDR controlled at peptide-pair-level. Annotated cross-linked spectra 995 

were visualized using pLabel. Protenix (model version protenix_base_20250630_v1.0.0) was run at 996 

https://protenix-server.com. 997 

 998 

AlphaFold-Multimer prediction and model evaluation. For AlphaFold-Multimer analysis, candidate 999 

interacting protein pairs were modeled using AlphaFold2 v2.3.2 with the multimer pipeline. The protein 1000 

sequences were prepared as paired FASTA files and submitted to a GPU-based computing cluster through 1001 

a SLURM shell script. AlphaFold generated ranked PDB structures for each protein pair, which were 1002 

subsequently analyzed with custom scripts to calculate pLDDT and BSASA values. Prediction quality was 1003 

assessed based on both global model confidence and interface burial, with pLDDT > 50 and BSASA > 500 1004 

Å² used as empirical cutoffs for selecting plausible interaction models. 1005 

AlphaFold3 prediction of substrate β-strand binding to midnolin. Complex structures between 1006 

midnolin and candidate substrates were predicted using AlphaFold3 via the AlphaFold Server. For each 1007 

prediction, the midnolin sequence and the candidate substrate sequence were submitted as separate protein 1008 

chains in JSON format, with one copy of each chain. The predicted models were analyzed to determine 1009 

whether the interacting protein adopted a β-strand upon binding to midnolin and whether this β-strand 1010 

inserted into the midnolin Catch domain. 1011 

 1012 

Data availability 1013 
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The mass spectrometry data generated in this study have been deposited to the ProteomeXchange 1014 

Consortium via the iProX66 partner repository. Source data are provided with this paper.  1015 

 1016 

Code availability 1017 

The python code and the corresponding dataset have been deposited to Zenodo with 1018 

https://doi.org/10.5281/zenodo.20225636. Alternatively, it is available from the G.L. upon request. 1019 

 1020 
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